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Abbreviations:

A

AChE: acetylcholinesterase

AM: amplitude modulation

AN: accessory nuclei

AStr: Amygdalostriatal area

AVP: arginine vasopressin

B

BA: basal amygdala

BLA: basolateral amygdala

C

[Ca?*]ic: intracellular Ca?*
concentration

CA1/2/3: Cornu Ammonis 1/2/3
CeA: central amygdala

Cel/C: laterocapsular part of the CeA
CeM: medial part of the CeA

CoA: cortical amygdala

CRH: corticotropin-releasing hormone
CS: conditioned stimulus

D

DAG: diacylglycerol

DVC: dorsal vagal complex, PAG:
periaqueducal grey

E

ECS: extracellular space

(m)EPSCs: (miniature) excitatory
postsynaptic currents

ER/SR: endo/sarcoplasmic reticulum

ERE: estrogen regulatory element

ERK1/2: extracellular signal-regulated
kinases 1/2

F

FM: frequency modulation

FWER: family-wise error range

G

GABA: gamma-aminobutyric acid
GDP: guanosine diphosphate

GEF: guanine nucleotide exchange
factor

GECI: genetically encoded Ca?*
GFP: green fluorescence protein
GFAP: glial fibrillary acidic protein
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GIRK: G protein-coupled inwardly
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GPCR: G-protein coupled receptors
GRK: GPCR kinases
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IP3: inositol trisphosphate

IP3R: inositol trisphosphate receptor
IPAC: interstitial nucleus of the
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[K*]Jec: extracellular K* concentration

Kir: inward rectifier K* channels
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M
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1.The oxytocin system

1.1. OT system during evolution

The tale of oxytocin began more than 600 million years ago (Gwee et al., 2009).
At this time, this neuropeptide and its twin, vasopressin (AVP), was probably one
unique peptide: vasotocin. The function of this ancestral peptide was to regulate
osmolarity, one of the most crucial parameters of homeostasis. Then, time went on
and the vasotocin gene duplicated to follow two evolutionary lineages with distinct
physiological functions. The first one stayed true to himself and gave rise to
vasopressin, a neuropeptide highly involved in water homeostasis, whereas the
second one diverged from its initial functions and gave rise to isotocin, mesotocin or
oxytocin, according to the evolutionary path (Gimpl and Fahrenholz, 2001; Jurek and
Neumann, 2018, Figure 1). This last family of peptides is involved in many
physiological functions such as the control of reproduction, alimentation, emotion

control, efc.

OT homologs are found in a wide range of species in the animal kingdom. In
basal vertebrates (Anamnia: fish and amphibians), OT and AVP homologs can be
found in magnocellular neurons of the preoptic nucleus (PON) that lie near the 3V
(Knobloch and Grinevich, 2014, Figure 2). However, in advanced vertebrates
(Amniota: reptiles, birds, and mammals), there are three main OT nuclei: the
paraventricular (PVN), the supraoptic (SON), and the accessory (AN) nuclei (Figure
2). This mono-to-polycentric transition of the OT system is not fully understood but it
seems that it could be due to the migration of OT-producing cells of the ventral PON
ventrolaterally to form the SON (Herget et al., 2014). During this migration, some cells
may have stopped their migration in the way, forming the AN. For instance, in platypus,
most OT-producing cells form a stream that lies between the PVN and the
retrochiasmatic part of the SON (Ashwell et al., 2006). Another argument to strengthen

this theory comes from brain development. According to Haeckel’s law, mechanisms
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Figure 1: Evolution of the Oxytocin/Vasopressin system in animals. Adapted from
(Jurek and Neumann, 2018). Artists are listed in the “Remerciement” section.



observed during embryogenesis resemble those observed during phylogenesis, and
indeed, magnocellular OT cells migrate ventrolaterally along radial glia from the 3rd

ventricle during the embryogenesis of amniota (Knobloch and Grinevich, 2014).
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Figure 2: Localisation of Isotocin/OT-producing neurons in fish and mice. Upper panel:
fish isotocin-producing neurons (in purple) are clustered in the preoptic nucleus (PON)
that lay along the wall of the 3rd ventricle (3V). Lower panel: mice have three
hypothalamic nuclei that produce oxytocin: the supraoptic nucleus (SON), the
paraventricular nucleus (PVN), and the accessory nuclei (AN). Adapted from
(Knobloch and Grinevich, 2014).






1.2. OT system in mammals

Synthesis

OT is synthesized in several regions of the body such as the hypothalamus, the
uterus, the testis, and the heart. In the brain, this synthesis takes place in neurons
located in 3 nuclei of the hypothalamus (the paraventricular, supraoptic, and accessory
nuclei), in the medial preoptic area of the hypothalamus, the lateral amygdala, and the
bed nucleus of the stria terminalis (Lee et al., 2009; Otero-Garcia et al., 2016; Young
and Gainer, 2003).

The recipe of the OT peptide is archived in a gene named Oxt located in
chromosome 3 for rats and mice and chromosome 4 for humans. This gene contains
three exons and is head-to-tail with the gene encoding the AVP, wisely named Avp.
OT is encoded in the first exon, alongside a signal peptide (Figure 3), whereas the two
other exons encode another peptide named Neurophysin 1 (Gimpl and Fahrenholz,
2001).

The expression of OT is controlled by several regulatory sequences, among
which we can find an Estrogen Regulatory Element (ERE) that allows the transcription
of OT to be stimulated by estradiol (Lee et al., 2009). This regulation of OT expression
is of particular importance since the level of estradiol varies a lot during the estrous
cycle in females, influencing OT peptide transcription, and eventually OT-regulated
behaviors (Acevedo-Rodriguez et al., 2015). Once transcribed, the Oxt mRNA is then
translated by the ribosomes at the surface of the rough endoplasmic reticulum. The
product of this translation is a preprohormone named preprooxyphysin (Figure 3)
which is then cleaved to give rise to the OT peptide and the Neurophysin 1 protein
(Jurek and Neumann, 2018). OT is a small nine-amino acid peptide whereas
Neurophysin 1 is much bigger, reaching 90 to 97 amino acids. The exact function of
Neurophysin 1 is still unclear but it is thought to be a carrier protein important for the
correct targeting, packaging, and storage of OT in vesicles (Jurek and Neumann,
2018).
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Figure 3: The synthesis of oxytocin. Upper panel: the Oxt gene (in blue) contains three
exons and is head-to-tail with the AVP gene (in green). The sequence between the
exons of the two genes comprises regulatory elements. Middle panel: The precursor
of OT is a prepropeptide that contains a signal sequence and the coding sequences
of OT and Neurophysin 1. Lower panel: OT is a nine amino acids peptide that
comprises a disulfide bond between cysteines at positions 1 and 6. Adapted from
(Gimpl and Fahrenholz, 2001).

Storage

OT is stored in large dense core vesicles (LDCVs, ~100nm diameter, Del-Bel
and De-Miguel, 2018). It has been estimated that each vesicle contains approximately
85,000 OT molecules (Leng and Ludwig, 2008). These vesicles can be found at
different sites in OT neurons including the soma, the dendrites, axonal varicosities,
and synaptic buttons (Leng and Ludwig, 2008, Figure 4A).

LDCVs rest at a distance from the plasma membrane, so a single action
potential cannot trigger large exocytosis (Del-Bel and De-Miguel, 2018). Indeed, only
trains of action potentials (or a sustained depolarization) that can generate giant Ca2*
waves (aka Ca®* tsunamis) can evoke important events of exocytosis that can last
several hundreds of seconds (Del-Bel and De-Miguel, 2018). Although we have no

exact values for the OT system in particular, it has been estimated that several



hundreds of spikes are necessary to trigger the release of one single LDCV at a given
release site (Leng and Ludwig, 2008). The huge Ca?* signaling arising therefrom is
necessary to move LDCVs across the actin cortex, which can represent a journey of
0.6 to 6 um in serotoninergic neurons. Knowing that LDCVs travel at a speed of 15 to
90 nm/s, these vesicles can take 6 seconds to 1 minute to reach the cell membrane
(Del-Bel and De-Miguel, 2018).

Release

There are two types of OT neurons: magnocellular and parvocellular cells. First,
magnocellular neurons are large cells (20-35um soma diameter) found in the three
hypothalamic nuclei and projecting to the neurohypophysis to release OT in the blood
flow (Jurek and Neumann, 2018). These neurons also have collaterals that reach
forebrain regions including the piriform and the auditory cortices, the amygdala, and
the striatum (Zhang et al., 2021). The other OT synthesizing neurons are called
parvocellular because of their tiny size (12-15um soma diameter). These neurons do
not project in the neurohypophysis but rather project to midbrain structures, the
brainstem, and the spinal cord (Knobloch et al., 2012; Zhang et al., 2021).

Once OT neurons are activated, they can release OT in several ways
(Grinevich and Ludwig, 2021; Leng and Ludwig, 2008):

1) Action potential generated at the Hill segment can backpropagate and
provoke the fusion of somatic and dendritic LDCV to the plasma membrane, a
mechanism called “somatodendritic release” (Figure 4B).

2) After their generation, action potentials also propagate anterogradely and
travel along the axon to meet some swellings (Je. varicosities) that contain LDCV. The
action potential triggers LDCV fusion to the plasma membrane but then continues its
journey along the axon (Figure 4B).

3) Finally reaching the axon terminal, the action potential can trigger a classic
synaptic transmission (Figure 4B).

Even if we know that these three releasing modes exist, it is still unclear which
one takes place in which condition. Indeed, classical asymmetric synapses have been
only shown in the central amygdala (Grinevich and Ludwig, 2021; Knobloch et al.,
2012), while varicosity-containing axons have been shown in the central amygdala
(Hasan et al., 2019; Knobloch et al., 2012) and the spinal cord (Oti et al., 2021).
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Figure 4: OT release from hypothalamic neurons. A. Repartition of OT-containing
molecules in OT-producing magnocellular neurons. From (Leng and Ludwig, 2008).

B. OT releasing sites in hypothalamic neurons.



Is OT a neuromodulator or a neurotransmitter?

As with many other neuropeptides, OT is thought to act as a neuromodulator
rather than a neurotransmitter. Primarily defined by their action on neurons,
neuromodulators have also other characteristics that separate them from classic
neurotransmitters (Lentz, 2023). For instance, neuromodulator signaling is often more
diffuse in space and time than classical synaptic transmission (Leng and Ludwig,
2008). Although this model is NOT demonstrated, it is strengthened by several clues.

1) The major mode of OT release is thought to be volumic, meaning that it does
not involve juxtaposed postsynaptic elements but rather floods the extracellular milieu
with OT. In stark contrast with classical synapses, this open communication channel
is not spatially restricted and gains its specificity only by acting on cells that express
the oxytocin receptor (OTR). These elements had recently been highlighted (Grinevich
and Ludwig, 2021) and it is supposed that OT signaling is mainly mediated in a volumic
fashion, making synapses found in the CeA an exception rather than the rule.
However, in this analysis, they do not take into account that, to our knowledge, only
one has investigated this issue using electron microscopy (Knobloch et al., 2012).
Moreover, they assume that varicosity-forming axons are a sign of volume
transmission but these varicosities can perfectly be the presynaptic site of classical
synapses (Shepherd and Raastad, 2003). The other way around, volume transmission
can also take place in axon terminals at classical synapses by the spillover of
neurotransmitters.

2) Due to the lack of an efficient anti-OTR antibody, we do not know precisely
where OTR is expressed in cells, so we cannot assume that this receptor is present
at postsynaptic elements (Grinevich and Ludwig, 2021; Jurek and Neumann, 2018).
The action site of OT neuromodulatory effects is still under debate since some studies
point toward presynaptic effects whereas others suggest postsynaptic ones (Bakos et
al., 2018). The general trend seems to indicate that OT may act presynaptically,
particularly on inhibitory GABAergic synapses (Crane et al., 2020; Délen et al., 2013;
McKay and Counts, 2020 but see Bakos et al., 2018 for a complete review of pre and
postsynaptic effects on excitatory and inhibitory synapses).

3) Upon neuron excitation, LDCV fuses to the plasma membrane and provokes
the release of tens of thousands of molecules. It has been estimated that OT could
activate OTR present as far as 55um away (Chini et al., 2017, Figure 5). Note that |
found no study on OT diffusion in the brain, making this model approximate.
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Figure 5: The action radius of Oxytocin. Left: it has been estimated that the fusion of
one OT-containing large dense core vesicle (LDCV) can activate OTR as far as 55 um
away. Right: Estimated concentration gradient of OT produced by the releasing of 1
(top) or 10 (down) OT-containing vesicles. The quarter circle on the right shows the
activation of the various intracellular pathways activated downstream of OTR

activation in function of extracellular OT concentration. Reproduced from (Chini et al.,

2017).

Degradation

We have previously seen that OT probably diffuses away from its releasing site
to activate distant targets. The length of its trip depends on the quantity of OT-
degrading enzymes in the extracellular space. These so-called “oxycotinases" are part
of the M1 family of aminopeptidases, and degrade several kinds of peptides, thereby
reducing their action radius (Tsujimoto and Hattori, 2005). These enzymes are found
throughout the brain (Fernando et al., 2005), and are mainly located in the somata and
dendrites of neurons (Tobin et al., 2014). Given the relative sparseness of these
enzymes in the brain, OT has a half-life of 20 to 30 min in the central nervous system,
against 1 to 2 min in the blood (Mens et al., 1983, reviewed in Gimpl and Fahrenholz,

2001).



1.2.2. OT detection via OTR and downstream effects

The oxytocin receptor (OTR)

Before they are degraded, the lucky OT molecules can find a mate: the oxytocin
receptor (OTR). This 7 transmembrane domain receptor contains 388 amino acids and
belongs to the class A (Rhodopsin-like) GPCR (Busnelli and Chini, 2018; Inoue et al.,
1994, Figure 6). There is only one OTR, encoded by a single gene (Oxtr) present in
chromosome 6 for mice, 4 for rats, and 3 for humans. Once more, the transcription of
this gene is under the control of estrogens, since an ERE element can be found in the
promoter of the Oxtr gene. The transcript of this gene can have two sizes as shown in
the breast where the OTR mRNA is 3.6 kb long and in the ovary where it reaches 4.4
kb (Gimpl and Fahrenholz, 2001). However, no data exists to our knowledge that point
toward the existence of different types of OTR proteins, whether structurally or
functionally. Yet, many OTR variants have been found in the human population and

some of them showed functional differences in OT-triggered Ca?* transients, B-arrestin

recruitment, OTR activation and desensitization, etc. (Malik et al., 2021).

Figure 6: Structure of the OTR. Pink: OT recognition sites, green: probable
dimerization site, yellow: G protein binding site, light blue: B-Arrestin binding site.
Reproduced from (McKay and Counts, 2020).



Transduction pathways triggered by OTR activation
Once it binds to the OTR, OT can trigger a conformational change that triggers

wide and complex intracellular signaling cascades.

Heterotrimeric G proteins. When OT settles his nest in the binding pocket of
the OTR, the latter changes its tridimensional conformation and enters an “active”
state. During this step, it binds to its substrate, the heterotrimeric G proteins that are
composed of three subunits called a, B, and y. The a subunit (Gq) is bound to a
Guanosine diphosphate (GDP), preventing its activity and favoring its sequestration
by the B and the y subunits (Ggy). The activation of the GPCR triggers its guanine
exchange factor (GEF) activity: the OTR binds to G proteins and activates them by
replacing their GDP bound to the Ga subunit with a GTP molecule. This has the dual
effect of activating the Ga enzymatic activity and triggering the release of the Ggy
complex, resulting in its activation (Sutkeviciute and Vilardaga, 2020).

Ga proteins. There is a wide variety of Ga subunits, which can be classified into
four families based on their sequence homology and cellular functions: Gas (Gas and
Gaot), Gai (Gai, Gao, Gaz, and Gat), Gaq (Gag, Gai1, and Ga14-15), and Gai2 (Gai2 and
Gais). All these proteins have distinct targets and different cellular effects. The OTR
has the astonishing particularity to couple both Gai- and Gag-containing G proteins
(Busnelli et al., 2012; Phaneuf et al., 1993; Strakova and Soloff, 1997 reviewed in
Grinevich et al., 2016, Figure 7). Interestingly, it is not the only receptor in this case.
The parathyroid hormone receptor 1 and the Corticotropin-releasing hormone receptor
1 are also known to couple both Gag- and Gas-containing proteins (Sutkeviciute and
Vilardaga, 2020; Taché and Bonaz, 2007), the az- and B2-adrenergic receptors bind
Gas and Gai proteins, and the melanin-concentrating hormone receptor 1 couple Gai
and Gagq proteins (Kim et al., 2020). Recent evidence has initiated a shift in our
understanding of GPCR interaction with G proteins, with some of them specific to a G
proteins subfamily and others that have common contacts across many types of G
proteins (Sandhu et al., 2022).

Given that Gai and Gaq have antagonistic effects on many aspects of cellular
functions, we can wonder about the usefulness of such a coupling. Interestingly, it

seems that this dual coupling can be modulated by the location of the OTR on the cell:



when OTR is activated in lipid rafts, it triggers a mitogenic effect through the Gaq
pathway but inhibits cell growth in a Gai-dependent manner when activated outside of
these rafts (Guzzi et al.,, 2002). This may allow subregion-specific signaling in the
same cell, increasing the complexity and signaling possibilities of the receptor. To
date, we do not know if this dual coupling is ubiquitous or restricted to specific cell
types or tissues. Molecularly, it has been shown that the coupling depends on specific
intracellular regions of the OTR; more precisely, the C-terminal region of the receptor
is necessary to recruit the Gaq pathway but not the Gai one (Hoare et al., 1999).

Ga proteins downstream targets. Because the intracellular cascades
triggered by G proteins are wide and complex, | am going to restrict this overview to
the elements needed for the comprehension of the present manuscript. For an
exhaustive overview, please see Chatterjee et al., 2016. The OTR was initially
described to couple Gag-containing G proteins which activation triggers the activation
of the phospholipase C (PLC) and thereby breaks down the membrane phospholipid
phosphatidylinositol diphosphate (PIP2) into inositol triphosphate (IPs) and
diacylglycerol (DAG, Figure 7). The former reaches IP3 receptors on the endoplasmic
reticulum and triggers a Ca?* release from the intracellular store, which helps DAG to
activate the protein kinase C (Hu et al., 2021). Apart from this classical Gaq-PLC-IPs3-
Ca?* pathway, the activation of Gag-containing G proteins also activates the protein
kinase B pathway (aka. PIsK/Akt), the ERK12 pathway (Busnelli and Chini, 2018), and
modulates the activity of small Rho GTPases (McKay and Counts, 2020, Figure 7).
On the other hand, activation of the Gai-dependent signalization decreases adenylyl
cyclase activity, thereby reducing the activity of the protein kinase A (PKA), increases
p38 MAPK activation, and triggers hyperpolarization of the plasma membrane,
probably through interacting with Ca?*-dependent K* channels and K* leak channels
(Chatterjee et al., 2016; McKay and Counts, 2020, Figure 7). Note that since Gai action
downstream the activation of the OTR is less studied than the effect of Gagq proteins,

our knowledge of this pathway is still sparse.
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Figure 7: Transduction pathway activated by OTR. Black and red arrows represent
activation and inhibition, respectively. The dashed arrows show indirect activations.
GTP: guanosine  triphosphate, @ GDP: guanosine  diphosphate,  PIP2:
Phosphatidylinositol bisphosphate, DAG: diacylglycerol, IP3: inositol trisphosphate,
PLC: phospholipase C, IPsR: IP3z receptor, PKA/B/C: protein kinases A/B/C, AC:
adenylyl cyclase, ATP: adenosine triphosphate, cAMP: cyclic adenosine
monophosphate, MAPK: mitogen-activated protein kinase.



Biased agonists. To activate one
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pathway (Busnelli and Chini, 2018, Figure

internalization whereas atosiban application
does not produce OTR internalization (Busnelli and Chini, 2018). From now on, | am
going to refer to these two agonists as “biased agonist”, in contrast with the TGOT
which recruit both intracellular pathways (Busnelli et al., 2012) and is considered a “full

agonist”.

It is still unknown whether some OTR are coupled to Gaq and others are
coupled to Gai, or if the binding of the agonist decides which intracellular pathway
must be activated. In the first scenario, OTR may be predetermined to couple a G
protein depending on the receptor localization, or the cell type in which it is expressed.
For instance, the OTR may couple Gag protein in neurons and Gai proteins in
astrocytes. In the other model, all couplings are possible and depend on scaffolding
proteins, allosteric modulators, cholesterol composition of the plasma membrane, etc.
Unfortunately, no data exists for the OTR specifically but we can wonder in a more
general way whether GPCRs are pre-coupled to G proteins before ligand binding or if
the binding triggers receptor-G proteins (R/G) interaction. The literature is divided on
this matter. In this debate, the first front is composed of the defenders of the “pre-
coupling model” which argues that the R/G interaction precedes ligand binding
(Navarro et al., 2018; Vilardaga et al., 2009). On the other side of the battlefield, we

can find the guardians of the “collision coupling model” for which G-proteins freely



diffuse in the cytosol and interact with GPCRs when they are in their activated
conformation (/je. bonded with a ligand, Berlin et al., 2020; Vilardaga et al., 2009).

OT was at first described to trigger the contraction of uterine muscle (Dale,
1906) by triggering a Ca?* surge in smooth muscle (Gimpl and Fahrenholz, 2001). For
this reason, the activation of the Gaq pathways was under intense scrutiny, leaving
apart a potential activation of other Ga proteins. Thereby, most of the literature
assumes that OTR is only coupled to Gaq, leading to serious interpretation problems.
One of these is the use of the Gai-biased agonist atosiban as an antagonist (Barrett
et al., 2021; Roy et al., 2018; Ryan et al., 2017). When looking at some effects of OT,
atosiban is indeed an antagonist: in obstetric studies, atosiban has a tocolytic activity,
reducing uterus contractions and thereby antagonizing OT effects; in neurosciences,
OT increases the spiking activity of neurons and this effect is blocked in the presence
of atosiban. In these conditions, the antagonizing effect of atosiban on muscle
contraction and neuronal activity is true but one can miss an entire panel of the OTR
signaling.

GBy complex. After its binding to GTP, the Ga subunit dissociates from the Gf3
and Gy proteins, which stay bound together and form a functional complex. According
to their structure and functions, we can identify 6 subtypes of G and 12 subtypes of
Gy, allowing 72 possible combinations (Clapham and Neer, 1997). The composition
of the GBy complex confers the target specificity of the GBy complex among the wide
range of possible downstream effectors. Among the possible targets of the Gy
complex, we can find the G protein-coupled inwardly-rectifying potassium channel
(GIRK), GPCR kinases (GRK), voltage-gated Ca?* channels (VGCC), phospholipases,
adenylyl cyclase (with types Il & IV being activated and types |, lll, V, VI, VIl being
inhibited), PIsK, small G proteins (Ras, Raf), and tyrosine kinases receptors. (Clapham
and Neer, 1997).

In neurons, the activity of the GBy complex decreases the firing activity by
several mechanisms. For instance, it increases the activity of GIRK channels, allowing
K* to leak from the cell, thereby triggering an outward current that hyperpolarizes the
plasma membrane, bringing it closer to the K* equilibrium potential (around -98mV,
Verkhratsky and Nedergaard, 2018). Moreover, the GBy complex inhibits VGCC,



reducing their opening upon cell membrane depolarization. All these mechanisms
make the neuron hyperpolarized and less excitable, preventing it from firing action
potentials (Sladek and Song, 2012).

However, in glial cells such as astrocytes, it has been shown that the activation
of the GBy complex can trigger Ca?* transients, another form of excitation (Durkee et
al.,, 2019; Nagai et al., 2019). Interestingly, such effects have been shown after OTR

activation in CHO cells and the rat myometrium (Hoare et al., 1999).

Atypical OT signaling. Like most class A GPCRs, the OTR can homo- or
heteromerize to form a new functional unit. Studies using bivalent ligands have shown
that homomerized OTR had a 1,000-higher sensitivity to divalent ligands compared to
monomeric OTRs. Moreover, heteromerization has been shown between the OTR and
the type 2 dopamine receptors (Laszl6 et al., 2020; Romero-Fernandez et al., 2013;
Stoop, 2012) and with the vasopressin receptors Via and V2 (Cottet et al., 2010;
Devost and Zingg, 2003; Terrillon et al., 2003). Knowing this, we can wonder what can
be the functional output of such a new functional unit, particularly in the case where
the OTR associates with a receptor with a completely different coupling such as the

Gas-coupled V2 vasopressin receptor.

Beyond its effect on OTR, OT can also modulate the activity of other receptors.
First, OT has been shown to directly bind and activate to transient receptor cation
channel vanilloid type 1 (TRPV1, Nersesyan et al., 2017). Such activation has been
found in subicular neurons where the application of the OTR-selective agonist TGOT
excites the neurons in a TRPV1-dependent manner (Hu et al., 2021). However, no
direct binding has been demonstrated in this study, leaving that TRPV1 activation may
be secondary to OTR activation. Moreover, OT seems to be a positive allosteric
modulator of the Gai-coupled p and k-opioid receptors (Meguro et al., 2018; Miyano et
al., 2021).

Internalization and recycling of the OTR

After its activation, the OTR is phosphorylated by the GRK2 (Willets et al., 2009)
or 6 (Hasbi et al., 2004) initiating a strong interaction with the B-arrestin (Jurek and
Neumann, 2018; McKay and Counts, 2020, Figure 9). The binding of OTR with 8-
arrestin 1 & 2 show astonishing different kinetics (half-times = 107s & 18s, Busnelli et



al.,, 2012), and these interactions were triggered with different sensitivity to OT; B-
arrestin 1 is recruited at high dose (ECso = 229 nM) whereas B-arrestin 2 is recruited
at lower doses (ECso = 1.85 nM, Busnelli et al., 2012). These interactions trigger the
internalization of the receptor to eventually induce a B-arrestin dependent signaling
(Jean-Charles et al., 2017 note that it has not been shown for the OTR).

This internalization began 5 minutes

@ after OTR activation and lasted at least 10

OTR minutes (Conti et al., 2009; Rimoldi et al.,

m’w 2003; Smith et al., 2006; Willets et al., 2009

G - P \ reviewed in Busnelli and Chini, 2018). Once
c internalized, the OTR is recycled back to the
GRK2/6 plasma membrane, a process called
B_a;r/ezsm 2 resensitization (Conti et al., 2009, Figure 9).

The dynamics of these mechanisms are

\ — variable (tens of minutes to hours),
@ g depending on the duration and the amount
of ligand in the milieu (McKay and Counts,

e 2020). Interestingly, OTR desensitization is

Figure 9: Internalisation and recycling
of OTR. P: phosphate, GRK2/6: G

protein-coupled receptor kinase 2/6.

different according to the brain region, with
rapid and long-lasting desensitization
observed in the central nucleus of the
amygdala and the bed nucleus of the stria terminalis compared to what is observed in
the medial amygdala (Terenzi and Ingram, 2005; Wilson et al., 2005).

OT as a peripheral hormone.

Reproductive system. Initially discovered for its uterotonic activity (Dale,
1906), it is now well-known that OT triggers smooth muscle contraction during labor
(Gimpl and Fahrenholz, 2001; Lee et al., 2009; Sheldrick and Flint, 1985). Apart from
labor per se, OT is also involved in many aspects of the functioning of the reproductive
system. For instance, OT can stimulate the release of the luteinizing hormone (Rettori
et al., 1997), triggering ovulation and the development of the corpus luteum (Gimpl



and Fahrenholz, 2001). In males, OT functions are not left apart. In addition to its
spermination-enhancing effect, OT increases the contractility of seminiferous tubules
to promote the transport of the spermatozoa to the epididymis. Moreover, OT has a
critical function in the prostate where it triggers its contractile activity to expel prostatic
secretions during ejaculation (Gimpl and Fahrenholz, 2001). Finally, if the offspring
needs to be nurtured and fed, such as in mammals, OT plays a pivotal role in milk
ejection from the breast. Indeed, in this case, the tactile sensory stimulation of the
nipple triggers synchronized bursts of action potentials in OT neurons which then
release OT in the blood. The hormone then travels through the blood circulation to
reach the mammary glands where it triggers the contraction of myoepithelial cells of
the lactiferous duct, eventually resulting in milk ejection from the mammary gland
(Froemke and Carcea, 2017). Interestingly, there is evidence of OT synthesis in many
structures of the reproductive system, providing local OT to exert its functions (Gimpl
and Fahrenholz, 2001).

Control of water and ion balance. One of the most crucial functions of OT is
also the regulation of osmolarity in the blood. OT and AVP neurons are sensitive to
variations in blood pressure or osmolarity. For instance, in hyperosmotic conditions,
OT has a natriuretic effect in the kidney, reducing tubular reabsorption of Na* to
recreate a balance in the osmotic homeostasis. In the cardiovascular system, OT can
also decrease arterial pressure and reduce heart rate (Gimpl and Fahrenholz, 2001).

OT as a neuropeptide.

OTR expression in the brain. The OTR is widely expressed throughout the
brain, particularly in the olfactory bulb, the neocortex, the hippocampus, the amygdala,
the bed nucleus of the stria terminalis, the nucleus accumbens, and the ventromedial
hypothalamus (Veinante and Freund-Mercier, 1997). The distribution of this receptor
shows a strong sexual dimorphism in some regions, and OTR expression is usually
higher in females (Carter, 2007). However, some regions do not show any significant
differences in the expression of this receptor between genders, including the PVN, the
SON, or the central amygdala (Uhl-Bronner et al., 2005). Recently, Kim’s lab mapped
the whole brain of Oxtr¢"s mice to produce a map at a cellular level (available at
http:/kimlab.io/brain-map/OTR/) that includes different time points, from P7 to P56.
Interestingly, they did observe an important variation in OTR expression, with a peak



during early postnatal periods (Newmaster et al., 2020). These results are in
accordance with a previously shown difference in the quantity of OTR expression and
neuromodulatory effect during the development (Mitre et al., 2016), engaging to be
careful with the age of used animals.

The neuromodulatory action of OT has been identified in so many brain regions
that it will be presumptuous to list them all. Here | am going to present only a few
examples of behaviors in which OT are involved that are going to be useful for the
understanding of the present thesis. For a complete overview of OT effects in the brain,
please refer to (Gimpl and Fahrenholz, 2001; Jurek and Neumann, 2018; Lee et al.,
2009).

Social behavior. OT is involved in almost all social behaviors, ranging from
pair bonding to postpartum maternal aggressiveness. First, OT is involved in social
memory and preference by modulating neurons in the mice’s olfactory bulb,
hypothalamus, and amygdala (Lee et al., 2009). Then, OT is crucial in the central
amygdala to recognize the emotions of conspecific individuals (Ferretti et al., 2019).
Maternal behavior is also dependent on OT release in the paraventricular thalamus
(Lefevre et al., 2021), bed nucleus of the stria terminalis, medial preoptic area, and
lateral septum (Lee et al., 2009). Finally, OT released in the central nucleus of the
amygdala increases aggressive behavior toward intruders observed in females during
the postpartum period (Lee et al., 2009).

Analgesia. One other powerful function of OT is to decrease pain sensation
through its antinociceptive effects and by modulating the integration of the nociceptive
information in the brain. This effect is mediated by many actors throughout the whole
pain matrix in the brain and in the peripheral nervous system. Starting at the detection
site of the nociceptive stimulus, OT can modulate the electrical activity of nociceptors
(Juif and Poisbeau, 2013). One step further, OT can modify the integration of this
message in the dorsal horn of the spinal cord by reducing the activity of wide dynamic
range neurons, the first relay of the nociceptive message in the central nervous
system. This inhibition can be both direct (Eliava et al., 2016) or indirect (Breton et al.,
2008; lwasaki et al., 2023). All the way up, the nociceptive message reaches the
supraspinal centers where the nociceptive information is integrated, eventually leading



to a pain sensation. This last step requires the cooperation of many cerebral structures
that analyze the different parts of the message. Thus, the somatosensory cortices
examine the precise nature and location of the stimulus, the amygdala generates the
emotional value of the event, and the frontal cortices investigate the cognitive meaning
of the nociceptive information. Among these structures, the amygdala shows a high

OTR expression, and infusing OT in it has an analgesic effect (Han and Yu, 2009).

Stress and anxiety-like behaviors. OT can be released during various
stressful events, such as osmotic stress, physiological challenges, and socio-
emotional stress. For instance, the release of OT is increased in the PVN, SON, central
amygdala, and the bloodstream during a forced swim test (Jurek and Neumann, 2018;
Olivera-Pasilio and Dabrowska, 2020). During social defeat, where a rat is exposed to
a larger and aggressive conspecific, OT level is increased in several brain regions
(Jurek and Neumann, 2018). Once released OT has an anti-stress and anxiolytic
activity (Gimpl and Fahrenholz, 2001; Jurek and Neumann, 2018; Lee et al., 2009;
Olivera-Pasilio and Dabrowska, 2020). Indeed, intracerebroventricular administration
of OT decreases the release of corticosterone induced by stress and reduces anxiety-
like behaviors (Windle et al., 1997). More precisely, OT infusion directly in the
amygdala triggers anxiolytic effects in rodents (Bale et al., 2001; Wahis et al., 2021).
Interestingly, OT may also induce stress, anxiety-like behaviors, and social
fear/avoidance in some conditions (Duque-Wilckens et al., 2020; Luo et al., 2022;
Maroun and Wagner, 2016). These reports are in contrast with the anxiolytic and trust-
enhancing effects previously described, suggesting a region and state-specific action
of OT in the brain.

Memory and learning. To survive, living beings must record and recognize the
world that surrounds them. OT is involved in several aspects of this function,
particularly in social and emotional memory. Rodent recognition of other individuals is
mainly mediated through olfactory cues that are analyzed by the olfactory bulb, the
medial amygdala, and the olfactory cortices. Interestingly, OT is crucial in these two
last regions to mediate social recognition (Maroun and Wagner, 2016; Oettl et al.,
2016). During this process, it is also crucial to remember the emotional value
previously given to the stimulus. OT is also involved in this panel of the memory,
controlling the attribution of the emotional value to the stimulus and its storage. To this



end, OT acts on the prefrontal cortex, the amygdala, and the hippocampus, three
regions involved in the memory of emotionally meaningful events (Bazaz et al., 2022;
Ehrlich et al., 2009; Hasan et al., 2019; Jurek and Neumann, 2018; Knobloch et al.,
2012; Lee et al.,, 2009; Maroun and Wagner, 2016; Viviani et al., 2011). In the
amygdala and the hippocampus, for instance, endogenous OT release reduces fear
expression (ie. freezing) in rats. For a complete review of the effect of OT on fear

memory and expression, please refer to (Baldi et al., 2021).

In a larger scope, OT is thought to modulate the salience and the valence of
sensory stimuli in the brain (Lefevre et al., 2021). The salience is the importance given
to a stimulus when analyzing it. To control this aspect of information integration, OT
modulates the excitation/inhibition balance of sensory circuits to increase the weight
of socially relevant stimuli (Lefevre et al., 2021). At the same time, OT controls the
attribution of the emotional value given to stimuli. This effect is mainly mediated by its
effect on the amygdala, which is a central hub for the evaluation of the pleasantness
(or unpleasantness) of sensory information (Lefevre et al., 2021). This last point
explains why although OT functions are very wide in the brain, it often involves at least

one of the nuclei of the amygdala complex.



Box: on the incongruent effect of OTR activation in neurons

In neuroscience, and particularly through the electrophysiological prism, we
often consider that Gaq and Gai-dependent signaling are antagonists, leading to an
increase or a decrease in neuronal activity, respectively. This vision is hard to
conciliate with the dual coupling of the OTR. Indeed, if both pathways are activated
simultaneously, they must cancel each other out, resulting in no change in neuronal
activity. What can be the point of such a strange coupling? Here | formulate five

hypotheses that can shed light on this mystery.

1) The coupling of the OTR is specific to the cell type or its location.

Neuronal OTRs may only be coupled to the Gaq pathway. Indeed, lots of reports
have shown that OTR agonists increase neuronal activity in many brain regions
including the amygdala (Knobloch et al., 2012; Wahis et al., 2021), the hippocampus
(Bazaz et al., 2022; Tirko et al., 2018), the parabrachial nucleus (Ryan et al., 2017),
the ventral tegmental area (Tang et al., 2014), the striatum (Xiao et al., 2017), efc.
Some of these studies have investigated the intracellular pathway involved in such
activation and found the involvement of the Gaq pathway (Hu et al., 2021; Tang et al.,
2014; Tirko et al., 2018).

However, none of these studies have investigated the potential role of the Gai
pathway (except for Tirko et al., 2018 but they removed all mention of the potential
involvement of a Gai-dependent mechanism during the process of submission). Only
a few studies have shown the recruitment of Gai proteins in neurons. The first
demonstration was made using the Gai-biased agonist atosiban on the wide dynamic
range neurons of the spinal cord and show that recruitment of OTR-Gai triggers a shift
in neuronal firing type, from repetitive to phasic (Eliava et al., 2016). Unfortunately,
they did not investigate the potential of the Gaq pathway, possibly omitting the
activation of this signaling cascade after OTR activation by OT. Moreover, OTR is
coupled to both pathways in immature olfactory neurons, producing an antagonistic
effect on GIRK channel activity (Gravati et al., 2010). OT can also depolarize vagal
neurons through two distinct mechanisms, among which, one is cAMP-dependent,
suggesting an involvement of the Gai pathway (Alberi et al., 1997). Finally, the anti-
nociceptive effect of OT is sensitive to pertussis toxin, pointing toward the involvement

of the Gai pathway (Espinosa de Los Monteros-Zuniga et al., 2021). These elements




tend to show that neuronal OTR can be coupled to the Gai pathway. However, the
coupling can be different among neurons, or between different brain regions, but no

evidence exists to strengthen this hypothesis.

2) Cellular processes are not restricted to electrophysiological properties.

As with any GPCR, OTR can activate a myriad of intracellular pathways. These
pathways trigger changes in cellular functions that are not necessarily visible when
performing short electrophysiological recordings. For instance, it can modify gene
expression to eventually change the cellular plasticity profile, morphology, energy
consumption, etc. The Gai and the Gagq pathways can even cooperate and have
synergistic functions. For instance, the Gy complex that dissociates from activated
Gai proteins can interact with the PLC to relieve its auto-inhibition, favoring subsequent
PLC-dependent Ca?* transients (Pfeil et al., 2020).

3) The Gai and Gaq pathways are recruited at OTR
different doses of OT.

cell
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5) The GBy complex may be more important concentration of OT.

than the Ga subunit.

Initially considered as a mere Ga inhibitor, it is now known that the Gy complex
also has an activity of its own. This is no exception for the OT system, where the
bursting effect of OT on SON neurons depends on the signaling triggered by the Gy
complex of a Gaq protein (Wang and Hatton, 2007a). Another mechanism involving
the GBy complex can be the activation of Tyrosine Kinases that eventually triggers

cytosolic Ca?* increases observed after OTR activation (Hoare et al., 1999).




2. The Amygdala

2.1. Structure and functions

The amygdala (or corpus amygdaloideum) is a complex of nuclei that lies in the
intern part of the temporal lobe of the brain (Figure 11). The function of this structure
is to attribute and store the emotional value of external stimuli (Veinante et al., 2013).
To do so, the amygdala receives information from many brain regions. Among them,
we can find sensory inputs arising from the thalamus, internal feelings carried by
hypothalamic fibers, and highly integrated information such as traces from the past
that come from the hippocampus and the cortex (LeDoux, 2000; Veinante et al., 2013).
For instance, the view of a pesto pasta dish (visual information from the visual cortex)
will have a positive value if internal information arising from the hypothalamus informs
of a hunger sensation. All this information is analyzed to create a more or less pleasant
feeling toward something. This so-called emotional valence is then integrated with
other information, to create a general feeling called emotion.

Figure 11: Location of the amygdala in the brain. Left: drawing of a human (A) and a
rodent (B) brain with the principal internal structures shown in color. The amygdala is
shown in green and the hypothalamus in yellow. Right: Simplified drawing of a mouse
brain that illustrates the position of the amygdala (blue) and the hypothalamic OT

nuclei (red).



To accomplish this difficult task, the amygdala contains around twelve nuclei
that can be classified into four groups based on their location: the cortical (CoA), the
basolateral (BLA), the medial (MeA), and the central (CeA) amygdala (Veinante et al.,
2013, Figure 12). Based on the structure of these nuclei, we can find two different
groups. The first one is composed of the CoA and the BLA that shared cortical
features. They contain a majority of excitatory pyramidal neurons and few inhibitory
neurons (Beyeler and Dabrowska, 2020; Fu et al., 2020). Pyramidal neurons project
toward other structures, carrying the functional output of the nuclei while inhibitory cells
make local, modulatory connections. The second group encompasses the CeA and
the MeA, which share striatopallidal features. These nuclei are composed of medium
spiny neurons that synthesize the GABA inhibitory neurotransmitter (Veinante et al.,
2013 but see Keshavarzi et al., 2014).

Figure 12: Organisation of
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Based on their connectivity and the type of information they convey, we can
observe two parallel (yet interacting) circuits. The first one is composed of the CoA
and the MeA (thus called the cortico-medial group) and is highly involved in the
processing of olfactory information. After the identification of an odor by the olfactory
bulbs and the piriform cortex, olfactory information arrived on the cortico-medial



amygdala circuit and an emotional valence is attributed to the stimulus (Keshavarzi et
al.,, 2014; Root et al., 2014). The second circuit regroups the basolateral (BLA) and
the central (CeA) nuclei of the amygdala and receives many types of inputs from
different cortices, the thalamus, efc. Because this latter circuit is highly involved in
pain, stress, and anxiety (LeDoux, 2000; Veinante et al., 2013), | decided to focus on

this second circuit in the present manuscript.

The basolateral complex of the amygdala (BLA) can be divided into two
subnuclei: the lateral amygdala (LA) and the basal amygdala (BA) (Figure 13). The LA
is the major input nuclei of the amygdala and conveys information to BA and other
amygdala nuclei. These nuclei are composed of ~80% of spiny pyramidal neurons
called principal cells and ~20% of inhibitory interneurons (Duvarci and Pare, 2014).

Pyramidal neurons are divided into two groups. The first one is composed of
parvocellular neurons expressing Ppp1r1b and promote appetitive behaviors. The
second group is composed of magnocellular pyramidal neurons, which express Rspo2
and inhibit appetitive behaviors (Kim et al., 2017). As in other cortical areas, the BLA
contains many different types of inhibitory interneurons that modulate the activity of
pyramidal neurons. The output message of the BLA complex is carried by pyramidal
cells whose main target are CeA neurons (Duvarci and Pare, 2014).

There are two ways to access the CeA from the BLA. The first one is a direct
path, where glutamatergic axons directly make synapses on CeA neurons, whereas
the second path makes a stopover in the intercalated cell masses (ICM) to connect
GABAergic neurons that project to the CeA. Thanks to this relay, the excitatory
glutamatergic message arising from pyramidal BLA neurons can be transformed into

a GABAergic message, inhibiting CelL neurons (Duvarci and Pare, 2014, Figure 13).
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Figure 13: BLA-to-CeA
connectivity. The lateral and the
basal nucleus of the amygdala
(LA and BA) contains pyramidal
neurons that project to the ICM
and to the laterocapsular and the
medial part of the central
amygdala (CeL/C and CeM).
Excitatory neurons are shown in

red and inhibitory ones in blue.

The central amygdala (CeA) is also composed of two subnuclei: a
laterocapsular part (CelL/C) and a medial part (CeM) (Figure 13). Both subnuclei are
composed of GABAergic medium spiny neurons (MSN), but they have several
different features. CeL/C neurons have small somata, many primary dendrites that
make many ramifications, and are covered with dendritic spines. CeM neuron
dendrites on the other hand make fewer ramifications and exhibit a lower density of
dendritic spines (Duvarci and Pare, 2014).

CelL/C neurons can be divided into 3 groups according to their transcriptional
profile: PKCd, SOM, and CRH-expressing neurons (Fadok et al., 2017; Hartley et al.,
2019; Haubensak et al., 2010; Kim et al., 2017; McCullough et al., 2018). The first
population is distinct from the other two with only 2% of neurons co-expressing
PKC&8/SOM and 8% that co-express PKC8/CRH. On the contrary, the SOM and CRH-
expressing neurons overlap significantly, with as much as 50% of SOM neurons co-
expressing CRH (Kim et al., 2017) and 4 to 70% of CRH* neurons expressing SOM,

depending on the location on the anteroposterior axis (McCullough et al., 2018). In



terms of connectivity, PKCd" and PKC® neurons mutually inhibit each other
(Haubensak et al., 2010), and the same has been shown for SOM* and SOM" neurons
(Li et al., 2013). Unfortunately, this simple view of two populations that make a
reciprocal inhibitory connection is challenged by a recent study which shows that
neurons belonging to a type preferentially project to neurons of the same type; thus
the more frequent connexions found in the CeL/C are PKC&* to PKC&* and SOM* to
SOM* synapses (Hunt et al.,, 2017). It is noteworthy that these results are not
contradictory; the two first studies have stimulated PKC&* or SOM* neurons and
recorded PKC& or SOM™ neurons, limiting their description to a portion of possible
connections.

One of the most important features of neurons is their reaction to sustain
stimulation. In the CeL/C, some cells will fire action potentials only at the beginning of
depolarization and then adapt to the new voltage membrane, detecting changes in
their environment (Adaptive, Figure 14). Other neurons can emit action potentials with
a regular frequency that depends on the intensity of the stimulation (Regular Spiking,
Figure 14). These neurons may encode the intensity of a stimulus, indicating the
amplitude of the change that occurs. Finally, late spiking neurons do not spike at the
beginning of the stimulation but fire action potentials after a delay, probably informing
that the stimulation is sustained and lasts in time (Late spiking, Figure 14). Depending
on the studies, there is either a third of each population in the CelL/C (Lopez de
Armentia and Sah, 2004), a majority of adaptive cells (Chieng et al., 2006; Martina et
al.,, 1999), or a majority of regular spiking with only a few late spiking neurons (Adke
et al.,, 2021; Dumont et al., 2002). Interestingly, some of these studies have been
conducted in rats (Chieng et al., 2006; Dumont et al., 2002; Lopez de Armentia and
Sah, 2004), mice (Adke et al., 2021), guinea pigs (Dumont et al., 2002; Martina et al.,
1999), and cats (Dumont et al., 2002), indicating that the repartition of neuron’ firing
type may vary depending on the species used. Concerning other electrophysiological
parameters, the resting membrane voltage of late spiking neurons is more
hyperpolarized than the other types but no other difference can be observed in other
passive membrane properties (Chieng et al., 2006; Dumont et al., 2002; Lopez de
Armentia and Sah, 2004; Martina et al., 1999).
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Figure 14: Firing type in the laterocapsular nucleus of the central amygdala (CeL/C).
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Example traces of Cel/C neuron’s membrane voltage in response to a current steps
protocol. From left to right are shown traces from adaptive neurons, regular spiking
neurons, and late spiking neurons. The different colors of the line show different

sweeps.

At this point, the million-dollar question is ‘Does the transcriptional identification
of CelL/C neurons match their electrophysiological classification?’ Let's not maintain
the suspense: the answer is no, since all electrophysiological types have been found
both in PKCd and in SOM-expressing neurons (Adke et al., 2021; Hunt et al., 2017;
Wilson et al., 2019 but see Haubensak et al., 2010). However, SOM neurons are more
excitable than PKC® ones and did not show accommodation of the interspike interval
during a repetitive firing episode, indicating that these two parameters may separate
the different cell types (Adke et al., 2021).

In the CeM, neurons can also express different transcriptomic markers such as
SOM, neurotensin, and tachykinin 2 (Kim et al., 2017). However, since the activation
of these three cell types promotes the same kind of appetitive behavior, no clear
difference in their function has been identified (Kim et al., 2017).
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Figure 15: Connectivity in the Cel/C nucleus
of the amygdala. Red axons represent
excitatory inputs.

and mixed, Cel/C neurons contact
CeM projection neurons, which are the
main functional output of the BLA-to-
CeA amygdala pathway (Figure 15). Note that this scheme is simplified since BLA
neurons (especially Pop1ri1b* neurons) can directly project on CeM neurons (Duvarci
and Pare, 2014; Kim et al., 2017; Ye and Veinante, 2019).

The organization of the amygdala can be conceptualized in a larger scope
according to the theory of the basal forebrain anatomo-functional macrosystem (Zahm,
2006). In this view, the amygdala and neighboring interconnected regions form the
“‘extended amygdala”. This macrosystem is arranged like other telencephalic systems,
with a layered organization between different brain structures (Ye and Veinante, 2019,
Figure 16). First, inputs of the system arrive at the level of a cortex-like structure
containing glutamatergic pyramidal neurons under the control of local inhibitory
interneurons. The information then flows to MSN-containing striatum-like structures
where all neurons are inhibitory and interconnected. These neurons then connect a
pallidum-like structure containing inhibitory projection neurons that connect the

thalamus and brainstem nuclei (Zahm, 2006, Figure 16).

This organization contains two paths, one direct and the other indirect. In the
cortico-striato-pallidal pathway, for instance, the direct path promotes the initiation of
movement and the indirect path prevents it. Analogous to this organization, the direct
BLA-CeA pathway promotes appetitive behavior and suppresses defensive ones,



whereas the indirect BLA-ICM-CeA pathway exerts the opposite function on appetitive
and defensive behaviors (Kim et al., 2017). The astonishing similarity between
forebrain macrocircuits can be explained by the duplication and specialization of the
structures, thereby creating specialized circuits (Kim et al., 2017).

In that kind of macrocircuit, the upper layers are under the control of
neuromodulators, influencing the way information is integrated into the system. One
clear example can be seen in the cortico-striato-pallidal macrosystem that controls
locomotion. In this circuit, dopamine controls the activity balance between two
populations of inter-inhibiting neurons in the striatum. A loss of such neuromodulation
triggers the bradykinesia observed in Parkinson’s disease (Bologna et al., 2020). A
similar mechanism has been observed in the extended amygdala macrosystem that
controls emotions. In this circuit, the CelL/C also contains MSN neurons that inhibit
each other and the release of several neuromodulators can modify emotional
processes such as fear and anxiety (Pomrenze et al., 2019), nociceptive reactions and
associated physiological adaptations (Neugebauer et al., 2020; Veinante et al., 2013).
Despite the BLA, the CeA also receives projections from other structures. For

instance, the hypothalamus sends oxytocinergic projections directly to the CeA.
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Figure 16: Telencephalic macrosystem theory. Left: general organization shared by

several macrosystems in the forebrain. Left: organization of the BLA-CeA circuit.



2.2. Oxytocinergic control of the amygdala

Early investigations have shown that OT infusion in the CeA reduces the
immobility response triggered by conditioned stress (Roozendaal et al., 1992),
suggesting the involvement of OT in the regulation of emotions. This result was then
strengthened by anatomical studies of OT binding sites in the brain, revealing a high
presence of OTR in the CeL/C (Veinante and Freund-Mercier, 1997, Figure 17), and
innervation of the CelL/C by OT fibers (Knobloch et al., 2012; Otero-Garcia et al.,
2016). Starting from this point, the involvement of OT in amygdala-related behaviors
comes under intense scrutiny, and the two last decades have seen many studies
investigating the effect of OT on fear, stress, anxiety, pain, and other emotions
(Campbell-Smith et al., 2015; Duque-Wilckens et al., 2020; Ferretti et al., 2019;
Gunduz-Cinar et al., 2020; Harper et al., 2019; Lahoud and Maroun, 2013; Oliveira et
al., 2022; Rickenbacher et al., 2017; Terburg et al., 2018; Tunstall et al., 2019). For
documentation on the effect of OT on other parts of the amygdala, particularly the
BLA, see Baldi et al., 2021.
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Figure 17: OT binding sites in a mouse brain coronal section. A. Coronal section stained for
acetylcholinesterase (AChE). This staining allows to locate precisely the BLA and the CeL. B.
Zoom in on the inset framed with the dashed line in (A). C. Histoautoradiograph showing OT
binding. AChE: acetylcholinesterase, IPAC: interstitial nucleus of the posterior limb of the
anterior commissure, AStr: Amygdalostriatal area, BL: Basolateral amygdala, Cel: lateral
nucleus of the central amygdala. Scales bar = 500um. Adapted from (Veinante and Freund-
Mercier, 1997).



Fear is the feeling of immediate danger accompanied by behavioral (vigilance,
startle, freezing) and physiological (cardiovascular, respiratory) responses that aim to
favor survival (Moscarello and Penzo, 2022; Olivera-Pasilio and Dabrowska, 2020).
Early investigators observed a lack of fear in rhesus monkeys after a lesion of the
amygdala (Lanska, 2018). Interestingly, related symptoms can be observed in humans
with amygdala damage (Adolphs et al., 1994; Terburg et al., 2018).

Fear responses are wide and diverse, but can be organized according to a
threat-imminence continuum, a scale ranging from “safety” to “imminent danger”
(Moscarello and Penzo, 2022, Figure 18). The first rung of this scale is safety, where
no fear mechanisms can be observed. As a potential threat arrives, the pre-encounter
mode is set off and the animal explores its environment to gather information to assess
potential risks. At a behavioral level, rodents sniff, rear, and explore cautiously their
environment in a stretch posture to avoid detection by predators. When the predator
(or the threat in general) is observed in the surroundings, the post-encounter mode is
reached and a whole set of innate defensive reactions are triggered to avoid detection
and to prepare a fight-or-flight reaction. In rodents, these mechanisms include freezing
behavior, increased muscle tone to prepare a potential flight, and strong analgesia
that prevents pain to interfere with a potential intense endeavor against death or injury.
When suddenly the predator attacks, the circa-strike mode is triggered in the form of
a fight-or-flight reaction. At this point, the animal immediately judges if it can fight back
or dodge the attack (Moscarello and Penzo, 2022, Figure 18).
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Figure 18: Threat-imminence continuum and its neural basis. Different stages of fear

from safety to circa-strike reactions. From (Moscarello and Penzo, 2022).



Although critical for survival, fear reactions can become pathologic and cause
post-traumatic stress disorders and/or chronic anxiety (Zoellner et al., 2011). For this
reason, we decided to investigate the mechanisms that underlie the learning of fear
and its extinction. However, since fear is an emotion, it is difficult to study it in animal
models that cannot describe such feelings. Because we cannot quantify the fear itself,
we have to measure fear-related behavior such as the freezing reaction in rodents. To
generate this fear-triggered immobility, we used a fear-conditioning test, which
consists of 3 phases (Figure 19):

- The habituation phase where the subject is acclimated to environment A.

- In the conditioning phase, the subject receives a conditioned stimulus (CS, usually
a sound) and an unconditioned stimulus (US, usually a brief electric shock). During
this phase, the emotionally neutral CS becomes aversive due to the CS-US
association. Importantly, this phase takes place in an environment B, to dissociate the
context from the US-CS association.

- During the re-exposition phase(s), the subjects are re-exposed to the CS without
the US in the first environment (A). This step aims to evaluate the strength of the
memorized association between the US and the CS, indicating the robustness of the
memory. Since the CS is no longer presented with the US, the subject learns to
disassociate the US from the CS, a process called “extinction”. Importantly, this
process is not a simple forgetting of the association but rather a new active learning
process during which the subject creates a new memory where the two stimuli are
dissociated (Ehrlich et al., 2009).

The strength of the CS-US association primarily resides in the emotional
valence of the US. Indeed, if the US is neutral, the subject will not pay particular
attention to the US and US-related events. As mentioned before, this emotional
valence is computed in the CeA, and when OT is injected before the conditioning
phase in adult rats, it decreases fear expression, measured by a reduction in freezing
behavior during the re-exposition (Campbell-Smith et al., 2015; Kritman et al., 2017;
Lahoud and Maroun, 2013). OT had a similar effect when injected/released before the
retention test (i.e. first re-exposition) (Knobloch et al., 2012; Viviani et al., 2011 but see
Campbell-Smith et al., 2015).
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Figure 19: Fear-conditioning protocol. A. Mice are placed in a fear-conditioning box
that contained a grid floor through which electrical choc can be applied. B. Different

phases of the fear conditioning protocol and expected fear behavior observed.

These observations suggest two things: 1) OT may act in the CeA to reduce
the unpleasantness of the US, thereby reducing its emotional salience and the
association CS-US, and 2) OT may modify the memory of US unpleasantness, thus
both events are robustly associated but the reaction elicited by a clue indicating the
arrival of the US did not produce a strong reaction.

Thus, amygdala OT reduces fear reactions at a behavioral level. However, we
do not know how this peptide modulates how the CeA computes the emotional valence
associated with fear at the cellular level.



It is known that OT excites a population of CeL/C neurons that projects to CeM
(Huber et al., 2005; Viviani et al., 2011). Given the GABAergic nature of these neurons,
this activation results in an inhibition of CeM output neurons (Huber et al., 2005).
Interestingly, only PAG-projecting neurons are inhibited by OT-sensitive Cel/C
neurons, while the activity of neurons projecting to the dorsal vagal complex (DVC) is
not modified after OT application. This is of particular importance given that the
behavioral response to fear (i.e. freezing) is generated in the PAG and one of its
physiological counterparts (heart rate increase) is mediated by the DVC (Viviani et al.,
2011, Figure 20). Thus, OT can activate a CeL/C—CeM circuit that reduces freezing
behavior without affecting the variation of heart rate triggered by the fear sensation.
This suggests that fear behavior and physiological adaptations are computed by
parallel circuits in the CeA, and more precisely, by different neuronal populations in
the Cel/C. Interestingly, 81% of OTR-expressing neurons in the CelL also express
PKCd (Haubensak et al., 2010), suggesting that these neurons may be responsible

for the unfreezing action of oxytocin.

Figure  20:  Schematic
connectivity of OTR* and
OTR- CelL/C neurons in the
CeA. DVC: dorsal vagal
complex, PAG:
periaqueducal grey.
Adapted from (Viviani et al.,
2011).

Fearful stimuli increase the activity of a population of neurons representing
~30% of the CelL/C (called CelLon) while decreasing the firing of ~25% of CelL/C
neurons (Celorr, Ciocchi 2010). The first population probably contains neurons that
express SOM and CRH because their activation increases freezing and flight,
respectively whereas their inhibition prevents it (Fadok et al., 2017). CeLorr neurons
have been more formally identified to be part of PKC®* neurons (Haubensak et al.,
2010). These three types of neurons are thought to inhibit each other, forming a
Mexican standoff (Figure 21) in which the winner takes all. Thus, CeLorr neurons can
inhibit CeLon to prevent post-encounter reactions while the activity of CeLon triggers



such reactions. If CeLon neurons win, the choice of the adapted behavior to adopt is
then decided by a balance between the activity of SOM and CRH neurons, the first
ones promoting passive defensive behaviors (eg. freezing), whereas the second ones
favor active response such as flight (Fadok et al., 2017; Yu et al., 2016).

Figure 21: Reciprocal inhibition of CeL/C neurons forming a Mexican standoff.



Interestingly, OT seems to modulate this intricate circuit throughout the threat-
imminence continuum (Moscarello and Penzo, 2022), probably by favoring the
salience of meaningful stimuli, thereby increasing the relative importance of relevant
threat-signaling cues (Olivera-Pasilio and Dabrowska, 2020). To exert such a difficult
task, OT could modulate the activity of PKCd* neurons that express the OTR, thereby
explaining the anti-freezing effect of OT in the CeA (Knobloch et al., 2012; Viviani et
al.,, 2011). Moreover, OT seems also implicated in the CRH/SOM balance since this
neuropeptide can switch the defensive mechanism from passive to active (i.e. from

freezing to flight, Terburg et al., 2018).

At this point, | invite the reader to note the absence of a section on the effect of
OT on stress. This decision is motivated by an integrated vision of this mechanism.
Indeed, stress is “the physiological or psychological response to internal or external

stressors” (American Psychological Association), and for that reason, is assessed by

measuring physiological parameters (Amico et al., 2004; Neumann et al., 2000; Windle
et al., 1997) but never behavioral outputs. On the other hand, fear is an “intense
emotion aroused by the detection of imminent threat, involving an immediate alarm
reaction that mobilizes the organism by triggering a set of physiological changes”

(American Psychological Association) and is evaluated based on behavioral outputs.

Given that fear reaction triggers the same physiological parameters as a stressor did,
we can wonder whether they are not two sides of the same coin. In this scope, stress
is the physiological change induced by a fear sensation, and fear is the integrated
sensation triggered by a stressor. Thus, | will use the term fear to describe the
sensation of danger elicited by a potential death or injury, including thereby not only
fear evoked by predators but also by the fear of injuries due to potential fighting elicited
by social stress, and the fear of dying during hydric restriction.

Anxiety is an emotion characterized by feelings of tension, worried thoughts,

and physiological changes (American Psychological Association). Importantly, anxiety

differs from fear since it is a “generalized response to an unknown threat or internal
conflict, whereas fear is focused on known external danger” (Steimer, 2002). Unlike

fear reactions, anxiety involves other structures belonging to the extended amygdala,


https://dictionary.apa.org/stress
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such as the bed nucleus of the stria terminalis (Duque-Wilckens et al., 2020; Luo et
al., 2022). Interestingly, the feeling of immediate concrete danger (ie. fear) is primarily
computed in the CeA whereas the apprehension of unpredictable diffuse threat may
rely on integration in the bed nucleus of the stria terminalis (Olivera-Pasilio and
Dabrowska, 2020). However, a decrease in anxiety-like behaviors has been observed
after CeA injection of OT (de la Mora et al., 2016; Laszl6 et al., 2020; McCarthy et al.,
1996). Little is known about the precise mechanisms involved in this anxiolytic effect
but it seems that it may involve a functional coupling with the dopaminergic system
since the co-infusion of dopamine receptors antagonists prevents the reduction of
anxiety-like behavior observed after OT infusion in the CeA (de la Mora et al., 2016).

We can also suggest that, as for fear, several subcircuits may exist in the
amygdala that can trigger or prevent anxiety. Indeed, activation of CeL/C SOM
neurons triggers anxiety-like behaviors in mice (Ahrens et al., 2018; Chen et al., 2022;
Sun et al., 2020), however activation of PKC-expressing neurons did not modify

anxiety levels in mice (Chen et al., 2022).

Pain can be described as the emotion that arouses from the integration of
several aspects of nociceptive stimuli, ranging from a strict somatosensorial aspect
(location, strength, nature of the event), to its emotional valence. OT modulates this
last parameter since in patients with amygdalectomia, the subject does not perceive
high-intensity thermal stimuli as painful but can perfectly describe the stimulus
(Thompson and Neugebauer, 2017).

When injected in rat CeA, OT triggers mechanical and thermal hypoalgesia,
and the subsequent application of atosiban reduces the effect of OT, suggesting that
the hypoalgesia may be mediated by an OTR-Gaq pathway (Han and Yu, 2009).
Moreover, blocking OTR signaling in the CeA by infusing an OTR antagonist increases
the vocalizations evoked by a noxious stimulus but did not change the hindlimb
withdrawal threshold for spinal reflexes, suggesting that OT may play a role in the
central integration of the nociceptive message in the CeA (Cragg et al., 2016).
Interestingly, no other studies have investigated the role of OT in the CeA during pain

processing.



Moreover, it has been recently suggested that equivalently to CeLon and
Celorr cells observed in fear protocols, the CeL might also contain cells that are
sensitized and others that are inhibited by chronic pain. The activation of the first
triggers pain-related responses whereas the stimulation of the latter drives anti-
nociception in mice. Interestingly, pain-activated cells express the PKC® marker
whereas SOM-expressing neurons prevent pain-related behaviors (Chen et al., 2022;
Wilson et al., 2019). Thus, if SOM neurons are activated, the animal may feel fear,
thereby increasing its nociceptive threshold. On the other hand, if the animal feels
safe, PKC® neurons may increase pain sensitivity, thereby favoring the conservation
of the body’s integrity. However, PKCd neurons express the OTR, suggesting that OT
could activate these neurons to trigger a higher sensibility to pain, a suggestion highly
incongruent with the literature. We can imagine that several subpopulations of neurons
coexist in the CeL/C and are involved in different functions. For instance, it has been
proposed that two population may coexist in CeL SOM neuron and differentially
regulates pain, fear, and anxiety (Lin et al., 2022). Based on this example, we can

imagine that PKC® neurons may contain several subpopulations of neurons.

Among the wide range of OT-modulated behaviors, the emotion discrimination
of conspecifics is under the control of OT since inhibiting OTergic PVN-to-CeA
projecting neurons prevents emotion discrimination in mice (Ferretti et al., 2019). OT
can also prevent the synaptic changes triggered by alcohol consumption and thereby,
prevent alcohol-seeking motivation in rats (Tunstall et al., 2019). Another side of OT
action in the CeA can be observed after an aggressive encounter, where OT infusion
enhances the aggression of female rats toward an intruder. Interestingly, this effect
may last since the intrusion and aggression trigger an increased binding of OTR in the
CeA, suggesting plasticity at this level (Oliveira et al., 2022). Intriguingly, the function
of OT in the CeA during positive events is left aside, leaving an entire area of possible

OT action in this structure.

Although the quasi-omnipresence of OT control in emotions can be surprising,
we can rationalize this by integrating the function of OT within amygdala circuits. Given
the primary function of the amygdala is to attribute emotional valence to external



stimuli, OT may influence the way this valence is computed, thereby modifying virtually
all amygdala-related behaviors.

When looking closer on the effect of OT in the CeA, we can observe that this
effect is relatively slow and long. At an electrophysiological level, the bursts of
inhibitory postsynaptic currents evoked by OT-mediated CeL neurons activation are
observed several tens of seconds, sometimes a minute after OT application
(Unquantified observations). A similar latency is also observed at a behavioral level,
where the evoked endogenous OT release decreases freezing behavior after 30 to
60s (Knobloch et al., 2012). This delayed effect is too long to be explained by classic
neurotransmission, which usually ranges for milliseconds, suggesting the involvement

of another actor in the circuit that slowed the signal.



3. Astrocytes as neuron’'s playmate

3.1. Astrocyte at a glance

3.1.1. Appetizer

In the dawn of metazoan life, some cells specialized and unlock the electrical
signaling. These rudimentary neurons have probably adapted the electrical signaling
observed in motile single cells to create a rapid form of intercellular communication
(Lentz, 2023). The ability of neurons to produce such rapid electrical influxes comes
from the high expression and localized presence of voltage-gated ion channels,
particularly those permeable to sodium (Na*) and potassium (K*). Indeed, these two
types of channels closely collaborate since the opening of the former triggers the influx
of Na*, thereby depolarizing the plasma membrane, which opens the latter, allowing
K* to leak out of the cell, thereby repolarizing the cell (Barnett and Larkman, 2007).
This stereotyped millisecond-range depolarization of the plasma membrane called
“action potential” allows neurons to encode information in a binary way. For that
reason, neuroscientists have put many hopes in deciphering this digital code to

understand brain functions.

However, when paying close attention to the brain's histological composition,
we can observe that this organ is not only made of neurons but also contains cells that
lie between them (Figure 22). These so-called “glial” cells were initially thought to be
a mere glue, a physical support for neurons. This dichotomy comes from the fact that,
unlike neurons, glial cells cannot fire action potentials. The absence of such electrical
signaling has resulted in the conceptual separation of brain cells into two casts: the
neuronal guild that treats information and makes long-range projections throughout
the body, and the glial alliance that supports neurons in this task by feeding them,
cleaning their environment, etc. However, the past decades have seen the rise of glial
cells as active players in information processing in brain circuits. Among these glial
cells, astrocytes are particularly involved in the brain's computational power since they

control a wide range of neuronal features (Verkhratsky and Nedergaard, 2018).



Figure 22: Astrocytes as neuron’s playmate. Drawing by Aurore Baudon.

Originally named Nervenkitt, which means “nerve glue”, these glial cells were
renamed astrocytes in 1893 (Nagai et al., 2021). Composed of the Greek words
“Astron” which means “star” and “kytos” which signifies “cell”, this name highlights one

of the most important features of astrocytes: their stellate morphology.

3.1.2. Where did you come from little star?

Astrocytes are thought to emerge when neurons began to cluster together,
during the transition from diffuse to centralized nervous system. Given the high
specialization of neurons, these cells are not able to manage all the aspects of cell life
and particularly homeostatic functions. To overcome this problem, some cells have
co-evolved with neurons to assure the homoeostatic support neurons need
(Verkhratsky and Nedergaard, 2018). And Evolution said, “Let there be glial cells”, and

there were glial cells (Figure 23).



Figure 23: Evolution creating astrocytes. Drawing by Jean-Claude Baudon.

Like most neural cells, astrocytes came from the neuroectoderm. Although
early developmental stages are dedicated to neuron generation through asymmetric
radial glial cell division, the neurogenic period ends during the gliogenic switch that
begins at embryonic days 12 to 18 in mice and peaks after birth. During the postnatal
period, astrocytes divide asymmetrically throughout the brain, thereby generating
~50% of all astrocytes. In adulthood, astrocytes still proliferate but at low rates that

vary depending on the brain region (Verkhratsky and Nedergaard, 2018).

According to the moment and the place of their birth, astrocytes can have
different features (Figure 24). Therefore, we can classify many types of astrocytes
according to their morphology, functions, transcriptomic, etc. (Endo et al., 2022; Khakh
and Deneen, 2019).



Figure 24: Astrocytes are heterogeneous cells.



3.1.3. Properties

Morphology.

First described by their morphology, astrocytes are complex cells that exhibit a
highly branched “bushy” morphology. As mentioned earlier, there are many different
astrocyte morphologies, but the most frequent in the gray matter is the protoplasmic
one since ~10-30,000 protoplasmic astrocytes can be found in 1 mm? of gray matter
(Verkhratsky and Nedergaard, 2018). Protoplasmic astrocytes are composed of a
small soma (~10 um diameter) from which emerge 4-10 primary processes called
“branches” that are a few tens of micrometers long (Figure 25). These branches bear
second-order short processes (~2-10 um) called branchlets and ultrathin processes
(~100 nm) baptized leaflets (Khakh and Deneen, 2019; Verkhratsky and Nedergaard,
2018) (Figure 25). This highly branched morphology gives astrocytes a spongiform
shape where the vast majority (~90%) of the astrocyte is composed of processes (Chai
et al., 2017). This extensive plasma membrane surface gives astrocytes a huge
interface with their environment, allowing the cell to sense localized modification. For
instance, perisynaptic astrocytic processes (PAPs) represent 80% of the total
astrocyte surface but only stand for 4 to 10% of the cell volume (Augusto-Oliveira et
al., 2020), illustrating how astrocytes enwrap the synapses to sense and react synaptic
transmission. This so-called “astroglial cradle” (Augusto-Oliveira et al., 2020) hosts the
synapses and together, by the power of friendship, form the tripartite synapse (Araque
et al., 1999).

Unfortunately, it is quite difficult to evaluate the precise morphology of
astrocytes because of several hurdles:

1) No protein marker allows the immunolabeling of the entire astrocyte. Several
markers have been used to evaluate astrocyte morphology including the intermediate
filament protein glial fibrillary acidic protein (GFAP). Unfortunately, only ~15% of
processes, including the big primary processes and a few secondary processes can
be observed using this approach (Khakh and Sofroniew, 2015). To overcome this
issue, some authors have induced the expression of the green fluorescent protein
(GFP) in astrocytes or directly loaded fluorophores using a patch clamp to reach a
high concentration of fluorophore in the cytoplasm. This strategy leads to increased
accuracy of the morphology estimation, allowing the visualization of branches and
branchlets but the leaflets remain out of range for light microscopy.
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Figure 25: Astrocyte morphology. Left: picture of a GFP-filled astrocyte. Center:
scheme of its morphology. Right: astrocyte leaflet that ensheathes a synapse. The
presynaptic element is shown in brown and the postsynaptic in blue. Scale = 10um.

2) Ultrathin processes are often too small to be observed with optic
microscopes. Indeed, confocal microscopes cannot discriminate between two points
closer than the wavelengths of the light used to observe them, a problem called the
diffraction limit of optical microscopes. This is due to the impossibility to illuminate a
point smaller than the wavelength used since the light diffuses around and stimulates
nearby points, which blurs the image. To break the diffraction limit, some have used
super-resolution techniques such as stimulated emission depletion (STED)
microscopy that deplete fluorescence around the center of the excitation spot, thereby
reducing image blurring. Using this approach, authors were able to reconstruct
astrocytes' complex spongiform morphology and they observed a “reticular meshwork
of nodes and shafts that often formed loops-like structures”. Interestingly, these
authors show that astrocytic processes can be branched at the level of nodes and can
form circular structures named “rings” (Arizono et al., 2020, Figure 26A). Recently,
another study revealed the structure of ultrathin astrocytic processes using electron
microscopy, which can reach a resolution of 0.1 nm. Here again, authors observed
these O-ring structures that ensheath dendrites and axons bundles. Interestingly, they
show that these structures are formed by processes that are not fused to the process
they originate (Aten et al., 2022, Figure 26B). This observation is of tremendous
importance given that it may change the way electrical or ionic signals can propagate

within the PAPs rings and back to their initial process.



3D reconstruction of a loop

Figure 26: Structure of ultrathin astrocytic processes ensheathing dendrites and

synapses. A. Rings structures observed with STED microscopy. From Arizono et al.,
2020. B. Left: reflexive astrocytic processes observed with electron microscopy. Right:
3D reconstruction of the dendrite and the astrocytic process. The yellow part is the
zone of contact between the primary astrocyte branch and the reflexive process. From
Aten et al., 2022.



Electrophysiological properties.

As mentioned above, astrocytes cannot fire action potentials. This is due to
their low expression of voltage-dependent channels and their low membrane
resistance (< 5 MOhms). This latter feature is mostly due to a high expression of
potassium channels, which make the cell very permeable to K* ions and set their
membrane voltage close to the K* equilibrium potential (usually around -98 mV, Khakh
and Deneen, 2019). Although it is really difficult to clamp astrocyte membrane voltage
due to this high permeability, many studies showed that an increase in extracellular
potassium concentration ([K*]ec) caused by neuronal activity triggers inward currents
in astrocytes due to the uptake of K* ions through inwardly rectifier K* channels (Kir).
This uptake is crucial for the ion homeostasis of the extracellular medium during
synaptic activity since a high [K*]ec increases the membrane voltage of nearby

neurons, making them more excitable (Kofuji and Newman, 2004).

Interestingly, these K*-evoked currents propagate throughout several
astrocytes that are connected by gap junctions, thereby forming functional syncytia. It
has been observed that one astrocyte is generally connected to more than one
hundred other astrocytes in the striatum and hippocampus (Chai et al., 2017). This
ability of astrocytes allows the network to equilibrate the membrane voltage among a
functional syncytium, thereby creating an isopotential network. This feature is crucial
given that transporters and channel functions depend on the driving forces of ions,
which are ruled by the membrane voltage and the local concentration of the ion. In
astrocytes networks, ions can cross gap junctions to diffuse in the entire network,
allowing cells to buffer local increases of K*, without creating an overload in one
astrocyte (Kofuji and Newman, 2004; Pannasch and Rouach, 2013; Stephan et al.,
2021).



3.1.4. Functions
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buffering
the synaptic level.

Drawing by Ondine Baudon.

depolarizing the cell. To avoid this side effect of K* extrusion from neurons, astrocytes

uptake this ion to maintain a constant [K*]ec (Figure 27). This K* buffering is mainly

done by inwardly rectifier K* channels (Kir). These channels are open at the resting

membrane potential of astrocytes and lipids and G proteins control their opening. As

mentioned above, this load of K* then diffuses within the astrocytic network allowing a
high buffering capacity (Figure 28) (Kofuji and Newman, 2004; McNeill et al., 2021).
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Figure 28: Astrocytes buffering
potassium. When neurons (in
black) undergo intense activity,
they release potassium in the
extracellular space. Astrocytes
uptake this potassium, which
diffuses throughout the

astrocyte syncytium and is

released in locations where
o extracellular potassium levels

are low.



Energy supply.

Although the brain stands for only 2% of the body weight, it consumes around
20% of the body’s glucose. This high energy demand is caused by neuronal activity
since those cells utilize 80 to 95% of the glucose whereas glial cells use the remaining
510 20% (Mergenthaler et al., 2013). Even if neurons metabolize glucose, these cells
preferentially use lactate as an energy substrate during the phases of intense neuronal
activity (Karagiannis et al., 2021). Intriguingly, this lactate comes in major part from
astrocytes that take up glucose in the blood through transporters and metabolize it into
lactate which is then transferred to neurons (Karagiannis et al., 2021) (Figure 29).
Once in the neuronal cytoplasm, lactate is reconverted into pyruvate that can enter the
Krebs cycle to produce energy for neurons. This so-called “lactate shuttle” allows
neurons to use glucose without performing glycolysis (Verhoog et al., 2020;
Verkhratsky and Nedergaard, 2018).
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Figure 29: Astrocytes feeding neurons with lactate soup. Drawing by Clara
Bottlaender.



Gliotransmission.

Upon stimulation, astrocytes can release neuroactive substances through
different mechanisms (channels, vesicular release, secretory lysosome, etc.) (Araque
et al., 2014; Savichouk and Volterra, 2018; Verkhratsky and Nedergaard, 2018)
(Figure 30). Due to its slow kinetics and lack of a precise target, this so-called
“gliotransmission” (see criteria in (Zorec et al., 2012)) was thought not to be involved
in information processing in the brain (Savtchouk and Volterra, 2018). However, the
better this type of communication is understood, the more its involvement in brain
computational power seems obvious. In stark contrast to neurons, astrocytes seem to
be able to release gliotransmitter through several mechanisms including vesicular
release, channel- or hemichannel-mediated release, inversion of neurotransmitter
uptake pumps, efc. The story of gliotransmission begins in the '90s when Parpura
observed that Bradykinin application on astrocytes culture makes them release
glutamate (Parpura et al., 1994). Later, Araque and colleagues showed that glutamate
released by astrocytes can regulate synaptic transmission (Araque et al., 1998). Since
then, many studies have described similar releases of gliotransmitters including
ATP/Adenosine, d-Serine, GABA, etc. (Perea et al., 2009; Santello et al., 2019).
Interestingly, it seems that the same astrocytes can release different gliotransmitter
depending on the strength of the stimulation (Mederos et al., 2021). This suggests that
it may exist different releasing sites with transporters or vesicles filled with those
transmitters but to date, no evidence showed that gliotransmission may be spatially
restricted (Parpura et al., 2011).

Neurotransmitter uptake.

Another function of astrocytes is to recycle neurotransmitters released by
neurons. Indeed, during synaptic transmission, only a small proportion of
neurotransmitters are directly reuptake by the presynaptic neurons, while perisynaptic
astrocytes processes (PAPs) buffer the major part of these molecules. For instance,
the glutamate and GABA are reuptake by PAPs where the glutamine synthetase
enzyme converts them into glutamine (Figure 31). Glutamine is then transferred back
to neurons to recreate glutamate and eventually GABA for gabaergic neurons (Figure
31). This glutamate-glutamine cycle is crucial for the refilling of glutamine in neurons
and thereby supports sustained activation of neurons (Andersen et al., 2021; Augusto-
Oliveira et al., 2020; Schousboe et al., 2014).
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Figure 30: Astrocytes secretory strategies. Left: astrocytes can use membrane
transporters to secrete energy molecules or gliotransmitters. Center: signaling
molecules can cross the astroglial plasma membrane to reach their targets in the
extracellular space. Right: vesicles can fuse to the plasma membrane to release
various signaling molecules. From (Verkhratsky and Nedergaard, 2018).
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Figure 31: The glutamate/glutamine cycle. After the release of glutamate or GABA in
the extracellular space, astrocytes uptake those neurotransmitters to recycle them into
glutamine which is eventually transferred back to neighboring neurons. TCA:

tricarboxylic acid. From Andersen et al., 2021.



Other functions.

Astrocytes have plenty of other functions, such as the control of water balance
and the regulation of extracellular space (ECS) volume, the control of ECS pH, the
ionic homeostasis of CI, Na*, and Ca?*, the regulation of synaptogenesis, and even
the control of the circulation of the ECS within the brain (Nagai et al., 2019;
Theparambil et al., 2020; Verhoog et al., 2020; Verkhratsky and Nedergaard, 2018).
However, | did not focus on these aspects during my thesis so | will not develop them

in the present manuscript.

3.1.5. Sense and adapt: from activity to reactivity

Astrocytes are equipped to sense almost all the parameters of their
environment, making them ideally suited to react not only to neuronal activity but also
to all information outside the neuronal world. We can distinguish two ways astrocytes
adapt to environmental changes: activity and reactivity (Escartin et al., 2021, 2019).

Astrocyte activity. Astrocytes can be activated during small physiological changes in
their environment such as the ones caused by neurotransmission or acidification of
the ECS (Bazargani and Attwell, 2016). This physiological response is described as
rapid and reversible (Escartin et al., 2019). Often characterized by the increased
probability of observing Ca?* transients in the cell, astrocytes activation can lead to
different outputs such as gliotransmission (Perea et al., 2009; Santello et al., 2019),
modification of K* buffering (Sibille et al., 2014), or PAPs rearrangement (Lawal et al.,
2022; Santello et al.,, 2019). This astrocyte activation is part of the physiological

functions of astrocytes and is crucial for normal brain functions.

Astrocyte reactivity. In pathological situations, astrocytes can undergo another type
of response called astrocyte reactivity (Escartin et al., 2021). In this abnormal brain
state, astrocytes undergo a metamorphosis that modifies almost all aspects of their
structure and functions (Figure 32). First, the transcriptional profile of reactive
astrocytes is completely changed, leading to molecular changes such as upregulation
of the GFAP and the vimentin proteins and downregulation of genes involved in normal
astrocytes functions such as potassium buffering, or the glutamate-glutamine cycle



(Escartin et al.,, 2019). Reactive
astrocytes also have a modified

morphology, with hypertrophy of the
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(Wang et al., 2018). This reactive state

is a total modification of astrocytes’

physiology but if the situation is

eventually resolved, reactive astrocytes
can go back to their initial state and their  Figure  32: Reactive  astrocyte.
original functions (Escartin et al., 2019).  Drawing by Pola Tuduri

3.2. Astrocyte as active players in information

processing

3.2.1. Excitability : Ca?* as a landmark

The major secondary messenger in eukaryotic cellular biology is calcium and
glia are no exception to this rule. Indeed, it is well known that glial cells, and mostly
astrocytes, can respond to external stimuli by modifying their intracellular calcium
concentration ([Ca?‘]ic). However, Ca®" signaling is used in almost every cell
mechanism, including apoptosis (Berridge et al., 2003), so how can a specific stimulus
trigger a precise reaction in the cell?

This point of crucial importance has been widely studied in many cell models
and the curtain begins to rise; for instance, we know that apoptosis is triggered by a
strong and sustained [Ca?*]ic increase but the release of vesicles is activated by rapid
and localized [Ca®*]ic transient. However, despite the huge amount of studies that
have investigated glial involvement in neuronal processing, the calcium coding

strategies in glial cells are still an enigma.



3.2.2. Astrocytes are sensitive cells.

Astrocytes sense neuronal activity.

The first feature of interest in astrocyte physiology is that astroglial cells
respond to a wide range of substances. Particularly, astrocytes display calcium
transients following exposure to neuroactive molecules such as neurotransmitters,
neuromodulators, or neuropeptides. The detection of such stimuli is allowed by the
expression of a great diversity of membrane receptors: ligand-gated ion channels,
GPCR, receptor tyrosine kinase, etc. Nevertheless, GPCR seems to be preferred in
the astroglial arsenal, maybe because the high affinity of these receptors for their

ligands allows them to detect small amounts of substances (Kofuji and Araque, 2021).

Astrocytes respond to their environment.

Following detection, the signal is transduced (i.e. encoded in a cell-readable
format) by recruiting an intracellular signaling cascade. Following this observation,
astrocytes have traveled from non-excitable cells to active cells, finally reaching the
status of sensitive cells. We now suspect an infinite complexity in astrocytes activity
that can involve a large number of signaling pathways. However, the common
landmark of astrocyte activity is their Ca®* signaling (Charles et al., 1991), even if Na*
signaling seems to be promising to understand other aspects of astrocyte physiology

(see the work of Rose’s lab, reviewed in Verkhratsky et al., 2020).

3.2.3. Encoding extracellular stimuli with Ca?* signals.

Intrapeak coding.

Calcium signals can have many shapes thanks to the “Ca?* toolkit” (Berridge et
al., 1998), which gathers numerous actors that can take part in the beginning and the
shutdown of Ca?* signals (ON and OFF mechanisms).

The building blocks of Ca?* signaling rely on tiny, rapid, and localized [Ca®*]ic
increases caused by Ca?* influx from the extracellular space (Shigetomi et al., 2010)
or intracellular organelles such as the endoplasmic reticulum (Okubo, 2020), or the
mitochondria (Agarwal et al., 2017). Once started, Ca®* signals regulate themselves
thereby sculpting the final shape of the signal (Figure 33). A good example of this is
the Ca®* dependence of endoplasmic reticulum (ER) Ca?* channels; inositol



trisphosphate receptor (IP3R) and ryanodine receptor (RyR) have indeed a strong bell-
shaped Ca?* sensitivity, where the [Ca®*]ic can be stimulatory at low concentrations or
inhibitory at high concentrations (>300 nM) (Berridge et al., 2003).
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Figure 33: The calcium toolbox. A. General mechanisms that drive ON and OFF
reactions and a few examples of output mechanisms. From Berridge et al., 2003. B.
Actors involved in the Ca?* homeostasis in astrocytes. From Semyanov et al., 2020.
ER/SR: endo/sarcoplasmic reticulum, RyR: ryanodine receptor, PMCA: plasma
membrane Ca?* ATPase, SERCA: sarco/endoplasmic reticulum calcium ATPase,
(m)NCX: (mitochondrial) Na*/Ca?* exchanger, mPTP: mitochondrial permeability

transition pore, ROS: reactive oxygen species, MCU: mitochondrial calcium uniporter.



Cells express specific variants of the Ca?* toolkit components, allowing them to
correctly encode Ca?* signals according to the desired output. For instance, IP3R2 is
the major type of IP3R in astrocytes and is involved in the spatial spread of Ca*
signals, particularly contrasting with other IPsR whose opening produces tiny, localized
[Ca®*]ic increases (Shigetomi et al., 2019). Because the knockout of IP3R2
dramatically reduced the number of Ca?* transients in astrocytes somata (Petravicz et
al., 2008), it was thought that astrocytes Ca?* signaling was mainly based on Ca®
release from the ER through IPsR2, putting this channel under intense scrutiny. Many
studies have investigated its role in astrocyte physiology and have found contradictory
results, feeding an intense debate, even questioning the utility of Ca?* signaling in
astrocytes (Bazargani and Attwell, 2016; Petravicz et al., 2008; Volterra et al., 2014).
This point have been resolved several years later: it seems that Ca®* transients
recorded at the level of the soma rely on ER Ca®* in an IPsR2-dependent fashion,
whereas Ca?* peaks observed in gliopil are supposed to be produced by Ca?* influx
from the extracellular space (Bazargani and Attwell, 2016; Shigetomi et al., 2016).
Considering that the huge majority of Ca?* transients are observed in processes and
not in the soma, it explains why even if IPsR2 is deleted in astrocytes, no substantial
changes are observed in and ex vivo (Shigetomi et al., 2016 but see Bazargani and
Attwell, 2016). The IPsR2 case perfecily illustrates how our ignorance of the astrocytic
Ca?* toolkit can lead to misinterpretation in the study of Ca?* astroglial physiology.

Many other mechanisms can be involved in the ON and OFF mechanisms
(molecular buffers, organelles, intercellular coupling by gap junction, pumps, etc.) and

eventually, the combination of these mechanisms shapes the Ca?* signals.

Interpeak coding.

Another way to approach astrocyte Ca®* coding is by integrating the occurrence
of multiple Ca?* transients over time. A wide range of temporal patterns of response
has been observed in astrocytes and a few have been correlated to specific
responses. Just as for the tripartite synapse, the story starts in the periphery to reach
the central nervous system. At first, Robitaille’s lab showed that a single calcium peak
is observed in perisynaptic Schwann cells after a continuous stimulation of the motor
neuron, and this trigger a post-tetanic potentiation of the neuromuscular junction. On
the other hand, a bursting pattern of the motor neuron induces Ca?* oscillations in



these glial cells, conducting to post-tetanic depression (Todd et al., 2010). Therefore,
it seems plausible that in the central nervous system, distinct patterns of synaptic
activity can be differentially encoded at the level of Ca?* signaling (Corkrum et al.,
2020; Perea et al., 2009) to eventually respond appropriately.

We can thus suggest that Ca?*
coding may rely on the amplitude
modulation (AM coding) or the
frequency modulation (FM coding) of
the calcium signal (Figure 34).
However, little evidence exists to
strengthen this hypothesis (but see
Pasti et al., 2001 for FM coding),
probably due to the random-like pattern

of Ca?* signaling in astrocytes. This
irregular pattern may come from the
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look at spontaneous Ca?* transients,

we can observe that it depends on  Figure 34: Potential Ca?* interpeak

several parameters. For instance, the  coging strategies in astrocytes. From De
stimulation of a single synapse produces  pijit3 et al., 2012.

spontaneous-like Ca?* peaks (Nettet al.,

2002; Panatier et al., 2011; Perea and Araque, 2005; Santello et al., 2011; Wang et
al., 2006 but see Bazargani and Attwell, 2016). Besides, Ca®* from the ER seems a
crucial element since the overloading of the ER by the overexpression of transient
receptor potential channel 4 observed in Rett syndrome is correlated with a very high
frequency of spontaneous Ca?* transient (Shigetomi et al., 2019).

Thus, from this extreme astrocyte Ca?* signaling sensibility to external and
internal parameters arise a complex, random-like Ca?* activity. Based on this pseudo-
random Ca?* activity in astrocytes, a probabilistic way of coding has been proposed



(Thurley et al., 2014). According to this view, Ca?* transients appear spontaneously
with a large stochastic component but the Ca?* peak probability increases following
astrocyte stimulation (Croft et al., 2016). In line with this hypothesis, each agonist has
a defined probability to trigger a Ca®* transient and this probability varies with agonist
concentration (Croft et al., 2016). This probability modulation can be seen as an
adaptation of the FM coding for cells with an irregular, non-oscillatory pattern of Ca2*

peak.

Spatial coding.

As previously mentioned, the neuro-glial communication interfaces are mostly
found at the level of leaflets (Bushong et al., 2002; Grosche et al., 1999; Panatier et
al.,, 2011) but the organizations of the functional astrocyte output sites are largely
unknown. It seems that astrocytes can secrete neuroactive substances without s patial
restrictions (Bezzi et al., 2004; Parpura et al., 2011), making Ca?* signals spatial study

of crucial importance.

Ca®* signals are thought to be hierarchically structured: it starts with tiny,
localized [Ca?*]ic increases (elementary events), amplified into local transients, and
finally, spread in the cell in a wave-like fashion (Berridge et al., 2000). In astrocytes,
this hierarchy has not been established but the correspondence of different scale
events has been observed (Figure 35):

1) micrometer-scale focal events (Bindocci et al., 2017; Di Castro et al., 2011;
Grosche et al., 1999; Shigetomi et al., 2016),

2) intermedial events of ~10 um (Di Castro et al., 2011; Volterra et al., 2014),

3) events that encompass the entire cell (Khakh and Deneen, 2019; Lim et al.,
2021).

At a few nanometers of the focal points of Ca?* entry, its concentration can
reach tens of yM but the numerous buffers rapidly sequester it, preventing its spatial
diffusion and so, its long-range signaling (Parekh, 2011). To overcome this issue, Ca?*
signals are regenerative and propagate proximally in a saltatory fashion (Berridge et
al., 2003). In astrocytes, Ca* waves are indeed not uniform but are more like the
spreading of sparkling [Ca?]c elevations starting at multiple loci in astrocyte
processes (Bindocci et al., 2017). When looking at this, one can suggest that calcium
events sum up and are amplified to create big events observed in the soma. Some



studies indeed suggest that somatic Ca?* events are due to the propagation of Ca®*
events that initiate in the processes (Bindocci et al., 2017; Gaidin et al., 2020 but see

Beierlein and Regehr, 2006).

Thus, the Ca®* event shape, its localization, and its integration over time can
create a wide diversity of signals, probably allowing the differential encoding of distinct

stimuli. The next step is then to evaluate whether these Ca®* patterns can elicit

different responses according to these stimuli.
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Figure 35: Spatial heterogeneity of astrocyte calcium signaling. Left: picture of an
astrocyte expressing a genetically encoded Ca?* indicator. Right: Example traces of

somatic Ca?* events, “waves” events in the processes (red), and microdomain events

(vellow outline but black traces). From Srinivasan et al., 2015.



3.2.4. Decoding calcium events

Given the numerous functions of astrocytes in the brain, we can imagine a vast
field of possible mechanisms ruled by astrocytes’ Ca?* signaling. Here | am going to
focus on two cellular effects of Ca?* signaling in astrocytes: the spatial remodeling of

astrocyte processes and the release of gliotransmitters from these cells.

Spatial remodeling.

One of the most important features in intercellular communication is the
distance between actors. Some studies have shown that astrocyte morphology can be
dynamically modified, thereby changing the distance between synapses and PAPs or
between neuronal somata and astrocyte processes. This structural reorganization
controls the distance between cells and thereby, strengthens or weakens astrocytes’
control of nearby cells (K* uptake, neurotransmitter reuptake, cluttering of the ECS,
etc.) (Augusto-Oliveira et al., 2020; Haber et al., 2006; Henneberger et al., 2020;
Khakh and Sofroniew, 2015; Lawal et al., 2022; Perea et al., 2009; Theodosis et al.,
2008). In the hippocampus, for instance, neuronal activity can induce Ca®* signaling
in CA1 astrocytes, thereby triggering a dynamic remodeling of synapse coverage. In
this case, a PAP displacement of around ~125 nm starts 5 minutes after the stimulation
and reaches maximum mobility ~20 minutes later, with a majority of those processes
moving away from the synapse (Perez-Alvarez et al., 2014). Similar results were found
after the induction of long-term potentiation at the CA3-to-CA1 synapse (Henneberger
et al., 2020, Figure 36A), or in unstimulated conditions (Haber et al., 2006, Figure
36B). In the lateral amygdala, astrocytes enwrap fewer synapses after fear
conditioning, suggesting that the activation of this structure may result in the retraction
of astrocyte processes from synapses (Ostroff et al., 2014).



25 min LTP

Figure 36: Spatial remodeling of astrocyte structure. A. Pictures of an astrocyte (green)

and a pyramidal neuron (red). The pictures have been taken before (left) and after
(right) the induction of long-term potentiation (LTP). Adapted from (Henneberger et al.,
2020). B. Tracking of the morphology of perisynaptic astrocytes processes (green) and
dendritic spine (red) over time. The upper row illustrates an example of an astrocyte
process extending toward the spine whereas the lower row shows an example of a
process retracting away from the spine. The numbers in the upper right corner of the

picture represent the time in minutes. Scale bar = 1um. From (Haber et al., 2006).



Gliotransmitter release.

Even if we know that the release of gliotransmitters can be Ca?-dependent
(Fellin, 2009), the precise link between Ca?* dynamics and gliotransmitter release
patterns are far from being understood. However, studies have helped to gain more
insights into the mechanisms underlying gliotransmitter release. For instance, Ca?*
plateaus (> 1 minute) observed after Gaq activation of exogenous receptors do not
lead to glutamate release whereas IP3 uncaging-mediated fast Ca®* peaks (10-20
seconds) trigger glutamate release and neuronal excitation (Fellin, 2009; Fiacco et al.,
2007).

Vesicular release. Because the neuron’s major output mechanism is the Ca®*-
dependent vesicular release of neurotransmitter, the existence of such a mechanism
in astrocytes have been widely studied (Savtchouk and Volterra, 2018). First,
synaptic-like microvesicles have been identified in astrocytes (Jourdain et al., 2007;
Oliet and Mothet, 2009; Sahlender et al., 2014) even if their presence is very sparse
(Aten et al., 2022). Moreover, specific isoforms of exocytotic proteins (SNARE) and
Ca®* sensors, which are required for vesicular release, have been identified in
astrocytes (Bazargani and Attwell, 2016; Chai et al., 2017; Parpura et al., 2011;
Savtchouk and Volterra, 2018). At the functional level, it has been shown that uncaging
of Ca?* in CA1 astrocytes triggers a SNARE-dependent glutamate release (Perea and
Araque, 2007). Finally, the stimulation of GPCRs can trigger a rapid Ca®- and
SNARE-dependent gliotransmitter release (Bezzi et al., 2004; Jourdain et al., 2007;
Pangrsic et al., 2007; Papouin et al., 2017). Interestingly, gliotransmitters seem to be
released during the rising phase of Ca®* peaks (Perea and Araque, 2005), suggesting
that astrocytes may be more sensitive to a variation of Ca?* concentration than to the
Ca?* concentration by itself.

Channel-mediated gliotransmitter release. Gliotransmitters can also be released
through plasmalemmal channels (Volterra and Meldolesi, 2005). For instance, ATP
and Glutamate can cross the plasma membrane following the opening of
hemichannels of connexins. The opening probability of these channels is increased by
increases in [Ca®*ic (Meunier et al., 2017), and once open, this hemichannel allows
the crossing of d-Serine across the plasma membrane, thereby increasing N-methyl-
D-aspartate (NMDA)-mediated excitatory postsynaptic currents (Meunier et al., 2017).



4. Ph.D. Objectives

After these tens of pages to convince you that oxytocin can modify amygdala
activity and that astrocytes are crucial in the regulation of neurons’ activity, | hope you
now have burning questions in mind. | did. This is why | investigated the involvement
of astrocytes in oxytocin-mediated neuromodulation of the central amygdala during
my Ph.D. thesis. More precisely, | tried to answer two questions: 1) Does the
neuromodulatory effect of oxytocin in the central amygdala involve the activation of
astrocytes?, and 2) Is the effect of oxytocin on amygdala astrocyte needed for

behavioral adaptations induced by emotional challenges?

To address the first interrogation, we used calcium imaging to observe astrocyte
activity, patch-clamp approaches to evaluate the neuromodulatory effect of oxytocin,
and behavioral tests to assess the final output of this neuromodulation. In this first

study, we focused on the rapid effect of oxytocin on the activity of neuronal networks.

In the second part of my Ph.D. work, | evaluate the involvement of astrocytes in
emotion-driven plasticity in the central amygdala. As a model, | choose a fear-
conditioning approach to elicit a strong emotion and its memorization. To study the
function of astrocytes in this memorization, we evaluated astrocytes’ morphology and
function after the fear-conditionigcng protocol. Finally, we tried to link astrocytes’

functions with neurons’ activity in the central amygdala.



5. Scientific results

5.1. Article 1: Astrocytes mediate the effect of
oxytocin in the central amygdala on neuronal

activity and affective states in rodents.

Oxytocin is a hypothalamic neuropeptide with a large range of functions. From
its crucial role in delivery to its implication in maternal behavior, the functions of
oxytocin have been widely studied for decades. Many studies have recently
highlighted its implication in complex behaviors, such as conspecifics recognition and
preference, pain control, or anxiety modulation (Gimpl and Fahrenholz, 2001; Lee et
al., 2009). All these functions are thought to be mediated by a direct effect of oxytocin
on neurons but some evidence shows that glial cells, and especially astrocytes, can

express the oxytocin receptor (Di Scala-Guenot and Strosser, 1992).

To test whether astrocytes of the central amygdala (CeA) express the oxytocin
receptor (OTR), we combined immunohistochemical staining and in situ hybridization
and observed that a population of astrocytes in the laterocapsular part of the CeA
(Cel/C) of the amygdala transcribes the OTR. Interestingly, these astrocytes are
different from their neighbors, with a more ramified morphology and a bigger surface

territory.

Since the activation of OTR leads to calcium elevation in astrocytes (Di Scala-
Guenot et al., 1994), we then used calcium imaging to test whether astrocytic OTR
was functional in the CeL/C. To activate the OTR we either applied a selective OTR
agonist or triggered the endogenous release of OT and we observed that these

stimulations led to calcium signaling in CeL/C astrocytes of both rats and mice. To



understand the purpose of this OT-induced astrocyte activity, we then measured the

activity of the neighboring neuronal network.

To do so, we performed patch-clamp experiments to measure:

1) the excitatory inputs of CeL/C neurons given by miniature excitatory currents,

2) the activity of CelL/C neurons given by their action potential firing,

3) the output message of this circuit is measured as the frequency of inhibitory
post-synaptic currents in CeM neurons.

These three approaches allowed us to show that astrocyte stimulation by
oxytocin can increase excitatory inputs in Cel/C neurons, thereby increasing their
activity. This neuromodulation results in an increased inhibitory tone at the level of the
CeM, reducing the activity of the main output nucleus of the central amygdala.
Crucially, this oxytocin-driven neuromodulation was prevented by removing OTR from
Cel/C astrocytes, indicating a crucial role of these cells in the oxytocin control of the

amygdala.

Curious to see if this astrocyte-dependent oxytocin neuromodulatory effect also
affects animal behavior, we evaluated the involvement of astrocytic OTR in behaviors
known to be under the control of the amygdala. We observed that removing astrocytic
OTR prevented the rewarding effect of oxytocin and its anxiolytic effects, indicating an

active function of astrocytic OTR in the control of these behaviors.

By unveiling this astro-neuronal circuit, this work aims to highlight that
neuropeptides, like other neurotransmitters, can modulate astrocyte calcium activity,

eventually controlling neuronal networks’ activity and their related behaviors.

This study was the fruit of the contribution of many people throughout many
years. For my part, | performed calcium imaging and patch-clamp experiments
alongside Damien Kerspern and Jérdme Wahis. | also performed calcium-imaging

experiments and | automatized their analysis pipeline using Python programs.
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Astrocytes mediate the effect of oxytocin in
the central amygdala on neuronal activity and
affective states in rodents
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Nathalie Rouach®™, W. Scott Young®, Javier E. Stern?, Pierrick Poisbeau’, Ron Stoop#*, Pascal Darbon’,
Valery Grinevich®©32°™ and Alexandre Charlet®1520%

Oxytocin (OT) orchestrates social and emotional behaviors through modulation of neural circuits. In the central amygdala,
the release of OT modulates inhibitory circuits and, thereby, suppresses fear responses and decreases anxiety levels. Using
astrocyte-specific gain and loss of function and pharmacological approaches, we demonstrate that a morphologically distinct
subpopulation of astrocytes expresses OT receptors and mediates anxiolytic and positive reinforcement effects of OT in the
central amygdala of mice and rats. The involvement of astrocytes in OT signaling challenges the long-held dogma that OT acts
exclusively on neurons and highlights astrocytes as essential components for modulation of emotional states under normal and
chronic pain conditions.

mone and a central neuromodulator to modulate key physi-
ological functions, from ion homeostasis to complex social
behaviors'. OT is produced in hypothalamic magnocellular neurons
that project further to virtually all forebrain regions. When activated,
OTergic axons release OT both synaptically and extra-synaptically
in the extra-cellular fluid*’. This last mode of OT release has the
potential to activate virtually every cell type expressing OT receptors
(OTRs) located in close proximity to the sites of axonal OT release’.
A few studies using immunohistochemistry on central nervous
system (CNS) sections or a knock-in mice model found that not

O T is a neuropeptide that acts as both a peripheral neurohor-

only neurons but also astrocytes express OTRs in various brain
regions*’. Early studies indicated that locally released OT induces
morphological and functional changes in both the astroglial and
neuronal networks of the hypothalamic nuclei producing the neu-
ropeptide®. Astrocytes are part of the tripartite synapse and capable
to modulate neuronal activity as well as to sense the release of neu-
romodulators into the neuropil’. Astrocytes express receptors for
various neuromodulators, and accumulating evidence demonstrates
that they actually mediate part of their neurophysiological effects’,
but such evidence is lacking for OT. Mapping of OTR expression in
the rodent brain found that it was expressed at high levels in several
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brain regions* and, of interest in this study, particularly in the lateral
and capsular part (CeL) of the CeA®, albeit the types of cells express-
ing the OTR in this brain region were never elucidated.

Functionally, the release of OT in the CeL leads to increased fir-
ing of GABA-expressing interneurons*®. These interneurons inhibit
projection neurons in the medial CeA (CeM), which serve as CeA
output. OT action in this circuit affects amygdala-related functions,
including activity of the autonomous nervous system, fear expres-
sion and anxious behaviors>>'’. Furthermore, the CeA is involved
in the pathophysiology of several neurological diseases, including
neuropathic pain and anxiety'"'"?, in which both astrocytes” and
the OT system'* are thought to play an important role. Therefore,
it is crucial to understand how the OT system controls pain and
its emotional comorbidities and if astrocytes are involved in these
mechanisms.

Indeed, a role for astrocytes in the regulation of CeA circuits
has already been proven in the CeM", where astrocyte activity can
reduce fear expression in a fear-conditioning paradigm—a role that
is surprisingly similar to the effect of OTR signaling in the CeL’.
We, therefore, sought to investigate if CeL astrocytes could also play
a role in the OT-mediated regulation of CeA circuits and some of
their behavioral correlates.

Our study shows the expression of OTRs in CeL astrocytes
and demonstrates that OT directly acts on CeL astrocytes to gate
CeL neuron excitability through N-methyl-D-aspartate recep-
tor (NMDAR) (co)activation. Furthermore, we found that the
astrocyte-mediated OTR signaling underlies the anxiolytic and pos-
itive reinforcement effects of OT in the CeA. We, thus, provide the
first evidence that OT drives astrocyte activity and that this effect is
an essential part of the OTergic modulation of amygdala neuronal
circuits and the behaviors they regulate.

Results

CeL astrocytes express functional OTRs in rats and mice. To
investigate whether CeA astrocytes express OTRs, we performed
fluorescence in situ hybridization (FISH) combined with immuno-
histochemistry on rat CeA sections and found some overlap between
OTR messenger RNA (mRNA) signal and an astrocyte marker,
glutamine synthase (GS) (Fig. la,b and Extended Data Fig. la).
Within the rat CeL, 18.6+1.8% of astrocytes and 67.8+3.1% of
neurons expressed OTR mRNA (Fig. 1c), with similar results in
mice (Extended Data Fig. 1b). We confirmed these results using
other astrocyte markers, namely ALDH1L1 and GFAP (Extended
Data Fig. 1c,d). Next, we employed immunohistochemistry-based
three-dimensional (3D) reconstruction using the Imaris technique
and a semi-automated pipeline'® by combining immunohistochem-
ical staining for GS and GFAP with FISH for OTR mRNA in the
rat CeL (Fig. 1d,e). This analysis confirmed the presence of OTR
mRNA in astrocytes and revealed that OTR* astrocytes have, on
average, a significantly larger cell volume and surface area and a
higher number and an increased length of processes compared to
OTR" astrocytes (Fig. le). Subsequent Sholl analysis revealed that
OTR™ astrocytes bear more complex morphological features than
OTR™ astrocytes (Fig. 1f), suggesting that OTR* astrocytes repre-
sent a distinct subpopulation of astrocytes within the CeL.

To test whether CeL astrocytes respond to endogenous OT
release, we expressed the ChR1/VChRI1 chimera channel rhodopsin
variant'’ (referred to here as C1V1) in OTergic neurons to optoge-
netically control CeA-innervating OT axons (POT-C1V1-mCherry;
referred to as OxytOpto). To this end, we employed a previously
characterized adeno-associated viral (AAV) vector equipped with
the OT promoter’, which was injected into the paraventricu-
lar (PVN), supraoptic and accessory nuclei of rat hypothalamus
(Fig. 2a and Extended Data Fig. 2a,b). We then identified CeL astro-
cytes through sulforhodamine 101 (SR101) labeling and measured
the relative changes in cytosolic calcium using the small organic

dye Oregon Green 488 BAPTA-1 (OGB1) (Fig. 2b and Extended
Data Fig. 2c-e). We found that 61.9+8.7% of recorded astrocytes
responded to the optogenetic OT axon stimulation (Fig. 2c,d).
To avoid the possibility that astrocyte activity was increased due to
the increased spiking of CeL interneurons caused by optogeneti-
cally evoked OT release, tetrodotoxin (TTX) was added to the bath
before the stimulation (Fig. 2c,d). Further calcium imaging experi-
ments described below use TTX incubation (unless stated other-
wise) for the same reason. We analyzed the area under the curve
(AUC) and Ca** transient frequency normalized to the baseline of
astrocyte responses (Method in Extended Data Fig. 2f) and found
both parameters to be increased after stimulation of OT axons
(Fig. 2d). Taken together, these results indicate that optogenetically
evoked OT release from axons present in the CeL elicits an increase
in activity of CeL astrocytes.

To ensure that the observed responses are exclusively due
to OTR activation, we applied the selective agonist of OTR
([Thr*Gly’]-oxytocin, TGOT), which increased calcium tran-
sients in 60.1 +9.2% of the recorded astrocytes, a result unchanged
when replicated with slices pre-incubated with TTX (Fig. 2e,f).
Similar pre-incubation of the slices with the OTR antagonist
[d(CH,)? Tyr(Me)*Orn®]-vasotocin (dOVT) reduced the propor-
tion, AUC and Ca** transient frequency of TGOT-evoked calcium
responses in astrocytes (Fig. 2e,f), confirming that the activation of
astrocytes by TGOT is indeed mediated by OTR.

To test whether these effects involve the direct stimulation of
astrocytic OTR, we employed a transgenic mouse line with LoxP
sites flanking the OTR gene'® (OTR conditional knockout (cKO)
mice). To specifically delete OTRs in astrocytes, we injected AAV
PGFAP-Cre in the CeL of OTR ¢KO mice (Fig. 2g). This led to
expression of Cre in 56.0+4.9% of astrocytes within the injection
site, with a specificity reaching 96.2 + 1.05% (Extended Data Fig. 2g).
PGFAP-Cre AAV injection in OTR ¢KO mice resulted in a drastic
decrease in OTR mRNA signal in astrocytes (Fig. 2h) but not in
neurons (Extended Data Fig. 2h). TGOT application in TTX-treated
acute slices of the CeL from control mice led to responses in
43.9+7.2% of astrocytes (Fig. 2i), whereas these responses were
largely reduced in CeL astrocytes from PGFAP-Cre AAV-injected
OTR cKO mice (GFAP OTR KO; Fig. 2i). These results confirm that
astrocyte response to TGOT is a direct consequence of astrocytic
OTR activation and not secondary to neuronal activity.

Activation of OTR" astrocytes propagates through the astro-
cyte network. Because astrocytes are known to form extensive
intercellular networks, we next studied the spatial connectivity of
OTR" astrocytes in the CeL. (Fig. 3a and Extended Data Fig. 3a).
We found that the distance between OTR* astrocyte pairs
(96.0 +4.0pm) was larger than the distance between OTR-astro-
cyte pairs (37.4 +0.9 pm; Fig. 3a). In addition, we found that OTR*
astrocytes had significantly more contacts with OTR™ astrocytes
than with OTR* astrocytes (Fig. 3a), whereas OTR™ astrocytes regu-
larly contact other OTR™ astrocytes.

These anatomical results suggest a specific distribution pattern
of OTR* astrocytes within the CeL, where OTR* astrocytes are
found distant from one another and exhibit many connections with
their OTR™ counterparts. Interestingly, the proportion of rats and
mice astrocytes responsive to OTR activation always exceeded 40%
of recorded cells (Fig. 2) despite our FISH/Imaris results indicating
that fewer than 20% of astrocytes expressed OTR mRNA (Fig. 1).
This apparent discrepancy led us to test whether the sole activation
of OTR" astrocytes could drive the activity of the overall astrocyte
network, including that of OTR™ astrocytes.

There are two common signaling pathways typical for astro-
cytes that could facilitate the spread of activation from OTR* to
OTR~ astrocytes. This could occur via 1) paracrine purinergic
communication (for example, ATP release) or 2) spread of Ca**
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Fig. 1| Specific CeL astrocytes express OTRs. a, Overview of CeA FISH of OTR mRNA (red) and GS immunostaining (green). b, High-magnification images
of cells positive for OTR mRNA and/or GS (double arrows); green arrows point to GS-positive cells; red arrows point to OTR mRNA-positive cells. Scale
bars, 100 um (a) and 10 um (b). ¢, Proportion of Cel astrocytes (GS-positive cells, left) and neurons (NeuN-positive cells, right) positive for OTR mRNA
(red) (N, =5, Nyices = 20, Nyctrorytes = 1354, Npeurons = 1,254). d, Cells were reconstructed in 3D using Imaris, and morphological parameters were evaluated.
Scale bar, 20 um. e, OTR-expressing astrocytes are bigger and more complex, as indicated by several morphological parameters (cell volume, surface,
number of processes, process length and domain volume, OTR-negative: N =5, Ngjices = 20, Ngroeyies = 1,142; OTR-positive: Ny =5, Ngice =20, Nogiroeytes = 212).
f, OTR-expressing astrocytes display a more complex morphology, as revealed by Sholl analysis (OTR-negative: Ny =5, Nyices = 20, Nygyroeytes = 1142;
OTR-positive: Ny =5, Ngice =20, Nygoeyies = 212). All data are expressed as mean +s.e.m., except in violin plots where the hatched line represents the median

and the dot lines are the first and third quartiles. "'P < 0.001, “"P < 0.01, two-sided unpaired Student'’s t-test; ##P < 0.001, two-way ANOVA followed by Tukey
post hoc test. Statistics are presented in Supplementary Table 1.

activity through a connexin gap junction network. To decipher the and found that this blocker did not significantly affect the aver-
underlying mechanism, we first blocked purinergic receptors using  age proportion of astrocytes activated by TGOT (Fig. 3b) nor the
pyridoxalphosphate-6-azophenyl-234’-disulfonic acid (PPADS) properties of these responses (Fig. 3b), a result replicated using a set
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Fig. 2 | Astrocytic OTR activation evokes calcium transients in CelL astrocytes of rats and mice. a, Experimental strategy to express the ChR1/VChR1 chimera
channel rhodopsin variant C1V1in OTergic neurons (OxytOpto). b, Experimental scheme of the horizontal CeA slice preparation used, showing C1V1-expressing
OT axons (yellow) arising from the PVN and projecting to the CelL. ¢, Typical traces of relative changes in intracellular calcium in astrocytes (AF) induced by

the activation of C1V1in OT axons located in the CeL through A542-nm light pulses (10-ms width, 30 Hz, duration 20's). d, Proportion of responding astrocytes
(left), AUC of AF traces (middle), and Ca?* transient frequency (right) normalized to baseline values after C1V1 activation in Cel OT axons, ngce (N =7, N groeytes
(n,)=36. e, Left: images of Cel astrocytes identified through SR101 (red, top) and corresponding pseudocolor images of OGB1 fluorescence during baseline and
after drug application (middle, bottom, stacks of 50 images over 25s of recording; n=18). Scale bar, 10 pm. Right: typical AF traces after TGOT + TTX (Ctrl)
application. f, Proportion of responding astrocytes (left), AUC of AF traces (middle), and Ca?* transient frequency (right), normalized to baseline values after
application of TGOT (0.4 pM) with TTX (1uM) (Ctrl, n,=18, n,=136), without TTX (No TTX, n,=7, n,=43) and with an OTR antagonist (dOVT, TuM; n,=3,
n,=24). Data are expressed as means across slices plus s.e.m. g, Experimental strategy for the specific deletion of OTRs in mice Cel astrocytes. h, Left: example
pictures of OTR mRNA (red) and GS (green) labeling in mice injected with PGFAP-GFP-IRES-Cre (top) or PGFAP-GFP rAAV vector (bottom); right: proportion
of Cel astrocytes (GS-positive cells) also positive for OTR mRNA (left, blue, PGFAP-GFP: 1 o ytes = 897, Ny =4; right, red, PGFAP-GFP-IRES-Cre: 1,0 e = 940,
Nuice =4). Scale bar, 50 um. i, Proportion of responding astrocytes (left), AUC of AF traces (middle), and Ca?* transient frequency (right), normalized to baseline
values after application of TGOT + TTX in control (blue, n,=12, n,=237) or GFAP OTR KO mice (red, n,=5, n,=47; red) acute brain slices. Calcium imaging
data are expressed as means across slices plus s.e.m., and white circles indicate averages across astrocytes per slice. *P <0.05, **P< 0.01, ***P< 0.001,
two-sided unpaired t-test or Mann-Whitney U test. Statistics are presented in Supplementary Table 2. ITR, inverted terminal repeat; WT, wild type.
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Fig. 3 | OTR-expressing Cel astrocytes are positioned to recruit a Cel astrocyte network through gap junction. a, Left: the distance between two

OTR* astrocytes is larger than the distance between two OTR™ astrocytes. Right: OTR* astrocytes predominantly form contacts with OTR- astrocytes
(Nstroeytes = 1,354 OTRY Ngiroeyies = 212; N, =4). Contacts are defined by a proximity of less than Tum between GFAP-positive fibers/endfeet from two
different astrocytes. b, Left: typical AF traces after TGOT + TTX application in the presence of CBX (100 uM, top) or PPADS (50 pM, bottom). Right:
proportion of responding astrocytes, AUC of AF traces and Ca?* transient frequency normalized to baseline values after application of TGOT + TTX

(0.4 pM) in the presence of CBX (n,=9, n,=75) or PPADS (n,=7, n,=53). ¢, Left: typical AF traces after TGOT + TTX application in Cx30/Cx43 KO mice
brain slices. Right: proportion of responding astrocytes, AUC of AF traces and Ca?* transient frequency, normalized to baseline values after TGOT + TTX
application in wild-type mice (n,=19, n,=78) and in Cx30/Cx43 KO mice acute brain slices (n,=17, n,=100). Calcium imaging data are expressed as
means across slices plus s.e.m., and white circles indicate averages across astrocytes per slice. *P < 0.05, **P < 0.01, ***P < 0.001, two-sided unpaired
t-test or Mann-Whitney U test. Statistics are presented in Supplementary Table 3. WT, wild type.

of purinergic receptor antagonists blocking most known puriner-
gic receptors (Extended Data Fig. 3b,c). However, the incubation
with the gap junction blocker carbenoxolone (CBX) significantly
reduced the number of astrocytes responsive to TGOT+TTX
application (Fig. 3b). Given that astrocyte gap junctions are primar-
ily composed of connexins 30 and 43, we assessed astrocyte Ca’*
activity in CeL slices obtained from Cx30/Cx43 double-KO mice"
and found that the number of astrocytes activated by TGOT was
significantly reduced in these mice (Fig. 3c). These results indicate
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that gap junctions play a role in the propagation of responses after
OTR activation in the CeL astrocytes network, possibly from OTR*
to OTR™ astrocytes.

CeL astrocyte activity increases CeL neuron excitability. We
next wanted to test if this direct astrocyte network response to
OTR activation could be relevant to the known effect of OTR
signaling on CeA neuronal networks>*’. To manipulate astro-
cytic activity, we expressed the opsin C1V1 under the control of
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the GFAP promoter using recombinant AAV (rAAV) injections
(PGFAP-C1V1-mCherry, referred to as AstrOpto; Fig. 4a). After
confirmation of vector expression in 62.5+3.1% of CeL astrocytes,
with a specificity reaching 98.8 +0.7% (Extended Data Fig. 4a), we
evaluated the effect of C1V1 stimulation on astrocyte calcium activ-
ity (Fig. 4b). We observed responses in 60.8+9.0% of astrocytes
(Fig. 4c), a proportion similar to what we observed after OTR stimu-
lation by TGOT 4 TTX (AstrOpto versus TGOT + TTX; P=0.8265,
unpaired two-sided t-test). The removal of extracellular calcium
prevented the CIVI1-driven astrocyte activity (Extended Data
Fig. 4b). This indicates that influx of extracellular calcium through
the plasma membrane is required to generate calcium transient
activity in astrocytes after C1V1 activation (Extended Data Fig. 4b).

Next, we measured the effect of evoked astrocyte activity, using
AstrOpto or direct OTR stimulation through TGOT application,
on CeL neuron inputs. Optical stimulation of C1V1 in astrocytes
increased the frequency of miniature excitatory post-synaptic cur-
rents (mEPSCs) in CeL neurons (Fig. 4d), and bath-applied TGOT
had a similar effect (Fig. 4f). To block the increase in calcium tran-
sients evoked by TGOT, we infused BAPTA specifically in astro-
cytes and found that this was sufficient to block TGOT effect on
CeL neuron mEPSCs (Fig. 4e,f). This indicates that OTR activation
and the ensuing increase in calcium transients in astrocytes is driv-
ing up excitatory inputs to CeL neurons.

To identify the intercellular communication pathway involved
in astrocyte-neuron communication after OTR activation of astro-
cytes, we studied whether NMDA receptor NMDAR), a well-known
neuronal receptor that can be activated by astrocytic gliotransmitter
D-serine’’~** and whose activation in the CeA relies on astrocytes®,
was involved. Thus, we applied an NMDAR antagonist (2R)-amino-
5-phosphonovaleric acid (AP5) before TGOT application and found
that it inhibited TGOT effect on mEPSC frequency (Fig. 4f). Notably,
AP5 had no effect on astrocyte responses to TGOT (Extended Data
Fig. 3d). Finally, we repeated the mEPSC measurements in control
and GFAP OTR KO mice. TGOT application increased mEPSC fre-
quency in control mice but not in GFAP OTR KO mice (Fig. 4g,h),
confirming the role of astrocytic OTR in mediating the effects of
OTR signaling on synaptic inputs in CeL neurons.

To investigate whether the increase in mEPSC frequency in CeL
neurons after OTR activation was able to increase their firing fre-
quency, we applied the same stimulation protocols as before and
subsequently recorded spontaneous action potential (AP) firing
(Fig. 5a,b). First, AstrOpto increased firing of CeL neurons, an effect
that was blocked by previous infusion of BAPTA in the astroglial
network, hence indicating that AstrOpto effect on neurons depends
on astrocyte calcium signaling (Fig. 5¢). Similarly, and in agreement
with its effect on CeL neuron mEPSCs, TGOT also increased neuro-
nal spiking activity (Fig. 5d), an effect that was abolished by BAPTA
infusion in the astroglial network or pre-incubation of AP5 in the

recording bath and, crucially, in mice lacking OTR in astrocytes
(Fig. 5d-f).

These results unequivocally demonstrate that OTR signaling in
the CeL requires the activation of astrocytic OTR, astrocytic cal-
cium activity and downstream NMDAR activation to increase excit-
ability of CeL interneurons.

CeL astrocyte activity increases inhibitory inputs onto CeM
projection neurons. Previous work showed that the activation
of CeL OTRs leads to increased activity of GABAergic CeL neu-
rons (replicated here (Fig. 5)), resulting in an increased frequency
of GABA,-mediated inhibitory post-synaptic currents (IPSCs)
in CeM projection neurons>’. In agreement with these findings,
we found that optogenetic activation of CeL astrocytes (through
AstrOpto) evoked an increase in IPSC frequency in rat CeM neu-
rons (Fig. 6a—c). This effect was also dependent on CeL astrocytic
calcium signaling, as BAPTA infusion in CeL astrocytes abolished
it (Fig. 6¢). Furthermore, the effect of AstrOpto on CeM IPSC fre-
quency was suppressed by application of AP5 in agreement with
AP5 effects on CeL neurons (Fig. 4f). An important element of
NMDAR activation is the binding of a co-agonist on the glycine site.
D-serine can bind the glycine site in the CeA* and is a known glio-
transmitter whose levels are increased after astrocytic GPCR activa-
tion*'. We incubated CeA slices in D-amino acid oxidase”* (DAAO)
before measuring IPSCs and found that it also suppressed effects of
AstrOpto (Extended Data Fig. 5a). Altogether, these results indicate
that the effect of AstrOpto on IPSCs in CeM neurons is dependent
on the activation of NMDARs in CeL neurons. TGOT application
produced a similar effect on CeM neurons, also dependent on CeL
astrocytic calcium signaling (Fig. 6d) and on NMDARs (Fig. 6d and
Extended Data Fig. 5b) but not on AMPA receptors (Extended Data
Fig. 5b). Initial incubation with DAAO similarly blocked the effect
of TGOT on IPSC frequency (Extended Data Fig. 5¢). Crucially,
D-serine supplementation in the DAAO-treated slices after the first,
effectless TGOT application rescued the effect of a second TGOT
application on IPSC frequency (Extended Data Fig. 5c—e). This con-
firms the involvement of neuronal NMDARs and their co-agonist
p-serine in OTR-mediated modulation of the CeA neuronal net-
work. Another known mode of astrocyte-to-neuron communica-
tion relies on purinergic signaling, notably in the CeM". To test if
purinergic signaling was also involved here, we pre-incubated slices
with the purinergic receptor antagonists PPADS, CPT or SCH 58261
and found that they had no effects (Extended Data Fig. 5f). This
confirms that the primary mode of astrocyte-to-neuron communi-
cation engaged after OTR signaling in CeA involves NMDARs, but
not purinergic signaling in neurons, and is mediated by an increase
in D-serine levels.

TGOT application also led to an increased IPSC frequency in
CeM neurons in brain slices from control mice but not in slices

>
>

Fig. 4 | Cel astrocyte activity promotes excitatory transmission into CeL neurons. a, Experimental strategy for the specific expression of C1V1in mice
Cel astrocytes (AstrOpto). b, Experimental scheme of the horizontal CeA slice preparation used, showing a C1V1 expressing astrocytes and a patched
Cel neuron, recorded in whole-cell voltage-clamp configuration with bath-applied TTX and bicuculline to isolate mEPSCs. ¢, Left: proportion of responding
astrocytes, AUC of AF traces and Ca?* transient frequency after AstrOpto activation (n,=12, n,=49); right: typical AF traces after AstrOpto activation.
d, Frequency of mEPSCs in Cel neurons before (basal), during (AstrOpto) and after (Wash) AstrOpto activation (A542 nm, 3 min long, 1-s width pulse

at 0.5Hz; n=17). e, Example of an astrocyte in Cel patched with a BAPTA-biocytin-filled capillary (white arrow). Biocytin can be seen diffusing in
neighboring astrocytes (n=3). Scale bars, 400 pm (top) and 50 pm (bottom). f, Frequency of mEPSCs in CelL neurons before (basal), during (TGOT,
0.4uM) and after (Wash) TGOT application (left, n=16). This effect can be blocked by loading BAPTA in the Cel astrocyte network (middle, BAPTAstro,
n=11) and by prior incubation of an NMDAR antagonist (right, AP5, 50 uM, n=9). g, Experimental strategy for the specific deletion of OTRs in mice

Cel astrocytes. h, Frequency of mEPSCs in Cel neurons before (basal), during (TGOT, 0.4 uM) and after (Wash) TGOT application in acute brain slices
from wild-type mice (left, blue, n=10) and from GFAP OTR KO mice (right, red, n=38). Calcium imaging data are expressed as means across slices plus
s.e.m., and white circles indicate averages across astrocytes per slice. Patch-clamp data are expressed as average frequency plus s.e.m. across cells;
linked white circles indicate individual cell values; example traces of the various conditions are displayed on the right. #P < 0.05, ###P < 0.001, one-way
repeated-measures ANOVA and Holm-Sidak multiple comparisons or Friedman and Dunn multiple comparisons; *P <0.05, **P < 0.01, Mann-Whitney

U test. Statistics are presented in Supplementary Table 4. ITR, inverted terminal repeat; WT, wild type.
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from GFAP OTR KO mice (Fig. 6¢,f). These ex vivo results indi-
cate that direct, OTR-mediated CeL astrocyte activation leads to an
NMDAR-dependent increase in CeL neuron excitability, which fur-
ther increases inhibitory inputs into CeM projection neurons.

Our data so far demonstrate that, when OTR signaling is engaged
in astrocytes, these cells increase the excitability of CeL neurons,
directly leading to an increase in inhibitory inputs into CeM

projection neurons. Altogether, these results demonstrate that the
effect of OT on neuronal activity is abolished when astrocyte func-
tion is compromised, establishing, for the first time, that OT signal-
ing in CeA circuitry is locally transduced by astrocytes.

OTR signaling effects on CeA behavioral correlates rely on astro-
cytes. The CeA is a key nucleus for the processing of emotional
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Fig. 5 | CeL astrocyte activity promotes Cel neuron firing. a, Experimental strategy for the specific expression of C1V1in mice Cel astrocytes (AstrOpto).
b, Experimental scheme of the horizontal CeA slice preparation used, showing a C1V1 expressing astrocytes and a patched Cel neuron, recorded in
whole-cell current-clamp configuration to record APs. ¢, Frequency of APs in Cel neurons before (basal), during (AstrOpto) and after (Wash) AstrOpto
activation (A542 nm, 3min long, 1-s width pulse at 0.5Hz) in control condition (left, n=10) or after BAPTA loading in the Cel astrocyte network (right,
BAPTAstro, n=12).d, Frequency of APs in CeL neurons before (basal), during (TGOT, 0.4 uM) and after (Wash) TGOT application (left, n=9). This effect
can be blocked by loading BAPTA in the Cel astrocyte network (middle, BAPTAstro, n=9) and by prior incubation of the NMDAR antagonist AP5 (right,
AP5, 50uM, n=7). e, Experimental strategy for the specific deletion of OTRs in mice Cel astrocytes (GFAP OTR KO). f, Frequency of APs in Cel neurons
before (basal), during (TGOT, 0.4 uM) and after (Wash) TGOT application in acute brain slices from wild-type mice (left, blue, n=7) and GFAP OTR KO
mice (right, red, n=11). Example traces of the various conditions are displayed on the right. Patch-clamp data are expressed as average frequency plus
s.e.m. across cells; linked white circles indicate individual cell values. #P < 0.05, #P < 0.01, one-way repeated-measures ANOVA and Holm-Sidak multiple
comparisons or Friedman and Dunn multiple comparisons; *P < 0.05, ***P < 0.001, two-sided unpaired t-test or Mann-Whitney U test. Statistics are
presented in Supplementary Table 5. ITR, inverted terminal repeat; WT, wild type.

information and, notably, plays an important role in pain-associated
disorders', in which OT is a crucial regulator'. We, therefore,
sought to test the involvement of astrocyte-mediated OTR signal-
ing in modulating mechanical pain hypersensitivity, levels of anxi-
ety and reinforcement behavior in rats and mice in conditions of

neuropathic pain after a spared nerve injury (SNI) surgery*
(Extended Data Fig. 6a).

We found that SNI animals displayed a decreased mechanical
threshold, but bilateral micro-injections of TGOT in the CeA had
no clear effect on it, with a mild anti-nociceptive effect only in rats
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Fig. 6 | Astrocyte-driven Cel neuron activity modifies amygdala output. a, Experimental strategy for the specific expression of C1V1in mice Cel
astrocytes (AstrOpto). b, Experimental scheme of the horizontal CeA slice preparation used, showing a C1V1 expressing astrocytes and a patched CeM
neuron, recorded in whole-cell voltage-clamp configuration to record IPSCs. ¢, Frequency of IPSCs in Cel neurons before (basal), during (AstrOpto)

and after (Wash) AstrOpto activation (A\542 nm, 3 min long, 1-s width pulse at 0.5Hz) in control condition (left, n=19) or after BAPTA loading in the
Cel astrocyte network (right, BAPTAstro, n=9). d, Frequency of IPSCs in CeL neurons before (basal), during (TGOT, 0.4 uM) and after (Wash) TGOT
application (left, n=17). This effect can be blocked by loading BAPTA in the Cel astrocyte network (middle, BAPTAstro, n=17) and by prior incubation of
the NMDAR antagonist AP5 (right, AP5, 50 uM, n=5). e, Experimental strategy for the specific deletion of OTRs in mice Cel astrocytes (GFAP OTR KO).
f, Frequency of APs in Cel neurons before (basal), during (TGOT, 0.4 uM) and after (Wash) TGOT application in acute brain slices from wild-type

mice (left, blue, n=27) and GFAP OTR KO mice (right, red, n=15). Example traces of the various conditions are displayed on the right. Patch-clamp

data are expressed as averaged frequency plus s.e.m. across cells; linked white circles indicate individual cell values. #*P < 0.05, ###P < 0.001, one-way
repeated-measures ANOVA and Holm-Sidak multiple comparisons or Friedman and Dunn multiple comparisons; *P < 0.05, **P < 0.01, ***P < 0.001,
Mann-Whitney U test. Statistics are presented in Supplementary Table 6. ITR, inverted terminal repeat; WT, wild type.

(Fig. 7b,f). Moreover, neither the bilateral optogenetic stimulation  in the CeA”, we tested whether the effect of TGOT on astrocyte cal-
of rat CeL astrocytes (AstrOpto; Fig. 7a) nor the removal of OTR  cium signaling and CeM neuron IPSC frequency was altered in SNI
from mice astrocytes (Fig. 7e) had a noticeable effect on mechanical rats, but we did not find any differences compared to sham-operated
threshold (Fig. 7b,f and Extended Data Fig. 7b,f). Given that there animals (Extended Data Fig. 6b-d). These last results indicate that
is a proven link between chronic pain etiology and synaptic changes  the absence of powerful OTR-induced anti-nociceptive action in
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neuropathic animals is not the consequence of an altered OTR sig-
naling in the CeA, at least at the level of the circuit studied here.

To assess the effect of the neuropathic pain state on anxiety
behavior, we used the elevated plus maze and found that SNI ani-
mals spent significantly more time in the closed arm compared to
sham-operated ones, indicating that the SNI procedure induced a
state of elevated anxiety (Fig. 7¢,g), as expected”. When TGOT was
injected in the CeA, time spent in the closed arm was significantly
reduced to levels similar to those observed in sham animals, indi-
cating an anxiolytic effect of OTR signaling in both rats and mice
(Fig. 7¢,g), in line with an earlier report”. Crucially, AstrOpto in
rats had a similar effect (Fig. 7¢), whereas the deletion of OTR from
CeL astrocytes in mice abolished the anxiolytic effects of TGOT
(Fig. 7g). Interestingly, sham mice lacking OTR in CeL astrocytes
displayed an anxiety-like behavior (Fig. 7g). Together, these data
indicate that astrocyte-mediated OT signaling in the CeA is cen-
tral to the regulation of anxiety-like behavior in pain-free condi-
tions and to the beneficial effect of OT signaling on neuropathic
pain-induced increased anxiety”. Furthermore, in a conditioned
place preference (CPP) assay, both SNI and sham animals exhibited
a preference for the chamber paired with intra-CeA TGOT infu-
sion, in line with an earlier report”. Strikingly, this effect was lost
by the deletion of OTR in astrocytes but recapitulated by bilateral
optogenetic stimulation of CeL astrocytes (Fig. 7d,h). These experi-
ments highlight the central role of astrocyte-mediated OT signaling
in the regulation of emotional states under normal and chronic pain
conditions. Notably, neither the treatments nor the SNI procedure
significantly affected the motor activity of animals in elevated plus
maze or CPP tests (Extended Data Fig. 7).

Collectively, our findings demonstrate, from the local circuit to
the behavioral levels, that OTR signaling through CeL astrocytes is a
novel and important mechanism involved in emotional state regula-
tion, under both normal and chronic pain conditions (Fig. 71).

Discussion

We demonstrate here that OTR signaling through astrocytes is
crucial for the oxytocin-ergic modulation of the local CeA micro-
circuit and its behavioral correlates. We further propose that this
effect relies on a morphologically defined subpopulation of OTR*
astrocytes (Figs. 1 and 2) that convey their activation by OT to other
astrocytes through gap junctional communication (Fig. 3), leading
to an increase in activity in the overall CeL astrocyte network (Figs. 2
and 3). In turn, astrocytes increase the excitability of CeL inter-
neurons by gating the activation of NMDARSs (Figs. 4 and 5), likely
through the release of D-serine, leading to an increase in GABAergic

inhibitory inputs into CeM neurons (Fig. 6). At the behavioral level,
this OTR-mediated modulation of CeA astro-neuronal network
promotes a positive emotional state, measured as clear anxiolytic
and positive reinforcement effects (Fig. 7).

Mechanistically, our results reinforce previous demonstrations of
a role of astrocytes in transforming neuromodulator signaling into
a change on the gain of neuronal circuits, notably by (co)activating
neuronal NMDAR?-*, Despite the high proportion of OTR* neu-
rons (up to 70%) compared to the limited number of OTR* astro-
cytes (~18%) in the CeL, the activation of OTRs in astrocytes was
required to gate CeL neuron responses to OTR activation by allow-
ing a sustained (co)activation of NMDARs. Other mechanisms are
probably at play: OTR activation in CeL neurons might inhibit K*
leak current, as has been shown in olfactory neuronal cells® and
in spinal cord®. These mechanisms might act in synergy to induce
an elevation in firing rates of CeL neurons by increasing the gain
of excitatory inputs in these cells. Furthermore, similar mechanisms
of astrocyte-to-neuron communication through neuronal NMDAR
(co)activation have been proposed by other studies to favor a syn-
chronous increase in excitability across an ensemble of neurons®*.
This would allow a synchronized and long-lasting switch in the gain
of the CeA neuronal circuits, thereby amplifying the effect of OT on
CeA outputs in both the spatial and temporal domains. In light of
the predominantly non-synaptic mode of OT release from axons en
passant, which could lead to CeL-restricted micro-volume transmis-
sion of the neuropeptide’, it seems, then, plausible that astrocytes are
required to relay and amplify OT signaling to CeL neurons. Another
mechanism that was repeatedly found to be involved in neuromodu-
lator signaling through astrocytes is the activation of purinergic sig-
naling in neurons***. However, in the case of OT signaling within the
CeA, purinergic signaling was not involved (Extended Data Fig. 5).
It would, then, be interesting to test if astrocytes are important to OT
signaling in other brain regions, and, if they are, if the same mecha-
nisms of astrocyte-to-neuron communication are at stake.

We found that CeA astrocytes can be divided into two defined
populations: OTR* and OTR™ astrocytes. OTR* astrocytes are
morphologically more complex and have more close contacts with
neighboring OTR™ astrocytes while being quite distant from their
OTRY counterparts, with which they have almost no contacts (Figs. 1
and 2). Thus, we hypothesize that these morphological peculiarities
allow the propagation of OTR-evoked calcium transients (Fig. 2) to
a much larger number of OTR™ astrocytes through, at least partially,
gap junctions (Fig. 3b,c). Therefore, only a few strategically posi-
tioned OTR* astrocytes are sufficient to result in a network-wide
effect of OT release in the CeL, despite the relatively moderate

>
>

Fig. 7 | Cel astrocytes modulate CeA behavioral correlates of comfort and are required for their OTR-mediated modulation. a,e, Experimental strategy
for the specific expression of C1V1in mice Cel astrocytes (a, AstrOpto) or the specific deletion of OTRs in mice Cel astrocytes (e, GFAP OTR KO). The
treatments applied are color coded, as the legend key indicates. Control indicates a vehicle injection. b,f, Four weeks after the SNI surgery, mechanical pain
threshold was assessed on the neuropathic paw before (Ctrl) and at different time points after either TGOT injection or C1V1 activation of Cel astrocytes
(gray arrow) for sham (top) and SNI (bottom, gray box) animals. Rats (n): sham control n=12, TGOT n=11, C1V1n=6, SNI control n=12, TGOT n=10,
C1V1n=10. Mice (n): sham WT n=6, OTR cKO n=8; SNI WT n=5, OTR cKO n=13. ¢,g, Anxiety levels were assessed through measurements of the
time spent in the closed arms of the elevated plus maze after TGOT injections or C1V1 light-driven activation of CelL astrocytes for sham (top) and SNI
(bottom, gray box). Rats (n): sham Veh n=10, TGOT n=8, C1V1n=9, SNI Veh n=20, TGOT n=9, C1V1 n=7. Mice (n): sham WT Veh n=7, WT TGOT
n=6, sham OTR cKO Veh n=5, OTR cKO TGOT n=7, SNIWT Veh n=7, WT TGOT n=8, SNI OTR cKO Veh n=5, OTR cKO TGOT n=7.d,h, CPP was
assessed through measurements of the A time spent in the paired chamber before and after pairing. Pairing was realized through TGOT injections or
C1V1 light-driven activation of Cel astrocytes for sham (top) and SNI (bottom, gray box). Rats (n): sham Veh n=13, TGOT n=6, C1V1n=5, SNI Veh
n=10, TGOT n=8, C1V1 n=8. Mice (n): sham WT Veh n=5, WT TGOT n=8, sham OTR cKO Veh n=5, OTR cKO TGOT n=4, SNI WT Veh n=5, WT
TGOT n=5, SNI OTR cKO Veh n=4, OTR cKO TGOT n=6. Data are expressed as averages across rats or mice plus s.e.m. (details and statistics in
Supplementary Table 7). #*P < 0.001, #P < 0.01, Wilcoxon signed-rank test; ‘P <0.05, "P<0.01, "'P<0.001, ANOVA or mixed-design ANOVA followed

by post hoc Bonferroni test. Statistics are presented in Supplementary Table 7. i, OT-dependent cellular interactions in the CeA. We hypothesize that OT
released from axons of PVN neurons within the Cel activates OTR* astrocytes (red), which, consequently, spread their activation to neighboring OTR~
astrocytes (green) through, at least partly, gap junctions. Subsequently, the Cel astrocytes release p-serine, which gates the activation of NMDAR on Cel
interneurons, ultimately increasing their firing rate. This, in turn, inhibits CeM output projection neurons, resulting in anxiolysis and the promotion of a

positive emotional state. ITR, inverted terminal repeat; WT, wild type.
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number of OT fibers found in this nucleus’. By describing a new
population of astrocytes, our work adds to the recent advances in
describing molecular, morphological and functional heterogeneity
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in astrocyte populations®*® and opens up new perspectives into
understanding how astrocyte subpopulations are functionally orga-
nized and communicate inside CNS circuits.
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OT and its effects on brain circuits, and ultimately behavior,
are under intense scrutiny, from fundamental research in animal
models to behavioral and physiological studies in humans™*.
Among other roles, OT is considered a powerful anxiolytic pep-
tide through its action in the human amygdala®. However, so
far, it has been widely assumed that OT acts directly on neurons,
despite the controversies regarding the cellular substrates of blood
oxygenation level-dependent functional magnetic resonance imag-
ing signals often used in human studies, with some results arguing
for a major contribution of astrocyte activity to these signals**'.
Furthermore, many studies demonstrated that astrocytes or their
invertebrate counterparts are key, if not primary, targets of neuro-
modulators?*-*>*****> and that astrocytes might be the causal ele-
ments behind shifts in brain state transitions*~*, a function usually
attributed mainly to neuromodulator direct action on neurons.
Neuromodulators are the targets of many, already available, treat-
ments of psychiatric diseases using either small-molecule drugs
or electrical stimulation protocols, such as deep brain® or tran-
scranial stimulations®, for which astrocytes also seem particularly
involved**. Taken together, this indicates a need for a more global
and systematic consideration of astrocyte roles in brain circuits,
notably regarding the effect of neuromodulators and, in particular,
OT. We think that this is especially relevant for the development
of better therapeutics in the field of chronic pain, which imposes a
massive burden to society, affecting ~20% of the global population®’.

Indeed, considering that general anxiety and depression are fre-
quent comorbidities of chronic pain®, our finding that the activa-
tion of OT signaling in CeL astrocytes promotes a form of emotional
comfort by alleviating anxious behavior and has positive reinforce-
ment properties is promising: it demonstrates that activation of a
particular astrocyte-mediated OTR pathway affects one of the most
important aspects of the chronic pain sphere—the emotional one.
This further highlights astrocytes as important cellular substrates of
emotional regulation, in line with other studies (see ref. * and the
references therein). In this context, targeting the OT system and/or
astrocytes specifically, in the amygdala or other CNS regions, might
lead to the development of new therapeutic avenues to improve
patient well-being.
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Methods

Animals. Animals were housed under standard conditions with food and water
available ad libitum and maintained on a 12-h light/dark cycle, and all experiments
were conducted in accordance with European Union rules and approbation from
the French Ministry of Research (01597.05). For ex vivo and in vivo experiments,
male and female Wistar rats or C5BL/6 mice were used. Ex vivo experiments

used animals between 18 and 25 d old, except in experiments where rAAVs were
injected, in which case animals were between 2 and 6 months old at the time of
sacrifice. In in vivo experiments, animals that were 2 months old at the time of the
first surgery were used. In total, 398 rats and mice were used in this study.

Specific deletion of OTRs in CeL astrocytes. To specifically ablate OTRs in CeA
astrocytes, transgenic cKO mice, in which loxP sites flank the OTR coding
sequence'’, received bilateral injections (280 nl) of rAAV-GFAP-GFP-IRES-Cre.
After 4 weeks of expression of the viral proteins, mice were intracardially perfused
with 1x PBS and 4% paraformaldehyde (PFA). Brain sections were used for FISH
(OTR mRNA) and immunohistochemistry (GS) to verify the validity of the
approach. Representative images and quantifications are provided in Fig. 2h and
Extended Data Fig. 2g,h.

Specific deletion of Cx30 and Cx43 in astrocytes. To specifically impair gap junction
coupling, we used Cx30~"~Cx43":hGFAP-Cre mice (Cx30/Cx43 double KO),
which were previously characterized'***', with conditional deletion of Cx43 in
astrocytes™ and additional deletion of Cx30 (ref. **).

Cloning and production of rAAV vectors. The generation of rAAV's allowing

for the specific expression of the protein of interest in OT cells was described in
our previous work’. Briefly, the conserved promoter region of 2.6 kb was chosen
using the software BLAT from UCSC (http://genome.ucsc.edu/cgi-bin/hgBlat), was
amplified from BAC clone RP24-388N9 (RPCI-24 Mouse, BACPAC Resources,
CHORI) and was subcloned into an rAAV2 backbone carrying an ampicillin
resistance.

To construct the OTp-C1V1(t/t)-TS-mCherry AAV vector, we used previously
cloned OTp-DIO-GFP-WRE plasmid’ equipped with the characterized 2.6-kb
OT promoter”. In this plasmid, the DIO-GFP sequence was replaced by C1V1
(t/t)-TS-mCherry from the rAAV CaMKIIa-C1V1(t/t)-TS-mCherry (Addgene,
plasmid no. 35500).

To generate GFAP-C1V1(t/t)-TS-mCherry AAV vector, we replaced the
CamKIIa promoter from the rAAV CaMKIla-C1V1(t/t)-TS-mCherry by the Gfa
promoter from the pZac2.1 gfaABC1D-tdTomato (Addgene, plasmid no. 44332).
The cell type specificity of the rAAV carrying the Gfa promoter was confirmed™".
In analogy, the generation of the GFAP-GFP-IRES-Cre vector was achieved using
pZac2.1 gfaABC1D-tdTomato (Addgene, plasmid no. 44332). First, the promoter
was cloned into an rAAV2 backbone, and sticky ends were blunted with EcoR1 and
Basrgl. Next, pAAV-CamKIIa-C1V1(t/t)-TS-mCherry was blunted using BamHI
and BsrGI. Finally, the pBS-ires cre construct was used, and IRES-Cre was inserted
into the GFAP-driven vector, resulting in the GFAP-GFP-IRES-Cre construct.

Production of chimeric virions (rAAV 1 and rAAV2) was described in ref. %
Briefly, human embryonic kidney cells 293 (HEK293; Agilent no. 240073) were
calcium phosphate transfected with the recombinant AAV2 plasmid and a
three-helper system. rAAV genomic titers were determined with QuickTiter AAV
Quantitation Kit (Cell Biolabs) and are ~10'* genomic copies per ml for all rAAV
vectors used in this study.

Surgeries. Neuropathic pain model: SNI procedure. Animals were randomly
separated in two groups to undergo either posterior left hindpaw SNI or sham
procedure, with the right hindpaw untouched. Animals were anaesthetized using
isoflurane at 1.5-2.5%. Incision was made at mid-thigh level using the femur

as a landmark, and a section was made through the biceps femoris. The three
peripheral branches (sural, common peroneal and tibial nerves) of the sciatic nerve
were exposed. Both tibial and common peroneal nerves were ligated using a 5.0
silk suture and transected. The sural nerve was carefully preserved by avoiding
any nerve stretch or nerve contact*. For animals undergoing sham surgery, the
same procedure was performed, but nerves remained untouched. Animals were
routinely observed daily for 7 d after surgery and daily tested by the experimenter
(Extended Data Fig. 6a). Besides observing weight and social and individual
behavior, the operated hindpaw was examined for signs of injury or autotomy.

In case of autotomy or suffering, the animal was euthanized in respect of the
ethical recommendations of the European Union. No analgesia was provided after
the surgery to avoid interference with chronic pain mechanisms, and this is in
accordance with our veterinary authorization. Suffering was minimized by careful
handling and increased bedding.

Stereotaxic surgery: injection of rAAV vectors. Stereotaxic surgery was performed
under deep ketamine-xylazine anesthesia, using the KOPF (model 955)
stereotaxic system. For specific control of rat CeA astroglial cells, 200 nl of rAAV
serotype 1/2 (GFAPp-C1V1(t/t)-mCherry, cloned from plasmid nos. 35500 and
44332, Addgene), was injected bilaterally at the coordinates corresponding to
CelL: rostro-caudal: —2.7 mm, medio-lateral: 4.2 mm, dorso-ventral: —8.0 mm

(from Paxinos and Watson Atlas). For specific control of OT neurons, 200 nl

of rAAV serotype 1/2 (OTp-C1V1(t/t)-mCherry or OTp-ChR2-mCherry) was
injected bilaterally at the coordinates corresponding to each hypothalamic OT
nuclei. PVN: rostro-caudal: —1.8 mm; medio-lateral: +0.4 mm; dorso-ventral:
—8.0 mm; SON: rostro-caudal: —1.4 mm; medio-lateral: +1.6 mm; dorso-ventral:
—9.0 mm; AN: rostro-caudal: —2 mm; medio-lateral: +1.2 mm; dorso-ventral:
—8.5mm (from Paxinos and Watson Atlas). For specific deletion of OTR in mice
CelL astrocytes, 280 nl of rAAV serotype 1/2 (GFAPp-GFP-IRES-Cre) was injected
bilaterally at the coordinates corresponding to CeL: rostro-caudal: —1.4 mm,
medio-lateral: +2.6 mm, dorso-ventral: —4.3 mm (from Paxinos and Watson Atlas)
in OTR cKO mice.

Stereotaxic surgery: intra-CeL cannulae. Cannulae implantation. Animals were
bilaterally implanted with guide cannulae for direct intra-CeL infusions. As guide
cannulae, we used C313G/Spc guide metallic cannulae (Plastics One) cut 5.8 mm
below the pedestal. For this purpose, animals were deeply anesthetized with

4% isoflurane, and their heads were fixed in a stereotaxic frame. The skull was
exposed, and two holes were drilled according to coordinates that were adapted
from brain atlas (rats: 2.3 mm rostro-caudal, 4 mm lateral, 7.5 mm dorso-ventral
relative to bregma; mice: 1.4 mm rostro-caudal, 2.6 mm lateral, 4.3 mm
dorso-ventral relative to bregma) by comparing the typical bregma-lambda
distance with the one measured in the experimental animal. Two screws were
fixed to the caudal part of the skull to have an anchor point for the dental cement.
Acrylic dental cement was finally used to fix the cannulae, and the skin was
sutured. In case of long-lasting experiments (neuropathy-induced anxiety) with

a cannula implantation at distance of the behavioral assay (>4 weeks), cannulae
were sometimes lost or cloaked, and animals of concern were, therefore, excluded
from testing.

Drug infusions. We used bilateral injections of 0.5 ul containing either vehicle
(NaCl 0.9%) or OTR agonist TGOT (1 pM) dissolved in NaCl 0.9%. For this
procedure, two injectors (cut to fit 5.8-mm guide cannulae protruding 2-2.5 mm
beyond the lower end of the cannula in older animals and 1.8 mm in 3-4-week-old
rats) were bilaterally lowered into the guide cannula and connected via polythene
tubing to two Hamilton syringes that were placed in an infusion pump, and

0.5 pl of liquid was injected in each hemisphere over a 2-min period. After the
injection procedure, the injectors were kept in place for an additional minute to
allow a complete diffusion of liquid throughout the tissue. Rats were subsequently
left in the home cage for 15min to recover from the stress of the injection and
then handled for mechanical pain threshold or anxiety assessment. Animals

that received TGOT injections for the first experiment (mechanical sensitivity
assessment) were switched to the vehicle-injected groups for the elevated plus
maze experiment.

Stereotaxic surgery: intra-CeL optical fiber. Optical fiber implantation. Sham and
rAAV-injected animals both underwent a single surgical procedure in which,

after vector injection or no injection for sham, optical fibers designed to target the
CeL were implanted and firmly maintained on the skull using dental cement. See
‘Cannulae implantation’ for the surgical procedure. Implantable optical fibers were
homemade using optical fiber cut at appropriate length (FT200EMT, Thorlabs) and
inserted and glued using epoxy-based glue in ferrules (CFLC230-10, Thorlabs).

Horizontal and coronal slices. Slice preparations. In all cases, animals were
anaesthetized using ketamine (Imalgene 90 mg kg™') and xylazine (Rompun,

10mg kg™') administered intraperitoneally. Intracardiac perfusion was then
performed using one of the following artificial cerebrospinal fluid (aCSF)
dissection solutions. For animals between 18 and 25 d old, an ice-cold
sucrose-based dissection aCSF was used containing (in mM): sucrose (170),

KCl (2.5), NaH,PO, (1.25), NaHCO, (15), MgSO, (10), CaCl, (0.5), HEPES

(20), D-glucose (20), L-ascorbic acid (5), thiourea (2), sodium pyruvate (3),
N-acetyl-L-cysteine (5) and kynurenic acid (2). For animals between 2 and 6
months old, an ice-cold NMDG-based aCSF was used containing (in mM): NMDG
(93), KCI (2.5), NaH,PO, (1.25), NaHCO, (30), MgSO, (10), CaCl, (0.5), HEPES
(20), D-glucose (25), L-ascorbic acid (5), thiourea (2), sodium pyruvate (3),
N-acetyl-L-cysteine (10) and kynurenic acid (2). In both cases, pH was adjusted to
7.4 using either NaOH or HCI, this after bubbling in 95% O,/5% CO, gas, bubbling
which was maintained throughout the duration of use of the various aCSFs. Those
aCSF formulae were based on the work in ref. °. After decapitation, brain was
swiftly removed in the same ice-cold dissection aCSFs as for intracardiac perfusion,
and 350-um-thick horizontal slices containing the CeA was obtained using a

Leica VT1000S vibratome. For experiments in Extended Data Fig. 2a,b, coronal
slices of the same thickness containing the PVN were used. Upon slicing, brain
slices were hemisected and placed, for 1h minimum before any experiments were
conducted, in a holding chamber at room temperature containing normal aCSFs.
For 2-6-month-old animals, slices were first let for 10 min in 35°C NMDG aCSF
before placing them in the holding chamber at room temperature. Normal aCSE,
also used during all ex vivo experiments, is composed of (in mM): NaCl (124),

KCl (2.5), NaH,POj (1.25), NaHCO; (26), MgSO, (2), CaCl, (2), D-glucose (15),
adjusted for pH values of 7.4 with HCL or NaOH and continuously bubbled in 95%
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0,/5% CO, gas. All aCSFs were checked for osmolality and kept for values between
305 and 310mOsm L. In electrophysiology or calcium imaging experiments, slices
were transferred from the holding chamber to an immersion recording chamber and
superfused at a rate of 2ml min~' with normal aCSFs, unless indicated otherwise.

Drug application. OTR agonists were bath applied through a 20-s-long pumping
of agonist solution, corresponding to several times the volume of the recording
chamber. Other drugs (antagonists and TTX) were applied for at least 20 min in
the bath before performing any experiments. BAPTA (or BAPTA-free solution for
controls) loading of CeL astrocytes was realized following*® protocol. Two distant
CeL astrocytes per slice (label with SR101, 1 uM) were patched in whole-cell
configuration, and voltage steps were applied (2 Hz, A40 mV) to help loading the
BAPTA contained in the patch pipette (in mM): MgCl, (1), NaCl (8), ATP Na,
(2) GTP Na, (0.4) HEPES (10) and BAPTA (40), and osmolality was checked to
be between 275 and 285 mOsm L. The whole-cell configuration was maintained
during 45 min to allow BAPTA diffusion into the astrocyte network™.

Calcium imaging and identification of astrocytes. To identify astrocytes, SR101
(1 M) was added to aCSF in a culture well, and slices were incubated for 20 min

at 35°C. The specificity of SR101 labeling to astrocytes of the CeL was verified
through patch-clamp experiments, the results of which can be found in Extended
Data Fig. 2¢,d. The synthetic calcium indicator OGB1 or Rhod-2 was bulk loaded
following an adapted version of the method described previously™, reaching final
concentrations of 0.0025% (~20 pM) for calcium indicators, 0.002% for Cremophor
EL, 0.01% for Pluronic F-127 and 0.5% for DMSO in aCSF and incubated for
45-60min at 38°C. Upon incubation time, slices were washed in aCSF for at least

1 h before any recording was performed. Astrocytes recorded for this study were
those co-labeled in rats for SR101 and OGB1 and in mice for GFP and Rhod2. The
spinning disk confocal microscope used to perform astrocyte calcium imaging

was composed of a Zeiss Axio examiner microscope with a x40 water immersion
objective (numerical aperture of 1.0), mounted with a X-Light Confocal Unit—
CRESTOPT spinning disk. Images were acquired at 2 Hz with either a Rolera
em-c®> emCCD or an optiMOS sCMOS camera (Qimaging). Cells within a confocal
plane were illuminated for 100-150 ms for each wavelength (SR101 and Rhod-2:
575nm, OGB1 and GFP: 475nm) using a Spectra 7 LUMENCOR. The different
hardware elements were synchronized through the MetaFluor 7.8.8.0 software
(Molecular Devices). Astrocytic calcium levels were measured in hand-drawn
regions of interest (ROIs) comprising the cell body plus, when visible, proximal
processes. In all recordings, the Fiji rolling ball algorithm was used to increase

the signal-to-noise ratio. Further offline data analysis was performed using a
custom-written Python-based script available on editorial website. Intracellular
calcium variation was estimated as changes in fluorescence signals. To take into
account micro-movements of the specimen on long-duration recordings, the
fluorescence values were also calculated for SR101 (or GFP) and subsequently
subtracted to the ones of OGB1 (or Rhod2), except in the case of Fig. 2a—d, where
astrocytes were identified through SR101 fluorescence after the recordings, to avoid
unwanted stimulation of the C1V1 opsin. On this last case, recordings in which
movements and drifts were visible were discarded. Then, a linear regression and

a median filter were applied to each trace. Calcium transients were detected using
the find_peaks function of the SciPy library. More precisely, fluorescence variation
was identified as a calcium peak if its prominence exceeds the s.d. (or two times the
s.d. for recordings acquired with the sSCMOS camera) and if the maximum peak
value surpasses 50 fluorescence units (or 3 units for sSCMOS recordings). ROIs with
zero calcium variations were excluded from the analysis. The remaining ROIs were
considered as living astrocytes, and the number of peaks was quantified before and
after the drug application. All data were normalized according to the duration of
the recording, and astrocytes were labeled as ‘responsive’ when their AUC or their
calcium transient frequency was increased by at least 20% after drug application.
Because the time after stimulation is longer than the baseline (10 min versus
5min), the probability of observing a spontaneous calcium peak is stronger after
stimulation. To avoid this bias, astrocytes with only one calcium peak during the
whole recording were not considered as responsive. Finally, all data were averaged
across astrocytes per slice, and this result was used as the statistical unit. All data
were expressed as ratio (baseline/drug effect)—a ratio of 1 meaning neither an
increase nor a decrease of the measured parameter. For inter-ratio comparison,
parametric or non-parametric (depending on data distribution) unpaired statistical
tests were used. Fiji software was also used on SR101/OGB1 pictures to produce
illustrative pictures. All calcium imaging experiments were conducted at controlled
room temperature (26 °C), and cells with an unstable baseline were discarded.

Electrophysiology. Whole-cell patch-clamp recordings of CeL neurons, CeL
astrocytes and CeM neurons were visually guided by infrared oblique light
visualization of neurons and completed by SR101 fluorescence observation for
astrocytes. Patch-clamp recordings were obtained with an Axon MultiClamp 700B
Amplifier coupled to a Digidata 1440A Digitizer (Molecular Devices). Borosilicate
glass electrodes (R=3.5-7 MQ) with inner filament (OD 1.5mm, ID 0.86 mmy;
Sutter Instrument) were pulled using a horizontal flaming/brown micropipette
puller (P97; Sutter Instrument). Recordings were filtered at 2kHz, digitized at
40kHz and stored with the pClamp 10 software suite (Molecular Devices). Analysis
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of patch-clamp data was performed using Clampfit 10.7 (Molecular Devices) and
Mini Analysis 6 software (Synaptosoft) in a semi-automated fashion (automatic
detection of events with chosen parameters followed by a visual validation). Cells
with an unstable baseline were discarded.

Whole-cell recording of CeL neurons. Recording pipettes were filled with an
intracellular solution containing (in mM): KMeSO, (125), CaCL, (2), EGTA

(1), HEPES (10), ATP Na, (2) and GTP Na, (0.3). The pH was adjusted to 7.3
with KOH, and osmolality was checked to be between 290 and 295mOsm L},
adjusted with sucrose if needed. For mEPSC recordings, neurons were recorded
in voltage-clamp configuration and held at a membrane potential of —65mV.

For AP recordings, neurons were recorded in current-clamp configuration and
held at I=0. Series capacitances and resistances were compensated electronically
throughout the experiments using the main amplifier. For mEPSC measurements
in CeL neurons (Fig. 4), whole-cell recordings were conducted in an Mg**-free
aCSE, also containing biccuculin (10uM) and TTX (1 uM) as in ref. *. Average
event frequencies per cell were calculated on 20-s windows, chosen for TGOT or
photostimulation during maximal effect, as determined by the visually identified
maximal slope of the cumulative plot of the number of events. CeL neurons were
classified as TGOT responsive when the average event frequency was increased
by at least 20% during 20 after TGOT application when compared to baseline
average frequency. Baseline and recovery frequencies were measured, respectively,
at the beginning and end of each recording. All patch-clamp experiments were
conducted at room temperature.

Biocytin filling of CeL astrocytes. In the lateral part of the CeA slices visualized
with infrared differential contrast optics, astrocytes were identified by their
morphological appearance revealed by SR101 and the absence of APs in response
to depolarizing current injections. Cells were patched with pipettes filled with

(in mM) 110 K-gluconate, 30 KCI, 4 ATP Na,, 10 phosphocreatine, 0.3 GTP

Na,, 10 HEPES and 5 biocytin (pH 7.3; 310 mOsm). After obtaining whole-cell
configuration, astrocytes were held at —80 mV, and typical filling time was 45 min.
Then, the pipettes were carefully retracted, and slices were incubated for additional
20min in the oxygenated aCSF before fixation. Only one cell was filled per slice.
Slices with filled cells were immersion fixed at 4°C for 5 d in 4% PFA-PBS solution.
Next, the slices were flat embedded in 6% agar-PBS, and areas of interest were cut
out of and re-embedded onto the agar block and vibratome cut into 80-pm-thick
free-floating sections. Then, the sections were incubated with avidin conjugated

to Alexa Fluor 488 (1:1,000) (Thermo Fisher Scientific) in 1% Triton-PBS at 4 °C,
washed in PBS, mounted and cover slipped. The tissue was analyzed, and images
were taken with a Leica TCS SP5 confocal microscope.

Whole-cell recording of CeM neurons. Pipettes were filled with an intracellular
solution containing (in mM): KCI (150), HEPES (10), MgCl, (4), CaCl, (0.1),
BAPTA (0.1), ATP Na, (2) and GTP Na, (0.3). pH was adjusted to 7.3 with KOH,
and osmolality was checked to be between 290 and 295 mOsm L', adjusted

with sucrose if needed. All cells were held at a membrane potential of =70 mV.
Series capacitances and resistances were compensated electronically throughout
the experiments using the main amplifier. Average event frequencies per cell
were calculated on 20-s windows, chosen for TGOT or photostimulation during
maximal effect, as determined by the visually identified maximal slope of the
cumulative plot of the number of events. CeM neurons were classified as TGOT
responsive when the average IPSC frequency was increased by at least 20% during
20s after TGOT application when compared to baseline average frequency.
Baseline and recovery frequencies were measured, respectively, at the beginning
and end of each recording. All patch-clamp experiments were conducted at room
temperature.

Immunohistochemistry and in situ hybridization. In situ hybridization for OTR
mRNA in rat CeL. The probe for OTR mRNA was in vitro transcripted from a
902-bp fragment containing 133-1,034 bases of the rat OTR complementary DNA
(cDNA) (NCBI Reference Sequence: NM_012871.3) subcloned into pSP73 Vector
(Promega). The digoxigenin (DIG)-labeled anti-sense and sense RNA probe from
the linearized oxtr cDNA template was synthesized using DIG RNA Labeling

Kit (SP6/T7) (Roche Diagnostics). Sections containing two consecutive sections
of the CeL (corresponding to bregma: 2.5) were processed for FISH. Rats were
transcardially perfused with PBS, followed by 4% PFA. Brains were dissected out
and post-fixed overnight in 4% PFA at 4 °C with gentle agitation. Then, 50-um
vibratome sections were cut, collected and fixed in 4% PFA at 4°C overnight. The
free-floating sections were washed in RNase-free PBS, immersed in 0.75% glycine
in PBS, treated with 0.5 pg ml™' of proteinase K for 30 min at 37 °C, acetylated
with 0.25% acetic anhydride in 0.1 M triethanolamine and then hybridized with
DIG-labeled RNA probe overnight at 65°C. After RNase treatment and after
intensive wash, the hybridized DIG-labeled probe was detected by incubation
with Anti-Digoxigenin-POD (1:200, 11207733910, Roche Diagnostics) for 3 d

at 4°C. Signals were developed with the tyramid signal amplification method.
Rhodamine-conjugated tyramide was synthesized by coupling NHS-Rhodamine
(Pierce Biotechnology, Thermo Fisher Scientific) to Tyramine HCI (Sigma-Aldrich)
in dimethylformamide with triethylamine. For the quantification of OTR
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mRNA-positive astrocytes, all confocal images were obtained using the same laser
intensities and processed with the same brightness/contrast settings in Adobe
Photoshop. Because the in situ signal for the OTR mRNA in astrocytes was weak,
we first calculated the average intensity (signal intensity of all pixels divided by
the total number of pixels) of the rhodamine-stained OTR mRNA signal for

each individual section containing the CeL. Next, we calculated the s.d. for each

individual confocal image based on the intensity of all pixels comprising the image.

We defined the threshold for OTR mRNA-positive astrocytes: if more than 1/4 of
all pixels comprising an astrocyte soma displayed a signal intensity exceeding the
average background intensity by more than four times the s.d., the astrocytes were
considered OTR mRNA positive.

Astrocyte markers. The aldehyde dehydrogenase 1 antibody is a commonly used
marker for glial cells, including astrocytes. Therefore, we used the ALDH1L1 for
immunohistochemistry in our initial experimental studies (Extended Data Figs.
1c and 4a). However, owing to inconsistencies in staining quality as a result of
batch-dependent antibody properties, especially in combination with the OTR
mRNA FISH, we decided to employ GS (Fig. 1). GS is a commonly used glial
marker® that stains astrocyte cell bodies, faint processes and even astrocytes not
expressing GFAP. Using GS, we achieved consistent results in combination with
our OTR mRNA FISH.

GS and ALDHILI co-localization with OTR mRNA in rat CeL. After development
and washing steps, the sections were stained with antibodies against GS (mouse
monoclonal, 1:500, ref: MAB302, Merck Milipore) and ALDHILI (rabbit
polyclonal, 1:500, ref: ab87117, Abcam) in PBS and kept at 4°C on a shaker in a
dark room overnight. After intensive washing with PBS, sections were stained with
the respective secondary antibodies, Alexa Fluor488 (goat anti-mouse, 1:1,000,

ref: A11001, Life Technologies) and Alexa Fluor 680 (goat anti-mouse, 1:1,000,

ref: A27042, Thermo Fisher Scientific) for 2h at room temperature. After intensive
washing with PBS, sections were mounted using Mowiol.

Double in situ hybridizations for OTR mRNA and GFAP mRNA in mice CeL. FISH
in Extended Data Fig. 1d was performed on 25-pm cryostat-cut coronal sections
prepared from fresh-frozen mouse brain (male C57BL/6], P22). After extraction,
brains were immediately frozen in Tissue-Tek O.C.T. compound and stored at
—80 °C. FISH was performed according to the manufacturer’s instructions
(Advanced Cell Diagnostics) for Fresh Frozen RNAscope Multiplex Fluorescent
Assay. Treatment of amygdala-containing sections were adjusted with the
three-plex negative control, and then co-expression of OTR and GS was examined
using ACD-designed target probes as well as the nuclear stain DAPI. Single-plan
images were collected with an upright laser scanning microscope (LSM-710, Carl
Zeiss) using a X40 objective, keeping acquisition parameters constant between
control and probe-treated sections.

AAV-GFAP-C1VI(t/t)-mCherry specificity. After 3 weeks of vector expression in
the brain, rats were transcardially perfused with 4% PFA solution. Tissue blocks
containing CeA were dissected from the fixed brain and vibratome cut into
50-um-thick free-floating sections. After several rinse steps, sampled sections were
blocked with 5% NGS in PBS and incubated for 48 h at 4°C with polyclonal rabbit
anti-ALDHILI antibody (1:500, Abcam) in 1% Triton-PBS buffer, containing
0.1% NGS. Appropriate secondary antibody (Alexa Fluor 488-conjugated goat
anti-rabbit (1:1,000, Life Technologies) was used for further antigen detection.
Intrinsic mCherry fluorescence of vector-expressing cells was strong enough to
detect them in the tissue without any additional antibody enhancement. The
immunolabeled sections were mounted onto Superfrost slides, cover slipped with
Mowiol, analyzed and documented using a Leica SP5 confocal microscope.

3D assessment of astrocyte complexity and interaction analysis using Imaris. For
the 3D reconstruction of astrocytes, we took Z-stack images (50-um depth, 1-um
steps, x40 magnification) of CeL using a Zeiss LSM 780 confocal microscope
(1,024 X 1,024 pixels, 16-bit depth, pixel size 0.63 microns, zoom 0.7). Raw CZI
files were used for further analysis using Imaris software (version 9.31, Oxford
Instruments). First, Imaris was used to reconstruct the astrocyte surface using
the following custom settings: surfaces Detail 0.700 um (smooth); thresholding
Background subtraction (Local Contrast), diameter of largest Sphere, which

fits into the object: 2.00; Color: base, diffusion transparency: 65%. After surface
reconstruction, we used the filter function to remove unspecific background
signals: Filter: Volume max — 400 um?. It is important to note that these settings
have to be adjusted for every new batch/immunohistochemistry staining to
guarantee a reliable reconstruction. All astrocytes with incomplete somata (cut by
the x, y or z plane) were manually removed and not included in further analysis.
Fused astrocytes that were falsely recognized as one entity by the software were
manually separated using the cut function or entirely removed from the sample if
a separation was not feasible. The ‘filter/area function’ was used to remove small
astrocytic segments that occurred during manual deletion. After deletion of all
background signals, the ‘mask all’ function was used to create the final surface
reconstruction. Next, the surface reconstruction was used as the template for the
filament reconstruction using the following custom settings: detect new starting

points: largest Diameter 7.00 um, seed points 0.300 um; remove seed points around
starting points: diameter of sphere regions: 15 um. Seed points were corrected

for (either placed in or removed from the center of the somata) manually if the
Imaris algorithm placed them incorrectly. All surface and filament parameters
were exported into separate Excel files and used for data analysis. All images used
for analysis were taken with the same confocal settings (pinhole, laser intensity,
digital gain and digital offset). Sholl analysis was performed using Imaris in

the filament reconstruction mode, and individual datasets were exported into
separate Excel files for further analysis (each individual sphere) per individual
astrocyte. For the nearest neighbor and interaction analysis, we used the ‘Native
Distance Measurements’ function as depicted in this video: https://imaris.oxinst.
com/learning/view/article/imaris-9-5-native-distance-measurements. In brief, we
reconstructed astrocytic surfaces based on the GFAP fluorescence and OTR mRNA
signal. Next, we manually labeled OTR* and OTR~ astrocytes and performed the
native distance measurement, allowing us to assess the shortest distance between
GFAP-positive processes of different astrocytes. We defined ‘astrocytic interaction’
when GFAP-positive processes of two different astrocytes were no further than 1 um
apart. It is important to note that this method does not allow the discrimination of
different astrocytic entities so that several close contacts (contacts being defined as
a distance of less than 1 um between GFAP-positive processes or endfeets from two
different astrocytes) originating from the same astrocyte result in a higher number
of total interactions. For the nearest neighbor analysis, we calculated the distance
from the center of the soma to the nearest astrocyte neighbor using GS fluorescence
and an artificially created sphere that was placed within the soma and measured
the distance accordingly. Distribution plots and correlations, as well as all statistics,
were performed using GraphPad Prism version 8.0.0 (GraphPad Software).

Optogenetics. Ex vivo. We opted for a ChR1/VChRI chimera channel rhodopsin
displaying a red-shifted absorption spectrum, referred to here as C1V1 (ref. ).
This choice was made over a classical channelrhodopsin-2 to avoid unwanted
stimulation of OT axons while imaging our 488-nm light-sensitive calcium
indicator (OGB1). Optogenetic green light stimulation of C1V1 in ex vivo
experiments was performed using either the Spectra 7 LUMENCOR (A542 nm)
or light source X-Cite 110LED from Excelitas Technologies through a Cy3 filter,
controlled via MetaFluor or Clampex-driven TTL pulses, respectively.

In vivo. Animals were habituated to the fixation of an optical fiber on the

ferrule without light stimulation for 1 week before the experiment. In all cases,
optical fibers were attached to the ferrules using an adapter (ADAF2, Thorlabs),
and animals were let free to move in a typical home cage for the duration of

the stimulation. Implanted optical fibers were connected to two lasers (LRS-
0532-GFM-00100-03 LaserGlow 532-nm DPSS Laser System), and the output
power was adjusted to correspond to 20-30 mW measured at the tip of 200-um
diameter fibers similar to the one implanted. Stimulation of 500-ms duration at a
frequency of 0.5 Hz was given for 3 min.

Behavior. Mechanical sensitivity assessment. In experiments with rats, we used

a calibrated forceps (Bioseb) previously developed in our laboratory to test the
animal mechanical sensitivity'. Briefly, the habituated rat was loosely restrained
with a towel masking the eyes to limit stress by environmental stimulations. The
tips of the forceps were placed at each side of the paw and a graduate force applied.
The pressure producing a withdrawal of the paw or, in some rare cases, vocalization
was considered as the nociceptive threshold value. This manipulation was
performed three times for each hindpaw, and the values were averaged as being
the final nociceptive threshold value. In experiments with mice, we used von Frey
filament tests. Mechanical allodynia (a symptom of neuropathic pain) was tested
using von Frey hairs, and results were expressed in grams. Tests were performed
during the morning starting at least 2h after lights on. Mice were placed in clear
Plexiglas boxes (7cm X 9cm X7 cm) on an elevated mesh floor. Calibrated von Frey
filaments (Bioseb) were applied to the plantar surface of each hindpaw until they
just bent in a series of ascending forces up to the mechanical threshold. Filaments
were tested five times per paw, and the paw withdrawal threshold was defined as
the lower of two consecutive filaments for which three or more withdrawals out

of the five trials were observed. Animals with cannulae/optic fiber issues were
removed from the analysis.

Elevated plus maze. Following protocol from ref. %, the arena is composed of four
arms, two open (without walls) and two closed (with walls; rats 30 cm high; mice
15cm high). Arms are 10 cm wide, 50 cm long and elevated 50 cm off the ground
for rats and 5 cm wide, 30 cm long and elevated 40 cm off the ground for mice. Two
lamps with intensity adjustable up to 50 W were positioned on the top of the maze,
uniformly illuminating it. Animals were video tracked using a video-tracking
system (Ethovision Pro 3.16, Noldus, and Anymaze, Stoelting). After each trial, the
maze was cleaned with 70% ethanol and dried with a paper towel. Twenty minutes
after intracerebral injections or directly after optical stimulation, the animal was
let free at the center of the plus maze, facing the open arm opposite to where the
experimenter is, and was able to freely explore the entire apparatus for 6 min. Total
time and time spent in closed and open arms were recorded in seconds, and the
percentage of time spent in closed arms was calculated as a measure of anxiety-like
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behavior. As internal control, the total distance travelled during the test period
was quantified and compared among all different groups (Extended Data Fig. 7).
Animals falling from the apparatus during the test, freezing more than 50% of the
total time or with cannulae/optic fiber issues were removed from the analysis.

CPP. The device is composed of two opaque conditioning boxes (rats: 30 X 32 cm;
mice: 22 X 22 cm) and one clear neutral box (30X 20 cm) Animals were video tracked
using a video-tracking system (Anymaze, Stoelting). After each trial, the device

was cleaned with a disinfectant (Surfa’Safe, Anios Laboratory). Based on ref. ©*, all
animals underwent a 3-d habituation period during which they were able to freely
explore the entire apparatus for 30 min. On day 3, behavior was recorded for 15min
to verify the absence of pre-conditioning chamber preference. The time spent in the
different compartments was measured, and the paired compartment was chosen as
the compartment in which rat spent less time during the third day of habituation.
On day 4, animals were placed in the morning in one compartment for 15 min

with no stimulation (unpaired box). Four hours later, the animals were placed for
15min in the opposite box (paired box), and CeL astrocyte-expressing C1V1 vector
was optogenetically stimulated (3 min-1s light pulse at 0.5 Hz-A542 nm) or TGOT
micro-infused through intracerebral cannulae. On day 5, the animals were placed

in the CPP box and allowed to freely explore the entire apparatus for 15min. As
internal control, the total distance travelled during the test period was quantified
and compared among all different groups (Extended Data Fig. 7). Animals spending
more than 80% of the total time in a single chamber before the conditioning, or with
cannulae/optic fiber issues, were removed from the analysis.

Quantification and statistical analysis. Randomization and blinding. Randomization
was used to assign cells and animals to experimental groups. All measurements
were made using a machine and are not subject to operator bias. Data collection
and analysis were not performed blinded to the conditions of the experiments.

Statistical analysis. No statistical methods were used to pre-determine sample sizes,
but our sample sizes are similar to those reported in previous publications. All
parametrical statistical tests presented in figure captions or the manuscript were
performed following correct verification of the assumptions on the distribution of
data, and, if not, non-parametric tests were used. Tests were performed using either
GraphPad Prism software (version 8.0.0 for Windows) or the SciPy Python-based
library**. All values, group compositions and statistical tests for each experiment
and figure panel are detailed in Supplementary Tables 1-7.

Technical limitations. We acknowledge several technical limitations in our study,
which are discussed in detail below.

mRNA detection. It is surprising to find that the loss of OTR expression in
astrocytes results in a loss of function of OTR signaling in the CeA-CeM
projection, especially considering the high proportion of OTR* neurons (up to
70%) compared to the lower fraction of OTR* astrocytes (18%) in the CeL. One
methodological limitation here is that we remained limited to measuring mRNA
levels through FISH and could not measure OTR expression at the protein level,
notably due to the poor availability of reliable OTR antibodies. It is also possible
that a comparison between the OTR mRNA content of astrocytes and neurons
is biased; indeed, astrocytes have a lower total mRNA content than neurons,

as publicly available databases of single-cell RNA sequencing indicate®>®.
Interestingly, a similar discrepancy exists between low receptor levels observed
in astrocytes compared to neurons, and, yet, a crucial functional relevance of the
receptors of astrocytes in neuromodulation is also observed for another GPCR: the
CBI receptor (ref. ¢ and references therein).

C1V1 red-shifted opsin to activate astrocytes. It has been recently demonstrated

that the activation of such depolarizing channel rhodopsins in astrocytes or
neurons can lead to a significant leak of potassium ions in the extracellular space,
resulting in increased neuronal excitability*®. However, we provide results in

which we buffered the astrocytes intracellular calcium using BAPTA infusion
before activating astrocytic C1V1 and found that it abolished its effects on CeA
neurons (Figs. 4-6). Furthermore, we demonstrate that the AstrOpto effect on CeA
neuronal circuit is dependent on NMDARs (Extended Data Fig. 5a). This indicates
that the consequences of astrocytic C1V1 activation are dependent on the evoked
astrocyte calcium signaling rather than on potassium leakage.

Bulk loading of organic calcium indicator dyes. It should also be noted that we
used bulk loading of organic calcium indicator dyes. This means that we could
not precisely measure cytosolic calcium changes in fine astrocyte processes®,
which might have revealed more complex activities of astrocytes. We note that
it has been proven that endogenous or exogenous (designer receptor exclusively
activated by designer drug (DREADD) receptors) GPCR signaling in astrocytes
produces a global increase in calcium in both the cell body and processes (ref. ©
and references therein).

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

NATURE NEUROSCIENCE | www.nature.com/natureneuroscience

Data and code availability

Python code (used for ex vivo calcium imaging data analysis) can be found in
Supplementary Software. All data that support the findings of this study are
available from the corresponding authors upon reasonable request.
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Extended Data Fig. 1| Validation of OTR expression in CeL astrocytes using several astrocytic markers. a, Combination of FISH and IHC showing
co-localization of GS (top left), NeuN (bottom left) and both markers (right) with OTR mRNA in rats. Scale bars are 100um and 10pm. (N s =5, N gices = 20,
N astrocytes = 1354, N 1eyons = 1254). b, proportion of OTR positive astrocytes and neurons in mice. N g ocytes = 897; N neurons = 688; N s = 4 ¢, (top left) FISH
overview for OTR mRNA (green), counterstained with polyclonal anti-ALDH1L1 antibody (red) in CeA. (bottom left) High magnification image of cells
positive for both OTR mRNA and ALDHI1L1 (double arrows); green arrows point OTR mRNA-positive cells; red arrows point ALDH1L1-positive cells. Scale
bars: 400 (Top) and 50um (Bottom). (Right) Quantification of ALDH1L1-positive cells positive for OTR mRNA. n ¢, cies = 450; n ., = 4. d, RNAscope

in situ hybridization showing GFAP (red) and OTR (green) expressing cells in mice CeA. Merged images include DAPI stain (blue); n = 3. (Bottom)
Negative control probe targeting the bacterial gene DapB; n = 3. Scale bar is 10pm. st: stria terminalis. Data are expressed as mean across slices plus SEM
and white circles represent individual cell data. (Statistics and numbers in Supplementary Table 1).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Validation of astrocyte-specific approaches. a, (left) C1V1-mCherry (OxyOpto) expressing oxytocin neuron of the PVN. Scale
bar is 20um; n = 11. (right) Schematic representation of the whole cell patch clamp of the OxytOpto-expressing cells of the PVN. b, (left) A542nm light
exposure (yellow line) induce a depolarizing current, (right) enabling precise spiking of OxytOpto-expressing cells. €, Typical confocal image of Cel
astrocytes co-labeled with SR101 and OGBT; n = 46. Scale bar 20pm. d, (left) Pseudo-color pictures of an SR101 positive cell identified as an astrocyte
compared to neurons identified under oblique infrared light, Scale bar 10pm. (Middle) Electrophysiological properties of patched SR101+ (red, n = 82)
and SR101- cells (grey, n = 20). Medians, quartiles and whiskers can be found in Supplementary Table 2. (Right) Typical responses to 20pA current steps
of a SR101+ (red) and a SR101- cells (black). e, CeL SR101 positive cell filled with biocytin through whole cell patch-clamp (green) lacks NeuN signal
(Blue); n = 3. Scale bar 50 pm. f, lllustration of calcium imaging data analysis method. (left) Fluorescence traces were splited into a “baseline” and a
“post-stimulation” trace. Calcium transients were detected according to a prominence threshold and their frequency was quantified before and after the
drug application. All data were averaged across astrocytes per slice, and this results was used as statistical unit. All data were compared (before vs. after
drug application) and the results were expressed in ratio (baseline/drug effect), a ratio of 1 meaning neither an increase nor a decrease of the measured
parameter. n, =7, n, = 36. g, (top left) Immunohistochemical staining for glutamine synthase (GS; blue), Cre-GFP (green) and Cre recombinase (red).
(bottom left) Overview of the CeA, displaying correct viral targeting of the Cel subdivision. (right) Quantification of efficiency and specificity of the
transduction. Efficiency: Over 1001 GS positive cells, 561 were also GFP positive, indicating an efficiency of 56+4.9%. Specificity: we counted a total of

n = 977 GFP-positive cells, 940 of which were positive for GS (96.2+2.1%). None of the GFP or Cre signals were detected in NeuN positive cells (O out
of n =850, 4 mice, not shown). Finally, 99.82 + 0.2% of GS-positive astrocytes containing GFP signal were Cre-positive (n =1001). n ;.. = 4. Scale bars:
400 (Bottom) and 20um (Top). h, Immunohistochemical analysis of OTR expression in NeuN-positive cells of the Cel revealed no difference in OTR
levels between control and GFAP-Cre injected animals; 85.0 + 1.6% (n = 688, n = 4 mice) and 86.7 + 1.6% (n = 660, n = 4 mice) respectively. Scale bars:
20um. Data in f-h are expressed as mean across slices plus SEM and white circles represent individual cell data. ***p < 0.001, two-sided Mann-Whitney
U test. (Statistics and numbers in Supplementary Table 2).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Astro-astrocytic communication in the CelL do not depends on purinergic nor NMDAR-dependent signalling. a, lllustration

of the 3D reconstruction and the quantification of the number of contact between astrocytes. (left) Pictures of the raw fluorescence obtained after
anti-GFAP immunohistochemistry, (middle) based on this staining, we performed a 3D reconstruction of astrocytes and (right) evaluate the number of
astrocyte-astrocyte contact using the given formula. With n = upper limit of summation, i = index of summation, x; = typical element (that is astrocytic
contacts with Tum or less proximity). With this approach, we quantified all astrocyte contacts without discrimination between individual astrocyte entities.
b, (left) Typical AF traces following TGOT+TTX application in presence of PPADS (50 uM) + Suramin (75 pM) + A438079 (1 uM). (right) Proportion

of responding astrocytes, AUC of AF traces and Ca2+ transients frequency normalized to baseline values following application of TGOT+TTX (0.4 pM)
in presence of PPADS (50 uM) + Suramin (75 uM) + A438079 (1 uM) (n, =10, n, =112). ¢, (left) Typical AF traces following TGOT+TTX application

in presence of CPT (5 uM) or SCH 58261 (100 nM). (right) Proportion of responding astrocytes, AUC of AF traces and Ca2+ transients frequency
normalized to baseline values following application of TGOT+TTX (0.4 pM) in presence of CPT (n, =7, n, = 22) or SCH (n, = 8, n, = 32). d, (left) Typical
AF traces following TGOT+TTX application in presence of AP5 (50 uM). (right) Proportion of responding astrocytes, AUC of AF traces and Ca2+
transients frequency normalized to baseline values following application of TGOT+TTX (0.4 pM) in presence of AP5 (n, = 6, n, = 55). Data are expressed
as mean across slices plus SEM and white circles represent individual cell data. White circles indicate average across astrocytes per slice. (Statistics and
numbers in Supplementary Table 3).
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Extended Data Fig. 4 | Specific optogenetic stimulation of CeL astrocytes elicit calcium transients in a Ca2+-dependent manner. a, (left)
Immunohistochemistry image shows Cel cells transfected with rAAV-Gfap-C1V1(t/t)-mCherry (AstrOpto) with co-labeling for ALDH1L1. White arrow
shows one cell expanded in insets. Scale bars are 25 and 10 um (insets). (right) Quantification of the efficiency and specificity of transduction of C1V1

in Cel astrocytes. PGFAP- C1V1-mCherry rAAV vector was injected into rat CeA (bilaterally, 200nl). Specificity: Over 1090 mCherry-positive cells,
98.8+0.7% were positive for ALDH1L1. None of the analyzed cells were positive for NeuN. Efficiency: Over 1090 ALDHIL1 positive cells, 62.3+3.5% were
also mCherry positive. n = 4 rats. b, (left) Typical AF traces following AstrOpto activation. A542nm (1s @ 0.5Hz during 3 minutes) with (top 3 traces) or
without (bottom 3 traces) extracellular calcium. (right) Proportion of responding astrocytes, AUC of AF traces and Ca2+ transients frequency normalized
to baseline values following AstrOpto stimulation with (n, =12, n, = 49) or without Ca?* in the ACSF (n, =12, n, = 53). Data are expressed as mean
across slices plus SEM. White circles indicate average across astrocytes per slice. **p<0.01, ***p<0.001, two-sided Mann-Whitney U test. (Statistics and
numbers in Supplementary Table 4).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Astro-neuronal communication depends on NMDAR but not purinergic transmission. Figure 5. a, DAAO (0.15 IU/ml, incubation
time > 1h30; n = 7) and AP5 (50 uM; n = 6) prevent the effect of photoactivation of astrocytes (AstrOpto) on IPSC frequency in CeM neurons. b, Two
consecutive TGOT application effects on IPSCs frequencies in CeM neurons after DAAO (0.15 U/ml, incubation time > 1h30) followed by D-Serine (20 min,
100 pM) incubation of the same cells (n = 7). ¢, dOVT (1 uM; n = 6) prevents the effect of TGOT on IPSCs frequencies in CeM neurons. d, Effect of

double (20 min apart) application of TGOT on IPSCs frequencies in CeM (0.4 uM n = 7). e, Effect of DCKA (10 uM, n =15) and DNQX (25 uM; n =10)

on TGOT-induced increase in IPSC frequency in CeM neurons. f, Purinergic antagonists do not prevent TGOT effect on IPSC frequency in CeM neurons.
PPADS (50 uM; n =9), CPT (5 uM; n =11), SCH (100 nM; n = 10). Data are expressed as averages plus SEM and white circles represent individual cell
data. #*p < 0.05, #p < 0.01, ##p < 0.001, Friedman and Dunn'’s Multiple comparisons, **p < 0.01, ***p < 0.001, two-sided unpaired t-test or Mann-Whitney
U test. (Statistics and numbers in Supplementary Table 5).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | SNI procedure does not modify the effect of OTR activation on Cel microcircuit activity. a, 30 days post surgeries time course

of mechanical pain threshold evolution across sham (n = 23) and SNI (n = 22) rats. Data are expressed as mean across animals plus SEM. b, (left)

Typical AF traces following TGOT+TTX application in SNI rats. (right) Proportion of responding astrocytes, AUC of AF traces and Ca2+ transients
frequency normalized to baseline values following application of TGOT+TTX (0.4 pM) in sham (n, =16, n, = 74) or SNI (n, =18 et n, = 136) rats. Data are
expressed as mean across slices plus SEM. White circles indicate average across astrocytes per slice. ¢, TGOT effect on CeM neurons IPSCs frequencies
is unchanged between Sham (n = 9) or SNI (n = 9) rats. Data are expressed as average plus SEM and white circles represent individual cell data. d, Two
consecutive TGOT application effects on IPSCs frequencies in CeM neurons after DAAO (0.15 U/ml, incubation time > 1h30) followed by D-Serine

(20 min, 100 pM) incubation of the same cells from acute brain slices of SNI animals (n = 11). Data are expressed as averages plus SEM and white circles
represent individual cell data. e, Verification of cannulae implantation sites. (left) Schematic representation of the stereotaxic injection viewed in a coronal
slice; n s = 67, n ... = 52. (middle, right) Infrared and fluorescence microscopy picture showing the injection site of fluorescent latex beads in the CelL

on horizontal slices. Scale is Tmm. ** p<0.01, *** P<0.001, two-sided paired t-test or Wilcoxon test, #p<0.05 Friedman test followed by Dunn’s multiple
comparison. (Statistics and numbers in Supplementary Table 6).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Effects of Cel astrocytes and OTR activities manipulations on locomotion and contralateral hindpaw sensitivity. a,e,
Experimental strategy for the specific expression of C1V1in mice Cel astrocytes (a, AstrOpto) or the specific deletion of OTRs in mice Cel astrocytes

(e, GFAP OTR KO). The treatments applied are color coded as the legend key indicate. Control indicate a vehicle injection. b,f, Mechanical pain threshold
was assessed on the non-injured paw of SNI (bottom, gray box) and its equivalent in Sham (top) groups. TGOT or its vehicle, or astrocytes light-evoked
activation of C1V1, were administered in the Cel and mechanical pain threshold assessed again at different time points. Rats (n): Sham control n =12,
TGOT n =10, C1V1 n = 6; SNI control n =12, TGOT n =10, C1V1, n = 9. Mice (n): Sham WTn=6, OTRcKOn=8; SNIWTn=5,0TRcKO n=13.

¢,g, Locomotion was assessed through measurement of the distance travelled during the length of the elevated plus maze experiment, after administration
of the different treatments. Rats (n): Sham control n =10, TGOT n =8, C1V1n =9; SNI control n =20, TGOT n =9, C1V1, n = 7. Mice (n): Sham WT Veh
n=7 WTTGOT n = 6; Sham OTR cKO Veh n =5, OTR cKO TGOT n=7; SNIWT Vehn=7 WT TGOT n = 8; SNI OTR cKO Veh n =5, OTR cKO TGOT
n=7.dh, Locomotion was assessed through measurement of the distance travelled during the time of the conditioned place preference experiment, after
administration of the different treatments. Rats (n): Sham control n =13, TGOT n = 6, C1V1 n = 5; SNI control n =10, TGOT n = 8, C1V1, n = 8. Mice (n):
Sham WT Veh n=5, WT TGOT n = 8; Sham OTR cKO Veh n =5, OTR cKO TGOT n=4; SNI WT Vehn=5, WT TGOT n=5; SNI OTR cKO Veh n =4,
OTR cKO TGOT n = 6. Data are expressed as mean across animals plus SEM. (Animals number and Statistics in Supplementary Table 7).
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TABLE 1: Numerical values and statistical analysis of data presented in Fig.1 and Extended Data Fig.1

Statistical
unit

Proportion of
OTR+ cells

Statistical
unit

Cell volume

Surface

Number of
processes

Process
length

Domain
volume

Statistical
unit
Sholl

intersections

Statistical
unit
% of OTR

E.D.1b positive cells

E.D.1c

in mice
% of OTR+

cells

Groups tested
Astrocytes (GS+)
Neurons (NeuN+)

Groups tested

OTR+ astrocytes
OTR- astrocytes
OTR+ astrocytes
OTR- astrocytes
OTR+ astrocytes
OTR- astrocytes
OTR+ astrocytes
OTR- astrocytes
OTR+ astrocytes

OTR- astrocytes
Groups tested

OTR+ astrocytes

OTR- astrocytes
Groups tested

Astrocytes (GS+)

Neurons (NeuN+)
Astrocytes
(Aldhl1l1+)

Paired
?

\

Paired
?

\

N (animals,
slices, cells)

5,30, 1354
5,30, 1254

N

5,20, 212
5,20, 1142
5,20, 212
5,20, 1142
5,20, 212
5,20, 1142
5,20, 212
5,20, 1142
5,20, 85

5,20, 97

N

5,20,212
5,20, 1142
N

4,16, 897
4,16, 688

4,8,450

Unit
%
%

Unit

3
um
um?

pm

pm?

um
pum
um’
3

pm
Unit

Unit

%

%

Mean
1,86E+01
6,78E+01

Mean

7,80E+03
5705
9,92E+03
5626
1,51E+02
127,3
1,82E+01
14,41
22319

15709
Test

2-way
ANOVA

Mean

1,55E+01
8,42E+01

1,35E+01

SEM
1,79E+00
3,07E+00

SEM

5,61E+02
3,05E+02
4,69E+02
2,34E+02
6,410
4,941
0,3750
0,2965
1467
1281

Statistic
9,61E+01

SEM

1,05E+00
2,73E+00

8,77TE-01

Quartiles
(25/75)

5,60E+03 2992; 10300 2_tailed 3,58E+00

2-tailed 4,00E-04
4,19E+03 26712; 6437 t-test
9,45E+03 60522; 14028 2_tailed 9,12E+00

2-tailed <0,0001
434E+03 32282; 6839 t-test
1,34E+02  77,632; 202 2_tailed 2,97E+00

2-tailed 3.10E-03
1,09E+02 62,812; 1753 t-test
1,33E+01 10,89; 17,86 2-tailed 4,90E+00

2-tailed 1.00E-04
1,86E+01 13,54;22,16 t-test

Median Test Statistic p-value

18976 12289; 31111 2_taj
2-tailed 341E+00 8.00B-04
10313 6827; 20240 t-test
p-value
1,00E-04
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Fig

3a

Fig

3b

3c

E.D.

3b

E.D.

3c

E.D.

3d

TABLE 3: Numerical values and statistical analysis of data presented in Fig,3 and Extended Data Fig,3

Statistical
unit

Nearest
Neighbor

Contacts

Statistical
unit

Response

%

AUC ratio

Hz ratio

Response
%

AUC ratio

Hz ratio

Response
%

AUC ratio

Hz ratio

Response
%

AUC ratio

Hz ratio

Response
%

AUC ratio

Hz ratio

Groups tested

OTR+ astrocytes

OTR- astrocytes
OTR-/OTR-
OTR+/OTR-
OTR+/OTR+

Groups tested

TGOT+TTX
TGOT+TTX+CBX
TGOT+TTX
TGOT+TTX+PPADS
TGOT+TTX
TGOT+TTX+CBX
TGOT+TTX
TGOT+TTX+PPADS
TGOT+TTX
TGOT+TTX+CBX
TGOT+TTX
TGOT+TTX+PPADS
TGOT+TTX in mice
TGOT+TTX
Cx30/Cx43 mice
TGOT+TTX in mice
TGOT+TTX
Cx30/Cx43 mice
TGOT+TTX in mice
TGOT+TTX
Cx30/Cx43 mice
TGOT+TTX
TGOT+TTX+PPADS
+Suramin+A438079
TGOT+TTX
TGOT+TTX+PPADS
+Suramin+A438079
TGOT+TTX
TGOT+TTX+PPADS
+Suramin+A438079
TGOT+TTX

TGOT+TTX+CPT
TGOT+TTX
TGOT+TTX+SCH
TGOT+TTX
TGOT+TTX+CPT
TGOT+TTX
TGOT+TTX+SCH
TGOT+TTX
TGOT+TTX+CPT
TGOT+TTX
TGOT+TTX+SCH
TGOT+TTX
TGOT+TTX+APS
TGOT+TTX
TGOT+TTX+APS
TGOT+TTX

TGOT+TTX+APS

Paired N (Animals,

? Slices, Cells)
No 4,24,212
No 4,24,1142
No 4,24, 1049
No 4,24, 1509
No 4,24,5

Paired
» N
12,18,136
No T
59,75
12,18,136
No T
2,7,53
12,18,136
No T
59,75
12,18,136
No T
2,7,53
12,18,136
No T
59,75
12,18,136
No T
2,7,53
2,19,78
No
2,17,100
2,19,78
No
2,17,100
2,19,78
No
2,17,100
12,18,136
No
3,10,112
12,18,136
No
3,10,112
12,18,136
No
3,10,112
No 12,18,136
2,7,22
No 12,18,136
2,8,32
No 12,18,136
2,7,22
No 12,18,136
2,8,32
No 12,18,136
2,7,22
12,18,136
No
2,8,32
12,18,136
No
2,6,55
12,18,136
No
2,6,55
12,18,136
No
2,6,55

Unit

%

%

ratio

ratio

ratio

ratio

%

ratio

ratio

%

ratio

ratio

%

%

ratio

ratio

ratio

ratio

%

ratio

ratio

Mean

95,98

37,39

3,708

5,507
0,04808

Mean

6,30E-01
3,43E-01
6,30E-01
4,46E-01
1,62E+00
1,16E+00
1,62E+00
1,24E+00
1,63E+00
1,04E+00
1,63E+00
1,48E+00
6,14E-01

4,06E-01
1,21E+00
1,18E+00
1,82E+00
1,46E+00
6,30E-01
7,02E-01
1,62E+00
1,17E+00
1,63E+00
1,94E+00

6,30E-01
6,02E-01
6,30E-01
5,27E-01
1,62E+00
1,50E+00
1,62E+00
1,O1E+00
1,63E+00
1,39E+00
1,63E+00
2,74E+00
6,30E-01
7,90E-01
1,62E+00
2,04E+00
1,63E+00
1,54E+00

SEM

3,99E+00

8,58E-01
1,18E-01
1,47E-01
2,11B-02

SEM

5,16E-02
3,86E-02
5,16E-02
6,88E-02
2,22E-01
2,18E-01
2,22E-01
1,70E-01
1,71E-01
2,05E-01
1,71E-01
3,08E-01
5,07E-02

6,05E-02
1,11E-01
1,31E-01
3,94E-01
2,21E-01
5,16E-02
5,35E-02
2,22E-01
1,25E-01
1,71E-01
4,06E-01

5,16E-02
1,13E-01
5,16E-02
4,34E-02
2,22E-01
3,99E-01
2,22E-01
1,07E-01
1,71E-01
3,92E-01
1,71E-01
1,19E+00
5,16E-02
5,93E-02
2,22E-01
5,62B-01
1,71E-01
2,59E-01

Median

1,03E+02

3,80E+01
3,00E+00
5,00E+00
0,00E+00

Test

2-tailed
t-test

2-tailed
t-test

Mann-
Whitney
Mann-
Whitney
2-tailed
t-test

Mann-
Whitney

2-tailed
t-test

Mann-
Whitney

Mann-
Whitney

2-tailed
t-test

Mann-
Whitney

Mann-
Whitney

2-tailed
t-test
2-tailed
t-test
Mann-
Whitney
Mann-
Whitney
2-tailed
t-test
Mann-
Whitney
Mann-
Whitney
Mann-
Whitney
2-tailed
t-test

Quartiles

77,25;
118,5
28; 48

2;5

4;7

0;0
Statistic

3.6636

1.9628

5,90E+01

5,00E+01

2.0863

4,90E+01

-2,66E+00

1,47E+02

1,57E+02

8,70E+01

7,00E+01

-8,99E-01

2,54E-01

2,30E+03

5,10E+01

4,20E+01

6,36E-01

6,70E+01

2,95E+01

4,80E+01

2,68E-01

Test

2-tailed
t-test

2-tailed
t-test

p-value

1,20E-03

6,19E-02

1,34E-01

2,25E-01

4,73E-02

2,07E-01

0.0118

0.3287

0.4496

3,77E-01

1,75E-01

4,52E-01

8,02E-01

2,30E-01

2,43E-01

5,06E-02

5,31E-01

4,01E-01

5,42E-02

3,57E-01

7,91E-01

Stat

21,73

9,62

18,42

p-value

<0,0001

<0,0001

<0,0001
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5.2. Article 2: Astrocytes oxytocin receptor in
mice central amygdala mediates behavioral fear

adaptation through Ga; proteins

To survive, living beings have to analyze and remember their environment to
react to its variations appropriately. To weigh the importance of sensorial stimuli, life
developed emotions: deep and raw feelings that trigger an attraction or a repulsion
toward something. These emotional values are then computed to create elaborate
feelings such as fear, anger, joy, or disgust. The attribution of emotional valence takes
place in a brain region buried deep in the temporal cortex named the amygdala. This
structure is under the regulation of many neuromodulators among which we can find

the neuropeptide oxytocin.

We showed in the first part of my Ph.D. thesis that astrocytes are involved in
the neuromodulatory effect of oxytocin in the amygdala. Therefore, we decided to
investigate the potential involvement of oxytocin on astrocytes in the encoding of

emotional associative memory using a fear-conditioning model in mice.

It has been shown that oxytocin regulates freezing reactions induced by fear
(Knobloch et al., 2012). To investigate the role of astrocytes in this neuromodulation,
we removed astrocytic OTR in the CeL/C and we measured the freezing behavior of
mice during a fear conditioning protocol. Intriguingly, removing OTR from Cel/C

astrocytes prevented the freezing behavior as soon as the conditioning session.

To understand the mechanism underlying the astrocyte-dependent effect of
oxytocin on the establishment of freezing behavior, we assessed the morphology of
astrocytes in the CeL/C. Interestingly, the fear conditioning session leads to astrocyte
reactivity in the CelL/C, an effect dependent on the presence of astrocytic OTR. To

assess the impact of this astrocytic reactivity on the neighboring neuronal network, we



measured the electrophysiological properties of CeL/C neurons and observed an
increased excitability of those neurons, suggesting that hyperexcitability of the central

amygdala may lead to an increased freezing behavior.

To unveil how oxytocin can modify the morphology of astrocytes and the activity
of Cel/C neurons, we decided to investigate the intracellular pathway activated
downstream of OTR and their effects. Importantly, OTR can couple two distinct
intracellular pathways that depend on Gai and Gagq proteins. Based on this information,
we used biased agonists to recruit preferentially one pathway or the other. We found
that the OTR-Gaq pathway stimulation triggers the activation of astrocytes and
neurons whereas the activation of the Gai pathway only leads to calcium transients in

astrocytes but does not change amygdala neurons’ activity.

Disconcerted, we decided to evaluate the long-term effect of these Gai-
mediated calcium transients in amygdala astrocytes. Thus, we incubated brain slices
containing the central amygdala in the biased agonists and observed that activation of
the OTR-Gai pathway but not the OTR-Gaq pathway can mimic the morpho-functional
changes of the astro-neuronal network we observed after the fear conditioning

session.

In addition, to show that OTR can couple the Gai pathway in the brain at a
cellular level, we also provided an original mechanism to explain how fear is stored in

the brain and how emotional perception is modified after an episode of intense fear.

This second project was the potting soil of my scientific blooming. | set up all
experiments and performed almost all the calcium imaging and electrophysiological
experiments. During the last year, | was joined by Valentin Grelot who also did
electrophysiological recordings, and who will lead this project in the future. | also
automatize the totality of calcium imaging, electrophysiology, and behavioral data

using Python programs.
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Abstract

Emotions are complex feelings relying on the computation of many factors such as sensory
cues and memories associated with them. The emotional value of these environmental cues is
processed in the amygdala under the control of neuromodulators from other brain regions. Among
them, oxytocin exerts a strong control of the neuronal network of the laterocapsular part of the central
nucleus of the amygdala (CeL/C). Our previous work showed that astrocytes are an essential relay to
this neuromodulation and are required for the anxiolytic effect of oxytocin. Here we investigated the
involvement of oxytocin-mediated astrocyte activation in the memorization of emotionally relevant
cues. Using fear conditioning and morpho-functional analysis of the Cel/C astro-neuronal network, we
showed that oxytocin activates a Gai-dependent pathway through its receptor that triggers
morphological reorganization of astrocytes, resulting in the hyperexcitability of neighboring neurons.
The present work identifies a central role of astrocytes in the central amygdala for behavioral fear

adaptation.



Introduction

Associative learning is crucial for animals’ survival, indicating when a situation requires
immediate reactions and preparing the body for them. However, this mechanism can be deregulated
conducting to pathological conditions, such as post-traumatic stress disorders (McDonald and Mott,
2017). To treat these pathologies, we need to understand the brain mechanisms underlying the
learning, the maintenance, and the extinction of associative learning, such as fear. Despite recent
advances in that field, many aspects of these mechanisms are still unknown. The learning and
extinction of the fear memory rely on the collaboration of many different brain regions. Among these
regions, the amygdala is crucial since lesions of this structure prevent learning and expression of fear
in mammals, including rodents, monkeys, and humans (LeDoux, 2000). This structure is composed of
different nuclei with distinct functions. Here we focused on the pathway that involves the basolateral
complex of the amygdala (BLA) and the central nucleus of the amygdala (CeA), known to be crucial for
fear learning: after its detection by sensory organs and a first integration step in the sensory cortices,
the information is then transferred to the BLA. This structure computes the signal and communicates
it to the CeA, which then gates the expression of fear behaviors (Duvarci and Pare, 2014). The CeA and
especially its laterocapsular part (Cel/C) is under the control of endogenous neuromodulators, among
which oxytocin (OT). OT elicits unfreezing in fear-conditioned rodents when released in the Cel/C,

indicating an OT-related control on the expression of fear (Knobloch et al., 2012).

OT is a hypothalamic neuropeptide that can be released in various brain regions to act as a
neuromodulator. This peptide can modify the excitation/inhibition balance to control the salience of
emotionally important stimuli (Lefevre et al., 2021; Maldonado et al., 2021). In the Cel/C, OT can
modify the activity of neuronal networks and control the integration/expression of emotions such as
pain, anxiety, or fear (Baldi et al., 2021; Moscarello and Penzo, 2022; Olivera-Pasilio and Dabrowska,
2020; van den Burg and Stoop, 2019). To exert its functions, OT binds to its receptor, a GPCR named
OTR (Jurek and Neumann, 2018), which has the particularity to couple both Gaqg and Gai proteins
(Busnelli & Chini 2017). This receptor is transcribed in neurons but also astrocytes of the Cel/C,
indicating that astrocytes can detect OT in the extracellular space (Wahis et al., 2021). While our
previous work shows that astrocytic OTR is crucial for the anxiolytic effect of OT in the Cel/C, we still
do not know the cellular mechanisms and interactions underlying possible neuropeptide-induced

behavioral adaptation.

To elucidate this, we first knocked out the OTR of CeL/C astrocytes and observed impairment
of the fear-related freezing behavior during the learning phase of the fear conditioning. To understand

the involvement of astrocytic OTR in the establishment of fear-induced freezing, we evaluated



astrocytes’ GFAP immunoreactivity and observed an increased astrocyte reactivity after the fear-
conditioning session. Since astrocytes show important structural reorganization during intense
neuronal activity (Henneberger et al., 2020) and regulate neuronal excitability by several means (Kofuji
and Newman, 2004; Sibille et al., 2014), we then investigated astrocyte morphology and the excitability
of neighboring neurons. These approaches allowed us to identify several associative learning induced
by morpho-functional changes in the astro-neuronal network. A deeper dive into the intracellular
pathways involved in these changes indicated that the OTR can bind both Gai and Gaq proteins in
astrocytes. Interestingly, only the activation of the Gai pathway triggered changes similar to those
observed after fear conditioning, indicating that an OTR-Gai pathway may be responsible for the
changes in the astro-neuronal circuit induced by associative learning. To understand the relation
between astrocytes morphology and neuronal network excitability changes, we evaluated the K*
buffering efficiency of astrocytes and observed a reduction of astrocytes’ K* buffering in mice that have
undergone fear conditioning, indicating a link between the astrocyte’s morphological changes and the

neuronal hyperexcitability.

Results

Deletion of astrocytic OTR in the CeL/C prevents fear-induce freezing.

Our first approach to investigate the function of astrocytic OTR in fear behaviors was to knock
out these receptors in mice. To this end, we injected a recombined adeno-associated virus (rAAV)
leading to the expression of the Cre recombinase under the control of the glial fibrillary-associated
protein (GFAP) promoter (rAAV-GFAP-Cre) in the Cel/C of OTR floxed mice (Figure 1A), (Lee et al.,
2008). This approach induces a conditional knockout of the OTR transcription in virtually all Cel/C
astrocytes (GFAP OTR cKO, Wahis et al., 2021). Given that OT release in the CeA decreases the freezing
behavior in rats (Knobloch et al., 2012), we expected OTR activation to mediate fear extinction.
However, instead of a reduction of freezing behavior during the extinction phase, we observe an
absence of freezing behavior during the conditioning phase in GFAP OTR cKO male mice (pPinteraction<
0.0001, Figure 1B1). Intriguingly, this effect was not present in female mice (pinteraction = 0.4660, Figure
1B2). These first results indicate that astrocytic OTR is involved in the associative learning of fear or its
expression in males but not in female mice. Since the removal of OTR from Cel/C astrocytes affects
freezing behavior in male but not female mice, we then focused on the involvement of astrocytic OTR

in the control of fear conditioning in male mice.
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Figure 1: Impact of OTR deletion from CeL/C astrocyte on freezing behavior. A. Scheme of the

experimental setup. AAV-GFAP-Cre was injected in OTR-lox mice to knock out the OTR in astrocytes 3

weeks before fear conditioning experiments. B. Freezing behavior was quantified in control and GFAP

OTR cKO mice during the four sessions of the fear conditioning protocol. Upper panel: male mice (nwr

=9 mice, NgrapoTrcko = 11 mice), Lower panel: female mice (nwr= 8 mice, Ngrap otrcko = 8 Mice). Data are

expressed as mean across animal + SEM.

** n<0.01, *** P<0.001

Detailed statistics can be found in Statistic Table 1. * p<0.05,



Fear conditioning induces morpho-functional changes in the CeL/C astro-neuronal network.

Given the impaired freezing response of GFAP OTR cKO mice during fear conditioning and the
plastic nature of astrocytes, we hypothesized that fear conditioning induces morphological changes in
Cel/C astrocytes in an OTR-dependent manner. To test this, we injected AAV-GFAP-GFP in the Cel/C
to fill astrocyte cytosol with GFP and reconstructed astrocyte morphology in naive and fear-
conditioned mice (Figure 2A). We observed a decreased complexity of astrocyte morphology after fear
conditioning as measured by their peak Scholl value (naive: 24.85+3.43, fear: 13.11+2.99, p = 0.0005).
Curious to see if oxytocin was involved in this effect, we did the same experiment in GFAP OTR cKO
mice, in which we found an absence of morphological changes after fear conditioning (naive:
18.5613.36, fear: 17.44+4.53, p = 0.9609, Figure 2B). Thus, astrocytic OTR is involved in astrocytes’

morphological changes observed after fear conditioning.

In extreme situations, astrocytes can undergo physiological changes, a state known as
astrocyte reactivity (Escartin et al., 2019). One common marker of this state is the upregulation of the
glial fibrillary acidic protein (GFAP). Therefore, we decided to investigate whether a fear conditioning
protocol can modify the amount of this protein. Interestingly, we observed an increased GFAP volume
after the conditioning session of the fear protocol (naive: 409.6+1.53um?, fear: 952+1.34um?, p <
0.001). This effect, however, was not observed in GFAP OTR cKO mice (naive: 479+1.5um?, fear:
426.3+2.02um?, p = 0.871, Figure 2C). At this point, we supposed that GFAP expression and astrocyte
morphology might be correlated. Therefore, we used AAV-GFAP-GFP injected mice to evaluate
astrocyte morphology and GFAP expression of the very same cell. This analysis revealed an inverse
correlation between those two parameters, with complex astrocytes expressing a small amount of
GFAP (r* = 0.5694, p<0.0001, Figure 2D). This result indicates that astrocyte reactivity may trigger the
retraction of astrocyte processes from neurons and thus, potentially make them lose their

physiological functions.

Astrocytes regulate many aspects of neurons’ life, especially their excitability (Kofuji and
Newman, 2004). Knowing that OT can modify the neuronal electrical activity of the CeL/C by acting on
astrocytes (Wahis et al., 2021), we then wondered whether this modification of astrocyte physiology
affects neuronal excitability. To do so, we fear-conditioned mice and performed slice patch-clamp
recordings right after the conditioning phase to evaluate different parameters of neurons’ electric
properties. We first evaluated the intrinsic excitability of Cel/C neurons by performing a current step
protocol to measure intrinsic neuronal membrane properties but did not observe any difference
between WT naive and fear-conditioned mice (prheobase = 0.496, Patency to spike = 0.720, Prumber of spikes =

0.970, Figure 2E and S1). To evaluate the extrinsic excitability of CeL/C neurons, we then puffed a



30mM K'-containing solution at ~150um of the recorded cell (Figure 2E). Interestingly, the K*-induced
depolarization of neurons’ voltage membrane was significantly higher in fear-conditioned mice
compared to their controls (naive = 9.85+1.22, fear = 19.2942.13, p = 0.004), but neither the kinetic
nor the number of spikes triggered by this depolarization were modified (prise = 0.738, Pgecay = 0.304,
Prumber of spikes = 0.658, Figure 2E and S1). The analysis of neuronal electrophysiological properties thus

indicates that fear conditioning increases the extrinsic excitability of CeL/C neurons.

To assess the involvement of astrocytic OTR in neurons’ hyperexcitability, we replicated the
same set of electrophysiological experiments in GFAP OTR cKO mice. We still did not observe significant
differences in intrinsic membrane properties between GFAP OTR cKO mice that undergo fear
conditioning and naive controls (Prheobase = 0.705, Piatency to spike > 0.999, Prumber of spikes = 0.962, Figure 2E
and S1). In addition, the increased membrane voltage depolarization induced by fear conditioning in
naive mice was absent in GFAP OTR cKO mice (Pdepolarization = 0.971, Prise = 0.999, Paecay = 0.435, Prumber of
spikes > 0.999, Figure 2E and S1). This indicates that astrocytic OTR is involved in neuronal

hyperexcitability induced by fear conditioning.

With this set of experiments, we demonstrated that fear conditioning induces morphological
and functional changes in astrocytes and neurons of the Cel/C in an astrocytic OTR-dependent

manner.
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Figure 2: Morpho-functional analysis of the CeL/C astro-neuronal network after fear conditioning. A.
Experimental scheme. Left: AAV-GFAP-GFP was injected in mice Cel/C to reveal astrocyte morphology.
This virus was also injected with AAV-GFAP-Cre in OTR-lox mice. Three weeks after, mice were
submitted to a fear conditioning protocol and fixed directly after the conditioning phase. Right:
Reconstruction of Cel/C astrocytes based on their GFP expression and estimation of their ramification
thanks to a Sholl analysis. n = 5 animals in each group. B. Quantification of astrocytes morphology by
their maximum Sholl values. Examples of reconstructed astrocytes are shown in the left panel. C.
Quantification of GFAP volume after immunostaining and 3D reconstruction. nNpave = 8 Mice, Ngear = 10
MICe, Nnaive GFAP OTR cko = 7 MICE, Ntear grap oTR cko = 7 Mice. D. Correlation plot of the relationship between
astrocyte general morphology revealed by GFP and their reactivity estimated with GFAP volume. n =
153 astrocytes. E. Electrophysiological features of Cel/C neurons from control and fear-conditioned
mice. Left: a current step and a puff of a 30mM-containing aCSF solution were applied to Cel/C
neurons. Center: graphical sum up of the pvalues of the comparison of different electrophysiological
features. Current steps give the spike firing threshold, the number of spikes at the second active step
(nSpike), and the latency to the first spike. During the puff of potassium, we measure the difference in
spike firing (6Spike), the amplitude of the depolarization (6Vm), and its rise and decay constant. Right:
amplitude of the membrane depolarization during the puff of a 30mM-containing aCSF. n are comprise
between 18 and 25 neurons, for detail, see Statistic Table 2. Data are expressed as mean across animal
+ SEM for panels B and C, and as mean across cell + SEM for panel E. Detailed statistics can be found

in Statistic Table 2. * p<0.05, ** p<0.01, *** p<0.001
OTR-Gagq activates both neurons and astrocytes but OTR-Gai only activates astrocytes.

The activation of the OTR can trigger the activity of Gai or Gag proteins (Busnelli et al., 2012;
Grinevich et al., 2016). Given that a growing body of evidence showed that Gai-GPCR can trigger
calcium transients in astrocytes (Durkee et al., 2019; Nagai et al., 2019), we tested whether the OTR
can couple to both Gai and Gagq in astrocytes. To do so, we evaluated the calcium activity of Cel/C
astrocytes in brain slices by measuring the fluorescence of the OGB1 calcium indicator in SR101-
identified astrocytes. We compared the calcium transient frequency and the area under the curve of
OGB1 signals before and after a 20s application of agonists and evaluated the proportion of responding
cells (Figure 3A). All three agonists increase the frequency of calcium transients in astrocytes (TGOT: p
= 0.024, atosiban: p =0.001, carbetocin: p = 0.003, Figure 3A), and the area under the curve of OGB1
fluorescence (TGOT: p = 0.002, atosiban: p < 0.001, carbetocin: p < 0.001, Figure 3A). The proportion
of responding cells was also similar for all three agonists (TGOT: 54.34+6.46, atosiban: 46.9318.09,
carbetocin: 49.35+4.51, Figure S2B). To control the specificity of atosiban, we incubated brain slices in

pertussis toxin (PeTX, 5ug/mL) for 5 hours to block Gai-mediated signaling. In PeTX-incubated slices,



the application of TGOT is still able to elicit a calcium response in Cel/C astrocyte (Ca®* transient
frequency: p = 0.006, AUC: p < 0.001, % of response: 25.34+7.83, Figure S2A). As expected, these
responses were not observed after the application of the Gai-biased agonist atosiban (Ca?* transient
frequency: p =0.316, AUC: p = 0.445, % of response: 22.82+5.96, Figure S2A), validating the Gai-biased
OTR activation triggered by atosiban. By measuring the calcium activity of astrocytes, we show that
the activation of both Gai and Gaq proteins downstream of the OTR triggers calcium transients in these

cells (Figure 3B).

To analyze in more detail the calcium signaling induced by those agonists, we measured
various features of the calcium events and observed that some parameters are differentially affected
by the activation of the intracellular pathways (Figure S2B). We then compared these parameters and
observed that the rise constant and the height of calcium events were lower in astrocytes stimulated
with atosiban compared to those stimulated with carbetocin (Figure S2C). This last element suggests
that astrocytes differentially encode the activation of the Gai and the Gaq pathways using different

shapes of calcium events.

We then assessed the ability of those G proteins activation to modulate the Cel/C neuron’s
activity. To this end, we injected AAV-EF1a-DIO-GFP in the Cel/C of OTR-Cre mice (Ryan et al., 2017),
allowing the identification of OTR* neurons based on the expression of GFP (Figure 3B). We then
performed patch-clamp recordings of OTR" neurons of the Cel/C and applied one of the three agonists
for 20s at ~150um of these cells using a puff pipette. The application of the full agonist TGOT tends to
increase the frequency of action potential firing in OTR-expressing neurons (p = 0.0571), a result in
accordance with previous works (Huber et al., 2005; Knobloch et al.,, 2012; Wahis et al., 2021).
Application of atosiban neither increases nor decrease the firing rate of OTR" neurons (pime = 0. 8647),
indicating that activation of OTR-Gaii did not modify CeL/C OTR neurons activity. Finally, the application
of carbetocin increase the firing frequency of OTR" neurons (pime = 0. 0487). Note that we cannot
statistically conclude on this experiment since the effectives are still small (less than 10 neurons in
each conditions) but the activation of OTR-Gag but not OTR-Gai seems to increase neuronal activity in

brain slices (Figure 3B).

Based on these results, we suggest that astrocytic OTR can couple both Gai and Gaq proteins
and that the activation of both pathways can lead to calcium transients in CeL/C astrocytes. However,
only the activation of OTR-Gaq can increase the spiking frequency of OTR" neurons, in line with our
previous observations (Wabhis et al., 2021). We were so flabbergasted by these observations that we
decided to investigate what could be the function of the activation of the OTR-Gai pathway in

astrocytes.
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Figure 3: Analysis of the intracellular pathway activated downstream OTR. A. Calcium imaging of
SR101-identified Cel/C astrocytes and bath application of the three agonists. Upper panel: example
traces of astrocytic calcium response of astrocytes after application of agonists. The vertical line
indicated the perfusion of the agonists in the recording bath. Lower panel: Quantification of the
response. nrgor = 57 astrocytes over 13 slices, Natwosivan = 49 astrocytes over 9 slices, Ncarbetocin = 54
astrocytes over 13 slices. B. Electrophysiological recording of OTR-expressing neurons in the Cel/C and
the local application of the three agonists with a puff pipette. ntgor = 9 neurons, Naoesiban = 9 NEUrons,
Nearbetocin = 6 Neurons. Upper panel: normalized firing frequency on recorded cells. The vertical line
indicates the puff application. Data are expressed as mean across cell + SEM. Detailed statistics can be

found in Statistic Table 3. * p<0.05, ** p<0.01, *** p<0.001.



OTR-Gai triggers CeL/C astrocytes reactivity and control neuron excitability.

To assess what can be the function of OTR-Gai-mediated calcium transients in Cel/C
astrocytes, we decided to observe their effect in the long run. Therefore, we incubated brain slices
with different agonists and evaluated astrocyte reactivity (Figure 4A). Interestingly, TGOT or atosiban
incubation increased the GFAP amount in CeL/C astrocytes (preor = 0.007, Patosiban < 0.001). On the other
hand, the incubation of brain slices in carbetocin did not produce such GFAP modification (pcarbetocin =
0.055), pointing toward the involvement of Gai and not Gaq in the modification of the GFAP

cytoskeleton (Figure 4B).

Since this GFAP upregulation is similar to what we observe after fear conditioning (Figure 2),
we wondered whether an incubation in an agonist could mimic the neuronal hyperexcitability
observed after fear conditioning. Thus, we patch-clamped Cel/C neurons from slices incubated in one
of the three agonists and puff-applied a 30mM K'-containing solution to elicit a membrane
depolarization (Figure 4C). Incubation with TGOT increased the K*-induced depolarization of Cel/C
neurons (p = 0.005), an effect prevented by the co-incubation of TGOT with the OTR antagonist dOVT
(p =0.985). Similarly, TGOT did not increase the depolarizing effect of K* when we specifically removed
the OTR on astrocytes using the GFAP OTR cKO model (p = 0.975), indicating that astrocytic OTR is
needed for the TGOT-induced hyperexcitability of CeL/C neurons. Interestingly, atosiban but not
carbetocin incubation also increased the excitability of CelL/C neurons (Patosiban = 0.031, Pcarbetocin =
0.961). This electrophysiological study strongly suggests that activation of the Gai protein downstream

astrocytic OTR increases the excitability of CelL/C neurons in the long range.

Altogether, these data show that the activation of the OTR-Gai pathway in Cel/C astrocytes
triggers morphological modifications of astrocytes and controls the excitability of neighboring neurons.

However, the precise link between astrocyte morphology and neuron activity is still missing.
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The morphological plasticity of CeL/C astrocytes regulates BLA-to-CeL/C neurotransmission by

controlling K* buffering.

Astrocytes can modify neurons’ activity in many ways, including neurotransmitter reuptake,
energy supply, or by releasing gliotransmitters. Given that the OTR-Gai pathway induced both a
retraction of astrocyte morphology and a correlated increase in neuronal network excitability, we
decided to investigate K" buffering, one of the most important astrocyte functions. Indeed, neuron
activity results in an increased extracellular K* level. To prevent a rupture of K" homeostasis, astrocytes
uptake the excess of extracellular K*, thereby maintaining a favorable environment for neuronal

activity (Kofuji and Newman, 2004; Pannasch and Rouach, 2013). This ability to buffer potassium



strongly depends on the distance between astrocyte processes and synapses. We thus hypothesize
that the morphological changes induced by fear conditioning may physically modify the tripartite

synapse configuration and thereby change the potassium buffering capacity of CelL/C astrocytes.

To test this hypothesis, we injected AAV-GFAP-GFP viruses in the Cel/C of mice to identify
astrocyte processes and performed immunostainings against vGluT1, vGluT2, and Homer1 to reveal
pre and postsynaptic elements of excitatory synapses. We then reconstructed astrocytes and synapses
and observed that astrocytes from fear-conditioned mice contact significantly fewer synapses
compared to astrocytes from naive mice, suggesting that a strong emotional challenge triggers the
retraction of astrocytic processes away from synapses (p = 0.0044, Figure 5A). However, this difference
was not observed in GFAP OTR cKO mice, indicating that astrocytic OTR is involved in this

morphological adaptation (p > 0.999, Figure 5A).

This difference of proximity between astrocyte processes and excitatory synapses makes us
wonder what synaptic input might be relevant to explain the absence of freezing response observed
in GFAP OTR cKO mice. Many studies point to the crucial importance of BLA-to-Cel/C projections for
the learning of auditory fear conditioning (LeDoux, 2000; Li et al., 2013), so we decided to evaluate
whether fear conditioning modifies the strength of BLA-to-Cel/C projections. To do so, we injected
AAV-CaMKII-ChR2 viruses in the BLA of mice (Figure 5B) and two to three weeks later, we fear-
conditioned them and recorded the electrophysiological response of Cel/C neurons to a 10s 20Hz
photostimulation of BLA neurons. This stimulation led to a robust increase of excitatory postsynaptic
currents (EPSCs) frequency and amplitude in CeL/C neurons (Pampiituge < 0.001, Figure 5B, Prrequency <
0.001, Figure S4A). According to what was observed by Li and colleagues (Li et al., 2013), we measured
an increased amplitude of EPSCs triggered by BLA neurons photostimulation after fear-conditioning
(Pinteraction = 0.001, Figure 5B). This increased synapse strength indicates an increased weight of the BLA-

to-Cel/C pathway, suggesting an encoding mechanism for emotionally relevant memories.

To investigate the potential implication of astrocytes’ K* buffering in this increase of BLA-to-
Cel/C neurotransmission, we recorded Cel/C astrocyte K* current triggered by the activation of BLA
neurons. So, we patch-clamped SR101-label cells and verify their astrocyte identity based on the shape
of their IV curve (Nishiyama et al., 2005) (Figure S4B). To isolate the portion of the current due to K*
buffering, we performed paired recordings where we first photostimulated BLA neurons and we then
replaced the recording solution with a 200uM of Ba**-containing solution to block K* currents. After 15
minutes, we re-photostimulated BLA neurons and we subtracted the evoked currents recorded in aCSF

from the one recorded in the Ba®* containing solution (Figure 5C). In naive mice, we observed a K"



current of -91.61+24.62 pA but in fear-conditioned animals, this amplitude is significantly decreased

t0 —20.49+12.84 pA (p = 0.031), indicating an impairment of astrocytic K* buffering (Figure 5C).

Based on these results, we hypothesize that upon fear conditioning, astrocyte processes
retract away from neurons and buffer less K* at the level of the BLA-to-Cel/C synapses, thereby

increasing the strength of this connection.
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Figure 5: Involvement of astrocytic OTR on fear-conditioning induced modification of BLA-to-CeL/C
excitatory synaptic transmission. A. Analysis of the distance between astrocytes processes and

excitatory synapses in naive and fear-conditioned mice. Left: mice were injected with AAV-GFAP-GFP



viruses to reveal astrocytes morphology. Middle: examples of astrocyte and synapse 3D
reconstruction. Left: quantification of the distance between synapses and astrocyte processes. n =5
animals in each group. B. Amplitude of BLA-to-Cel/C excitatory postsynaptic currents (EPSCs). Left: An
AAV-CaMKII-ChR2 was injected in the BLA of mice and 3 weeks after, we measured the currents evoked
by BLA neurons activation in CelL/C neurons. Middle: Example trace of EPSCs triggered by BLA
photostimulation. Right: Mean EPSCs amplitude measured before, during, and after the
photostimulation. nuaive = 17 neurons, nsar = 21 neurons. C. K* currents recorded in Cel/C astrocytes
induced by BLA-to-Cel/C synaptic transmission in naive and fear-conditioned mice. Left: An AAV-
CaMKII-ChR2 was injected in the BLA of mice and 3 weeks after, the currents evoked by BLA neuron
activation were measured in Cel/C astrocytes. Middle: Example trace of the astrocytic current induced
by BLA neurons stimulation before and after a 15-minute incubation in Ba?* (200uM). The subtracted
potassium current is shown in green. Right: Mean astrocytic potassium current amplitude measured
during the photostimulation of BLA neurons. nNnave = 12 astrocytes, near = 9 astrocytes. Data are
expressed as mean across animal + SEM for panel A, and as mean across cell + SEM for panels B and C.

Detailed statistics can be found in Statistic Table 5. * p<0.05, ** p<0.01.



Discussion

The present study shows that fear conditioning induces astrocyte plasticity in the
laterocapsular nucleus of the central amygdala. This plasticity depends on astrocytic oxytocin
receptors, and more precisely on an OTR-Gai pathway. This atypical astrocyte activation results in the
reduction of astrocyte K* buffering at the level of the BLA-to-Cel/C synapse, eventually increasing the
weight of this connection. We hypothesize that this mechanism can be part of the attribution of the

emotional valence triggered by fear conditioning (Figure 6).
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Figure 6: Hypothetical mechanism of astrocyte involvement in fear memory. In normal conditions (left)

Cel/C astrocytes express few GFAP filaments and buffer potassium at the BLA-to-Cel/C synapse. After
a strong emotional challenge such as fear (right), astrocyte retract their processes away from synapses,

decreasing potassium buffering and ultimately increasing BLA-to-Cel /C synapses strength.

Our results showed that GFAP OTR cKO mice do not freeze during the conditioning session of
the fear conditioning protocol. This observation could be explained by a lack of pain, fear, or even the
behavioral impossibility to freeze. Thus, we can suggest that the mouse is afraid but does not express
it with freezing. The involvement of OT has been recently highlighted in the CeA to induce a switch
from passive (ie. freezing) to active response (ie. escape) to an imminent threat, thereby indicating

that OT may be a regulator of fear reaction rather than of fear itself (Terburg et al., 2018). To test this



hypothesis, we could measure the plasma levels of corticosterone in mice after the conditioning phase
of the fear conditioning protocol. If the same level of corticosterone is observed in control and GFAP
OTR cKO mice, this could indicate that GFAP OTR cKO mice are afraid but do not express it by freezing.
However, if we do not observe an increased corticosterone level in GFAP OTR cKO mice after fear
conditioning, we could hypothesize a potential absence of fear in those mice. This approach, however,
will not permit to discriminate between the effect of fear and pain. It seems difficult to induce acute
pain without inducing fear but we can isolate fear using mice just after the retrieval of the fear
memory, thereby inducing fear without pain. Still, this approach also depends on the encoding of the
fear memory, introducing another parameter that can vary. An elegant approach to overcome this will
be to induce an innate fear in mice, but it has been shown that innate and learned fear may be
differentially regulated in the CeA (Isosaka et al., 2015). Therefore, it will be interesting to use multiple

paradigms to compare their results.

We observed an increased astrocyte reactivity after the conditioning phase of the fear
protocol. This modification of astrocyte physiology append relatively quickly (within 15 minutes), and
co-occurs with the morphological modification of astrocyte processes. In this study, we did not
investigate the molecular links between OTR-Gai activation, astrocytes reactivity, and their
morphological adaptation. Yet, Gai pathways can activate the STAT transcription factor (Jiang and
Bajpayee, 2009), which is a marker of astrocyte reactivity (Ben Haim et al., 2015). Thus, we canimagine
that the first link is STAT. One step further in the mechanism, we could investigate the mechanisms
linking astrocyte reactivity to their morphological changes. To our knowledge, no study has
investigated the possible actors underlying this mechanism in reactive conditions but it has been
shown that astrocyte can control their process morphology relatively quickly upon strong neuronal
activity (Henneberger et al., 2020). A recently published study also showed a link between Gai-GPCR
activation and astrocyte morphology, indicating that the Gai pathway may be a common mechanism
for the regulation of astrocyte morphology (Cheng et al., 2023). Our approach however, identifies a
small number of contact between astrocyte processes and synapses (~100), an amount excessively
small compared to what has been found previously (Bushong et al., 2002). This discrepancy is explained
by the stringent values we used for the identification of synapses to avoid false positives. This approach
allowed us anyway to observe an increased distance between astrocytes processes and synapses after

fear condition.

This retraction of astrocyte processes away from synapses decreases their ability to control
the extracellular medium homeostasis. We showed that the potassium buffering ability of Cel/C
astrocytes was impaired after fear conditioning but we can suggest that many other astrocyte

functions can also be impacted. For instance, synaptic glutamate uptake will likely be decreased after



fear conditioning. To test this, we could block glutamate transporters using TBOA as we did for K*
currents using Ba®* (De Saint Jan and Westbrook, 2005). Therefore, if we aim to directly measure
potassium levels in the extracellular space, we could use fluorescent indicators to measure either the
extracellular [K+] (Sato et al., 2022) or the use of ratiometric genetically encoded K+ indicator KRIN1

expressed in astrocytes to evaluate their K+ buffering ability (Shen et al., 2019).

Methods

Animals. Animals were housed under standard conditions with food and water available ad libitum
and maintained on a 12-h light/dark cycle. All experiments were conducted in accordance with
European Union rules and approbation from the French Ministry of Research (01597.05). For ex vivo
and in vivo experiments, male and female C57BL/6 mice were used. Ex vivo experiments used animals
between 1 and 2 months old, except in experiments where rAAVs were injected, in which case animals

were between 3 and 4 months old at the time of sacrifice.

Stereotaxic injections. Animals were deeply anesthetized with 4% isoflurane, and their heads were
fixed in a KOPF (model 955) stereotaxic frame. Metacam (Meloxicam, 20 mg/kg) was injected in the
neck to avoid inflammation and local analgesics were injected in the cutting site (Bupivacaine, 5 mg/kg,
and Lurocaine, 2 mg/kg). The skull was then exposed, and two holes were drilled according to
coordinates that were adapted from Paxinos and Watson brain Atlas. For injections in the Cel/C, we
injected 200nL of rAAV1/2-gfaABC1D-GFP-IRES-Cre in the following coordinates: rostrocaudal = -1.25
mm, mediolateral = + 3.1 mm, dorsoventral = -5.0 mm. To stimulate BLA neurons, we injected 100nL
of AAV9-CaMKlla-hChR2(H134)-EYFP in the following coordinates: rostrocaudal = -1.8 mm,
mediolateral = + 3.4 mm, dorsoventral = -5.0 mm. The wound was then sutured and the weight of the
animals was followed for five days to verify the post-operatory recuperation. After ~3 weeks, mice

were used for experiments.

Fear conditioning. The fear conditioning protocol was divided into four stages: habituation,
conditioning, re-exposition 1, and re-exposition 2. During day 1, the habituation session of 10 minutes
takes place in context A composed of a smooth white plastic floor and walls. Mice were exposed five
times to a 20s-long CS tone (2kHz, 60dB) with a variable inter-tone interval (20 to 180 seconds). For
the conditioning session of 10 minutes on day 2, mice were placed in context B which has a grid floor
and striped walls. During this session, mice were exposed to five tones with different inter-tone time
intervals but the last second of these tones coincided with a 1s-long foot shock of 0.6mA. On days 3

and 4, the re-exposition session was 12 minutes and take place in context A as the habituation session.



During these sessions, mice were exposed 20 times to the tone. Freezing behavior was quantified using
the ANY-maze software as periods longer than 2 seconds where the mice did not move. Freezing
measures were extracted during the 20-second sound exposition. All script used to quantify and
analyses  behavioral  experiments are available in the following  repository:

https://github.com/AngelBaudon/Behavior-Analysis.

Slice preparations. Mice were anesthetized using ketamine (Ketamine 1000, 400 mg/kg) and xylazine
(Paxman, 80 mg/kg) administered intraperitoneally. Intracardiac perfusion was then performed using
an ice-cold NMDG-based aCSF containing (in mM): NMDG (93), KCI (2.5), NaH2PO4 (1.25), NaHCO3
(30), MgS04 (10), CaCl2 (0.5), HEPES (20), D-glucose (25), L-ascorbic acid (5), thiourea (2), sodium
pyruvate (3), N-acetyl-L-cysteine (10) and kynurenic acid (2). This solution was bubbled in 95% 0,/5%
CO, gas all the time of the experiment and its pH was adjusted to 7.3-7.4 using HCI. After decapitation,
the brain was swiftly removed in the same ice-cold dissection aCSFs and hemisectionned. 350 pum-
thick horizontal slices containing the CeA were obtained using a Leica VT1000S vibratome. Slices were
then put in 37 °C NMDG aCSF for 10 min before placing them in the holding chamber at room
temperature containing normal aCSFs for 1 h minimum before any experiments were conducted.
Normal aCSF used during all ex vivo experiments, is composed of (in mM): NaCl (124), KCI (2.5),
NaH2PO4 (1.25), NaHCO3 (26), MgS04 (2), CaCl2 (2), D-glucose (15), adjusted for pH values of 7.3-7.4
with HCl or NaOH and continuously bubbled in 95% 0,/5% CO, gas. All aCSFs’ osmolality was controlled
to be between 290 and 310 mOsm/L. In experiments of Fig3, the slices were then incubated in aCSF
supplemented with 500nM of agonist and/or antagonist for 1 hour. For morphological analysis, slices
were fixed in 4% PFA overnight and transferred in PBS-Azide. For electrophysiology and calcium
imaging, slices were transferred from the holding chamber to an immersion recording chamber and

superfused at a rate of 2 ml/min with normal aCSF.

Electrophysiology. Whole-cell patch-clamp recordings of CelL/C neurons and astrocytes were visually
guided by infrared oblique light visualization of neurons and completed by SR101 fluorescence
observation for astrocytes. Patch-clamp recordings were obtained with an Axon MultiClamp 700B
Amplifier coupled to a Digidata 1440A Digitizer (Molecular Devices). Borosilicate glass electrodes (OD
1.5 mm, ID 0.86 mm; Sutter Instrument) were pulled using a horizontal flaming/brown micropipette
puller (P97; Sutter Instrument) to obtain 3.5-7 MQ recording pipettes. These pipettes were filled with
an intracellular solution containing (in mM): K-Glu (125), HEPES (20), NaCl (10), and ATPNa, (3). The
pH was adjusted to 7.3-7.4 with KOH, and osmolality was checked to be between 290 and 310 mOsm/L,
adjusted with water if needed. Recordings were acquired at 20 kHz using either the pClamp 10
software suite (Molecular Devices) for puff experiments or using WinWCP 4.2.2 freeware (John

Dempster, SIPBS, University of Strathclyde, UK) for photostimulation experiments. Series resistance



was monitored and manually compensated (~50% typically). A current step ranging from -10 pA to 100

pA by 10 pA intervals was applied to neurons at the beginning of each recording.

For puff application of potassium, the injected current was adapted to hold the neurons at -60mV,
basal activity of neurons was recorded for 20 seconds and then a 20-second long potassium puff was
done at ~150um of the recorded neuron. This protocol was repeated three times and the median value

of all parameters was used for statistical analysis.

For puff application of OTR agonists, the injected current was adapted to hold the neurons at a
membrane voltage where we could observe a regular spiking of the neuron (typically between -50 and
-40 mV). After a one-minute recording of basal activity, we puff applied an aCSF solution containing 10
UM of the agonists (TGOT, atosiban, or carbetocin) at ~150um of the recorded neuron and neuronal
activity was monitored for an additional nine minutes. The one-minute-long quantification windows
were taken at the beginning of the recording, just after the puff application, and at the end of the

recording.

For optostimulation of BLA neurons, neurons were held in voltage clamp at -60mV. We then recorded
20 seconds of basal activity before stimulating with 5ms-long light stimulation at 20Hz for 10 seconds.
These parameters were chosen based on the work of Servonnet et al., 2020. This recording was
repeated three times and the medial value of the three recordings was used for statistical analysis. The
five seconds long quantification windows were taken at the beginning of the recording, just after the

Optostimulation, and at the end of the recording.

For astrocytic potassium currents recordings, astrocytes were visualized using SR101 and patch-
clamped at -80mV. A voltage step ranging from -100mV to 100mV by 20mV intervals was applied to
astrocytes at the beginning of each recording. We then recorded 20 seconds of basal activity before
stimulating with 5ms-long light stimulation at 20Hz for 10 seconds. We then change the recording
medium with a recording medium containing 200uM of Ba** for 15 minutes and stimulate BLA neurons.
The peak value of both currents was then subtracted to estimate the potassium component of the
initial current and this value was used for further statistical analysis. All script used to quantify and
analyses electrophysiological experiments are available in the following repository:

https://github.com/AngelBaudon/Electrophysiology-Analysis.

Calcium imaging and identification of astrocytes. To identify astrocytes, SR101 (1 uM) was added to
aCSF in a culture well, and slices were incubated for 20 min at 37 °C. The synthetic calcium indicator
OGB1-AM was bulk loaded as previously described (Baudon et al., 2022), reaching final concentrations
of 0.0025% (~20 uM) for calcium indicators, 0.002% for Cremophor EL, 0.01% for Pluronic F-127 and

0.5% for DMSO in aCSF and incubated for 1 hour at 37 °C. After incubation, slices were washed in aCSF



for at least 1 h before any recording was performed. Astrocytes recorded for this study were those co-
labeled for SR101 and OGB1. The spinning disk confocal microscope used to perform astrocyte calcium
imaging was composed of a Zeiss Axio examiner microscope with a x40 water immersion objective
(numerical aperture of 1.0), mounted with an X-Light Confocal Unit—CRESTOPT spinning disk. Images
were acquired at 2 Hz with an optiMOS sCMOS camera (Qimaging). Cells within a confocal plane were
illuminated for 20ms at 575nm for SR101 and 80ms at 475nm for OGB1 using a Spectra 7 LUMENCOR.
The different hardware elements were synchronized through the MetaFluor 7.8.8.0 software
(Molecular Devices). Because astrocytes are mechanosensitive, OTR agonists (500nM) were bath

applied for 20 seconds and not puff-applied to avoid mechanical stimulation.

All analyses were conducted as in Baudon et al., 2022. Astrocytic calcium levels were measured in
hand-drawn regions of interest (ROIs) comprising the cell body. Further offline data analysis was
performed using a custom-written Python-based script available in the following repository
(https://github.com/AngelBaudon/Calcium-Imaging-Analysis). Intracellular calcium variation was
estimated as changes in fluorescence signals. To take into account micro-movements of the specimen
on long-duration recordings, the fluorescence values were also calculated for SR101 and subtracted
from the ones of OGB1. Then, a linear regression was applied to each trace to correct the
photobleaching. Calcium transients were detected using the find_peaks function of the SciPy library.
More precisely, fluorescence variation was identified as a calcium peak if its prominence exceeds the
5 times the SD of the trace and if the maximum peak value surpasses 8 times the SD (for more details,
see Baudon et al., 2022). The number of peaks was quantified before and after the drug application.
All data were normalized according to the duration of the recording, and astrocytes were labeled as
‘responsive’ when their AUC or their calcium transient frequency at least doubled after drug
application. Because the time after stimulation is longer than the baseline (10 min versus 5 min), the
probability of observing a spontaneous calcium peak is stronger after stimulation. To avoid this bias,
astrocytes with only one calcium peak during the whole recording were not considered responsive. All
data were expressed as a ratio (baseline/drug effect)—a ratio of one meaning neither an increase nor
a decrease of the measured parameter. All calcium imaging experiments were conducted at room
temperature and cells with an unstable baseline were discarded. All script used to quantify and
analyses calcium imaging experiments are available in the following repository:

https://github.com/AngelBaudon/Calcium-Imaging-Analysis.

Immunohistochemistry and in situ hybridization Mice were anesthetized using ketamine (Ketamin
1000, 400 mg/kg) and xylazine (Paxman, 80 mg/kg) administered intraperitoneally. Animals were then
perfused transcardially with PBS, followed by 4% PFA. Brains were dissected out and post-fixed

overnight in 4% PFA at 4 °C with gentle agitation. Then, 50-um vibratome sections were cut, collected,



and stored in PBS 1X overnight at 4°C. Slices were then incubated in a PBS1X-Gelatin 0.02%-Triton
0.25% solution for permeabilization and saturation of non-specific sites during 1h at RT. Incubation of
the first antibodies took place overnight at 4°C and slices were then washed and incubated with
secondary antibodies overnight at 4°C. Finally, slices were mounted in an Abberior antifade medium
and left for one day at 4°C in the dark for polymerization. All antibodies used and their concentrations

are given in the following table:

Antigen Reference Host Dilution
GFAP Abcam ab53554 Goat 1/200
GFP Aves 1020 Chicken 1/200
vGlutl Synaptic system 135511 Mouse 1/200
vGlut2 Synaptic system 135421 Mouse 1/200
Homerl Synaptic system 160003 Rabbit 1/200
Rabbit Interchim 715-586-152 Donkey 1/200
Mouse Abberior STRED-1001-500UG Goat 1/200
Chicken Abberior STRED-1005-500UG Goat 1/200

Assessment of astrocyte complexity and interaction analysis using Imaris. For the 3D reconstruction
of astrocytes, we took Z-stack images (50-um depth, 1-um steps, x40 magnification) of Cel/C using a
Zeiss LSM 780 confocal microscope (1,024 x 1,024 pixels, 16-bit depth, pixel size 0.63 microns, zoom
0.7). Raw CZI files were used for further analysis using Imaris software (version 9.31, Oxford
Instruments). First, Imaris was used to reconstruct the astrocyte surface using the following custom
settings: surfaces Detail 0.700um (smooth); thresholding Background subtraction (Local Contrast), the
diameter of largest Sphere, which fits into the object: 2.00; Color: base, diffusion transparency: 65%.
After surface reconstruction, we used the filter function to remove unspecific background signals:
Filter: Volume max—400 um3. It is important to note that these settings have to be adjusted for every
new batch/immunohistochemistry staining to guarantee a reliable reconstruction. All astrocytes with
incomplete somata (cut by the x, y, or z plane) were manually removed and not included in further
analysis. Fused astrocytes that were falsely recognized as one entity by the software were manually
separated using the cut function or entirely removed from the sample if a separation was not feasible.
The ‘“filter/area function’ was used to remove small astrocytic segments that occurred during manual
deletion. After the deletion of all background signals, the ‘mask all’ function was used to create the
final surface reconstruction. Next, the surface reconstruction was used as the template for the filament
reconstruction using the following custom settings: detect new starting points: largest Diameter

7.00um, seed points 0.300um; remove seed points around starting points: diameter of sphere regions:



15 um. Seed points were corrected (either placed in or removed from the center of the somata)
manually if the Imaris algorithm placed them incorrectly. All surface and filament parameters were
exported into separate Excel files and used for data analysis. All images used for analysis were taken
with the same confocal settings (pinhole, laser intensity, digital gain, and digital offset). Sholl analysis
was performed using Imaris in the filament reconstruction mode, and individual datasets were
exported into separate Excel files for further analysis (each individual sphere) per individual astrocyte.
Distribution plots and correlations, as well as all statistics, were performed using GraphPad Prism

version 8.0.0 (GraphPad Software).

Statistical analysis. All parametrical statistical tests were performed following correct verification of
the assumptions on the distribution of data and equality of group variances, and, if not, non-parametric
tests were used. Tests were performed using either GraphPad Prism software (version 8.0.0 for
Windows) or the SciPy Python-based library. All values, group compositions, and statistical tests for

each experiment are detailed in Supplementary Tables 1-5.
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Supplementary Figure 1: Electrophysiological properties of CeL/C neurons. n are comprise between

18 and 25 neurons, for detail, see Statistic Table 1. Data are expressed as mean across cell + SEM.

Detailed statistics can be found in Statistic Table 1. ** p<0.01.



*¥ *X*

Pvalues vs baseline

N =
E 100
= 20 \ 10 - \ ~
g 2 V2 ] .
(] = o
= & €501 , 8
@ 10 A O 51 \ 3
e 2 g ]
c < o
]
2z = i
& 0 0 - 0
- — - =
; 3 6 8 & a % O ©
© © » © Q © O (U] 0
V) Q= o F 4] 2 g
o -
= < < Rise — TGOT
B —— Atosiban
PeTX PeTX —— Carbetocin
C Pvalues ANOVA
(TGQOT vs Ato vs Carbetocin)
s i 10 4 * 4 *
s °
Frequency vk B2 o _& @
c g 8 1 ‘T = " @
S = 235 3 ®o°
(] — 0 oo
28 6 c 8 5 o
= 0 o @ 008 >
= 5 ° v _9 2- o o
c c o, o
o " - © o°§ o
Width = 4 ° 5 E 3o A
Decay c £ ? M o
g9 8 RN
s £ 2 o U =
&
5 & &
Heigh Rise 0~ 0-
= = c = = =
5 5§ 5 2 8
|k_g v -9 [l ‘@ —
o v o v
<C 5 ©
(@] v

Supplementary Figure 2: Analysis of the intracellular pathway triggered by different OTR agonists. A. Effect
of slice pre-incubation in pertussis toxin (PeTX) on the calcium response of Cel/C astrocyte to TGOT or
atosiban. nrgor = 90 astrocytes over 13 slices, Nawosiban = 99 astrocytes over 14 slices. B. Analysis of
calcium events features triggered by different OTR agonists. The spider plot represents the pvalues of
the comparison between spontaneous and evoked calcium signal. C. Comparison of calcium transient
characteristics evoked by different OTR agonists. Calcium transient height and rising constant are
differentially affected by carbetocin compared to the one observed after the application of atosiban.
Nteor = 57 astrocytes over 13 slices, Natosiban = 49 astrocytes over 9 slices, Nearbetocin = 54 astrocytes over
13 slices. Data are expressed as mean across cell + SEM. Detailed statistics can be found in Statistic

Table 2. * p<0.05, ** p<0.01, *** p<0.001.
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Supplementary Figure 3: Electrophysiological properties of CeL/C neurons. n are comprise between
17 and 26 neurons, for detail, see Statistic Table 3. Data are expressed as mean across cell + SEM.

Detailed statistics can be found in Statistic Table 3. ** p<0.01.
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6. Methodological considerations

6.1. On the models

Rodents. Even if their evolutionary lineage diverged ~75 million years ago
(Zhao et al., 2004), humans and rodents still share anatomical, physiological, and
genetic similarities, making them ideally suited for biological research (Bryda, 2013).
However, many behavioral, anatomical, and mechanistic features differ between
rodents and humans. For instance, rodents are lissencephalic whereas humans are
gyrencephalic, indicating a radical difference in cortex size and organization (Sun and
Hevner, 2014). Moreover, human astrocytes are different from rodents astrocytes in
terms of size, morphology, and diversity (Perez-Catalan et al., 2021; Verkhratsky and
Nedergaard, 2018). Functional differences have also been detected since Ca®** waves
travel faster in humans than in rodent tissue (Augusto-Oliveira et al., 2020). Thus,
although rodents are very suited to study biology and especially behavior, we must
carefully consider the relevance of the tests used and their transposability to humans.

I began my Ph.D. work with rats, but at some point, we had to switch to mice to
benefit from genetic models such as the GFAP OTR-flox line. From this point, | only
used mice because of the availability of many transgenic mice lines, a personal
unease to work with rats and to favor the comparability of our work with the literature.

Males and Females. Another caveat in the transposability of data is the impact
of sex differences on obtained data. In the first part of my thesis, | conducted
experiments in both male and female mice (Wahis et al., 2021). The use of both sexes
introduces a potential bias due to different concentrations of OT in a basal state. For
instance, OT and OTR expressions are usually higher in females than in males
(Carter, 2007). Moreover, the level of OT varies during the estrous cycle, with a peak
during ovulation (Froemke and Carcea, 2017). Thus, in my second project, | tested the
involvement of astrocytic OTR in both sexes and observed that freezing reactions were
affected by astrocytic OTR removal in male but not in female mice. This observation
is intriguing since no sexual dimorphism of OT fibers innervation (Otero-Garcia et al.,
2016) and of OTR expression (Uhl-Bronner et al., 2005) have been found in the CeA.
In the future, it will be interesting to investigate the involvement of astrocytic OTR in

different stages of the estrous cycle.



6.2. On the technics

mRNA are not proteins. To reveal the presence of the OTR on CelL/C
astrocytes, we used in situ hybridization, thereby labeling the mRNA of the OTR and
not the receptor itself. This choice was motivated by the relative unfiability of available
antibodies against the OTR (Unpublished observations from F. Althammer). Thus, we
used in situ hybridization to indicate whether astrocytes can transcript the Oxtr gene.
Nevertheless, even if the mRNA expression is a good hint of OTR expression, it may
not be correlated with the presence of the receptor since many mechanisms can
control the translation of mMRNA into protein (Jiménez et al., 2022). To overcome this
issue, we showed that the OTR agonist TGOT could directly activate astrocytes,

thereby pointing toward an expression of a functional OTR in CeL/C astrocytes.

On the use of TGOT instead of OT. In addition to its action of OTR, OT can
activate AVP receptors and especially the V1a receptor (ECso = 120nM) (Chini et al.,
2017). There is an anatomical distinction between the expression of OTR and V1ain
the CeA, with OTR being expressed in the CeL/C whereas Viais present in the CeM
(Figure 37, Huber et al., 2005). Moreover, OT fibers seem to form more varicosities in
the CelL/C than in the CeM, suggesting it is more released in the former and less in
the latter (Figure 37, Knobloch et al., 2012). These two elements indicate that OT may
activate CeL/C OTR without affecting V1a activity in the CeM. In our experiments,
however, we bath-applied OTR agonists, flooding the slice without any spatial
selectivity. To overcome this issue we used the selective OTR agonist TGOT but we
cannot exclude that in the brain, OT may diffuse and reach the CeM and in this case,
our study will omit a part of OT signaling mediated by V1a receptors. For this reason
among others, we intend to reproduce the results obtained using TGOT with the
endogenous release of OT mediated by optostimulation of OT neurons.



Figure 37: The oxytocin system
in the central amygdala. A.
Histoautoradiography of oxytocin
(red) and vasopressin (green)
binding site in the amygdala.
From Huber et al., 2005. Scale
bar = 400 pum. B. Venus-
expressing oxytocin fibers in the
central amygdala. The three

panels show the oxytocin fibers

that arise from the
PVN, SON, AN

paraventricular nucleus (PVN),
the supraoptic nucleus (SON), or
all the hypothalamic
oxytocinergic  nuclei. From

Knobloch et al., 2012. Scale bar
= 100 um. AN: accessory nuclei, La: lateral amygdala, BLA: basal amygdala, CeL/C:

laterocapsular subdivision of the central amygdala, CeM: medial subdivision of the

central amygdala, Me: medial amygdala, CA2 & 3: Cornu Ammonis 2 and 3.

On the dyes and calcium indicators. To identify astrocytes, we incubated
slices in sulforhodamine 101 (SR101), an anionic dye that stains astrocytes
(Verkhratsky and Nedergaard, 2018). However, it has been shown that SR101 at high
concentrations can be cytotoxic and induce seizure-like activity in cortical neurons
(Rasmussen et al., 2016). Authors have reported such an effect at doses exceeding
100uM, suggesting that the dose we used (1uM) should not induce such disturbance
of the neuronal network activity. When using the Rhodamine 2 calcium indicator
(Rhod2), however, | observed a high proportion of cell death but no report on this effect
has been published, suggesting that my loading protocol was not optimal. | changed
many parameters on this protocol but never managed to have slices as well conserved
as when | used Oregon BAPTA green 1 (OGB1). As an alternative, one can suggest
the use of genetically encoded calcium indicators (GECI). The advantage of GECl also



resides in the possibility to image not only the soma of astrocytes but also the gliopil
of these cells. This aspect is really important since somatic calcium events represent
only ~3% of all astrocytic calcium activity (Bindocci et al., 2017). However, calcium
events triggered by GPCR activation seem to encompass the soma (Shigetomi et al.,
2010), suggesting that even if calcium imaging at the level of astrocyte soma is not the
best approach to visualize the entire calcium activity, it stays a good indicator of the
GPCR-triggered calcium transients.

Another problem of ex vivo calcium imaging is also the cell death due to the
slicing procedure since cellular integrity is disrupted at the top of the slice. To
overcome this problem, we could use in vivo calcium imaging. This approach also
allows the observation of the temporal dynamics of neuronal and astrocytic calcium
activities during fear conditioning. However, since this procedure requires to perform
heavy surgeries in adult animals and cannot easily be used in combination with local
application of agonists, we mostly used ex vivo calcium imaging to decipher the effect

of OTR activation on astrocytes.

Calcium experiments have no wash. When evaluating the transient activity
of cells, we usually compare a basal activity with an induced activity, and then this
modification of activity must return to baseline levels. This control shows that the cell
is not dying and that the effect is transitory and physiological. However, in calcium
imaging experiments, | could not observe such a return to baseline levels since the
application of OTR agonists triggered a long-lasting (>15 min) modification of calcium
activity in astrocytes. One solution should have been to increase the recording time to
evaluate the total calcium activity time of astrocytes but this was not possible since
microscopes (at least our) tend to drift during long recordings. To overcome this issue,
one can replace the focus manually but it would have introduced a strong bias. Thus,
we choose to control this potential effect of cell death by performing calcium imaging
in a recording medium supplemented with antagonists. These experiments showed us
that calcium transients were indeed elicited by OTR activation. This long-lasting
calcium activity of astrocytes was one of the reasons why we investigated the effects

of OTR activation in the long term.



Channelrhodopsins are not suited to trigger astrocyte activity. To
exogenously trigger calcium transients in astrocytes, we used a red-shifted
channelrhodopsin named C1V1. Using calcium imaging, | controlled the efficiency of
C1V1 to trigger calcium signaling in astrocytes and observed robust activation of
Cel/C astrocytes after the photostimulation of this channel. However, the opening of
such cation aspecific channel at the astrocytic plasma membrane triggers the massive
release of K*, increasing the concentration of this ion in the extracellular fluid and
thereby increasing neuronal excitability (Octeau et al., 2019). Thus, channelrhodopsin
is not the ideal tool to activate astrocyte calcium signaling. Alternatively, we could have
used exogenous receptors that activate the Gaq pathway such as hM3Dqg or
photoactivatable Gaq-GPCRs. To this end, | have tested the photoactivatable a1
adrenergic receptor (Opto-atAR or OptoGq) (Adamsky et al., 2018; Airan et al., 2009)
and obtained a robust increase in calcium signaling after photostimulating this
receptor. The use of this more physiological way to stimulate astrocytes must be used
in the future to assess more precisely the effect of the Gag-induced activation of
astrocytes. This approach implies the genetic targeting of astrocytes to make them

express the photoactivable receptor, for instance with GFAP promoter.

On the use of the GFAP promoter. All viral constructs used to target
astrocytes have been built using the GFAP GfaABC 1D promoter. However, only a part
of astrocytes expresses the GFAP in the brain (Augusto-Oliveira et al., 2020; Khakh,
2019). It seems that this proportion varies across brain regions but no data exist to my
knowledge on the proportion of GFAP* astrocytes in the CeL/C. Given the striatum-
like nature of the CeL/C, the proportion of GFAP-expressing astrocytes may be similar
between the CelL/C and the striatum. Sadly, it has been shown that GFAP is a bad
astrocyte marker in the striatum (Khakh, 2019). However, our data show that the use
of the GFAP promoter to knock out the oxytocin receptor in astrocytes efficiently
abolishes the presence of the receptor in CelL/C astrocytes identified with glutamine
synthase, a much more trustworthy marker of astrocytes. Three reasons may explain
this result: 1) GFAP may be expressed (or at least transcripted) in all CeL/C astrocytes,
2) all OTR-expressing astrocytes in the CeL/C may also express GFAP, or 3) the
stereotaxic injection of the AAV induce transient gliosis that triggers GFAP expression
in astrocytes. In the first hypothesis, virtually all astrocytes must transcribe the Gfap

gene. This is unlikely since as shown in striatal astrocytes from the caudate nucleus,



the GFAP mRNA is found in only ~70% of vimentin-expressing astrocytes (O’Leary et
al., 2020). Fortunately, this potential targeting of an astrocyte population did not

change our conclusion since it did not affect the knockout of the OTR.

On the slice incubation in agonists. To identify the intracellular pathway
involved in the morpho-functional changes of the CelL/C astro-neuronal network, we
incubated brain slices in different biased agonists to stimulate either the OTR-Gaq or
the OTR-Gai pathway. This approach was simple to set but it implies several caveats.

First, Gai and Gaq biased agonists (carbetocin and atosiban) have different
effects on OTR desensitization: carbetocin triggers OTR internalization whereas
atosiban did not induce such desensitization (Jurek and Neumann, 2018; Passoni et
al.,, 2016). This implies that slices incubated with carbetocin were probably less
stimulated than the ones incubated in atosiban due to OTR internalization.

At the intracellular level, carbetocin leads to an interaction between OTR and
B-arrestin but atosiban leads to a sustained ERK1/2 phosphorylation (Jurek and
Neumann, 2018). Since B-arrestin can trigger various downstream effects (Jean-
Charles et al., 2017), the loss of this interaction could modify many aspects of OTR
signaling. However, we can suggest that this biased mechanism may exist in the
physiological signaling of OTR.

To trigger morpho-functional changes in the CelL/C astro-neuronal network, we
used two approaches: the first one was to induce fear conditioning in mice and the
second one was to incubate brain slices in OTR agonists. The slice incubation lasts
for one hour but the fear conditioning session was only ten minutes. The discrepancy
found its origin in the fact that we began those experiments by incubating slices in
agonists as done by Wang and colleagues which observed a difference in GFAP
immunoreactivity after 30 minutes (Wang and Hatton, 2009). We then wanted to test
whether the observations we made ex vivo stays true after a “physiological” stimulation
such as fear conditioning. To avoid too much animal suffering and to allow comparison
with the literature, we did not perform a one-hour fear conditioning session but we did
a “normal” fear-conditioning paradigm with a conditioning session of 10 minutes.
Interestingly, agonist incubation and fear conditioning have produced the same
modification of astrocyte morphology and neuronal excitability, suggesting that ten

minutes should be sufficient to modify the astro-neuronal network in the CeL/C.



On the puff of K* to stimulate neurons. To evaluate the excitability of CeL/C
neurons, | puffed a high K* containing aCSF (30mM). The elevated amount of this ion
in the extracellular fluid results in the reduction of its relative importance in the setting
of the membrane voltage of cells, thereby depolarizing them. This approach produces
robust and reproducible data. However, such stimulation is not physiological since in
normal conditions, the level of extracellular potassium ([K*]Jec) does not vary that much
in such a big area (Kofuji and Newman, 2004). Indeed, | puffed a 30mM K* containing
aCSF at a distance of ~150um of the recorded neuron. The physiological [K*]ec is
around 3mM and high neuronal activity can elevate it to a ceiling level of 12mM, a level
that can be exceeded only in pathological conditions (Kofuji and Newman, 2004).
However, since | have puffed this K* solution relatively far from the recorded neurons
to avoid mechanical stimulation, the concentration of K* that reached the recorded cell
was much lower than 30mM. The precise amount of K* around the recorded neuron
is difficult to evaluate since it depends on the diffusion properties of the K* (size,
charge, anisotropy, efc.), the properties of the tissue (tortuosity, ECS volume, uptake
by glial cells, efc.) and the potential involvement of neighboring neurons that can
release K* during the stimulation. However, | tried to evaluate this quantity according
to the depolarization it produces. Indeed, if we assume that the only difference before
and during the K* puff is the [K*]ec, then the variation of the membrane voltage of
neurons must reflect this increase in [K*]Jec. The membrane voltage of a neuron is

given by the Goldman-Hodgkin-Katz voltage equation (GHK, Tamagawa, 2019):

Vm =Eln (PNa [Na+]out + PK [K+]out + PCL [Cl_]in)
F PNa [Na+]in + PK [K+]L‘n + PCL [Cl_]out

Where Vm is the membrane voltage, R is the ideal gas constant, T is the temperature,
F is Faraday’s constant, Pion is the permeability of the membrane for an ion, and
[ion]ourin is the concentration of an ion outside/inside the cell, respectively. Given the
amount of Na*, K*, and CI" in the aCSF and the intracellular solution | have used for
patch clamp experiments and generic values for the permeability, we can do the

following resolution:
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In the measure | made, the average membrane voltage was -62.27 + 1.28 mV. The
3.5 mV difference observed is probably because this equation does not take into
account minority ions such as Mg?*, Ca?*, SO4* and HCOs' in the extracellular medium
and ATP in the intracellular solution. These two values are anyway really close,
indicating that the generic values | used are in the good range and thus, the GHK
equation correctly estimates the membrane voltage of CeL/C neurons. Once this is
verified, | have used the GHK equation to estimate the [K*]ec. Given that the K* puff
induces a 9.85 + 2 mV depolarization, | reuse the GHK equation isolating the [K*]ec

and give a theoretical membrane voltage of -65.64 + 9.85 = -55.79 mV.

Vm =ﬂl <PNa [Na+]out + PK [K+]out + PCl [Cl_]in>
F PNa [Na+]in + PNa [K+]in + PCl [Cl_]out

Vmx+F
e RT_#(Pyq [Na*]in+ Pyg [K*]in+ Pci [CL Tou) = Pra [N@* lous = P [CL in

Py
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Resolution:
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e 8314 %300 *(0.05 * 16 + 1 * 125 + 0.45 * 130.5) — 0.05 * 151.25 — 0.45 * 10
[K* Toue = ¢ - = 9.26 mM

Thus, if all the depolarization we observed is due to an increase in [K*]ec, the
final concentration reaching the neuron is ~9mM, indicating a dilution/buffering of 70%
of the puffed potassium. As mentioned above, this 9mM value is in the physiological
[K*]Jec range and can be reached during episodes of high neuronal activity. In fear-
conditioned mice, however, the mean observed depolarization is 19.29mV, indicating
that the potassium level can reach 18.65mM, suggesting a dysregulation of the [K*]ec
homeostatic control in those individuals.

To predict future results | programmed a model to evaluate the theoretical
concentration of potassium reaching the neuron after the K* puff. To this end, | used
the below formula developed to estimate the observed concentration of a molecule at
a given distance of a pressure ejection site (Sykova, 2004):

UC; A*AY A% e_4T_th_k’t
a (4Dtm)°/2

Crer) =

1078 % 3% 1072 0.1 1.56 * 1.56 1072
Cf(r,t) = e 4%11.1%1076xt

0.21 (4% 11.1% 1076+ t * 1)/




Where Ct = Concentration of potassium reaching the neuron (M), t = time (s), r =
distance between puff site and recorded neuron (cm), U = volume ejected (L), Ci =
initial concentration of potassium at puffing site (M), a = volume fraction of the tissue,
A = tortuosity of the x, y, and z-axis, D = free diffusion coefficient, k’ = first order kinetic
constant. | estimated the ejected volume to be ~100nL and took other values from
Sykova, 2004. a and A were measured in the striatum of adult rats. The first-order
kinetic constant k'’ is a value that includes several mechanisms difficult to evaluate,

such as entry of the molecule into cells and loss across the blood-brain barrier.

| looped this equation 20 times to mimic the 20-second-long K* puff | did and
summed the 20 sweeps obtained. This approach allows me to obtain a K* kinetics
similar to the one observed experimentally although smaller. Indeed, The maximum
[K*]ec obtained with the model is 5.3mM (Figure 38) although the [K*]ec inferred based
on the amplitude of neurons depolarization was ~9mM. This difference could be due
to the absence of consideration of the basal [K*]ec in the extracellular fluid which is
~3mM (Kofuji and Newman, 2004). Moreover, | puffed the K*-containing aCSF toward
the recorded neuron; thus, this solution diffused preferentially in this direction. Since
their no directionality in this model, | modified the tortuosity of the medium in the x-axis
to mimic an anisotropy that favors K* diffusion toward the recorded neuron. This trick
is not theoretically exact and it would be more accurate to apply a force vector to this
equation to better mimic K* diffusion in this experimental setup.

Then, | changed the first-order kinetic constant to mimic a decrease in K*
buffering and | observed a two-fold increase of [K*]ec after K* puffing compared to the
previous simulation ([K*]Jec max = 10.13mM compared to 5.3mM, Figure 38).
Interestingly, this two-fold increase of potassium is also what | inferred based on [K*]ec
approximation based on neurons’ depolarization (from 9 to 18mM).

Albeit not accurate, this model succeeds to mimic the variation of [K*]ec after
the local puff of K*. The modification of K* buffering also mimics the variation of [K*]ec
observed after fear-conditioning, suggesting the involvement of astrocytes in this
effect.

The script producing this model is available in the following repository:

https://github.com/AngelBaudon/K-modelisation.
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Figure 38: Model of extracellular potassium concentration ([K*Jec) at 100um of the
pressure ejection site during and after a 20s-long puff of a 30mM-containing K*
solution. A. [K*]Jec modeled with a first-order kinetic constant of 0.1. B. [K*]ec modeled
with a first-order kinetic constant of 0.01. The light blue rectangle shows the duration

of the potassium puff.

6.3. On the analysis

On the quantification windows of electrophysiology analysis. In the first
publication | contributed to (Wahis et al., 2021), electrophysiology data were acquired
in 20 minutes-long recordings with the OTR agonist bath applied in the perfusion
system of the electrophysiology recording chamber. Using this approach, it is really
difficult to estimate the entering time of the peptide since it dilutes in the aCSF and
forms a concentration gradient during the tubing time. Moreover, the arrival of the
agonist on the recorded cell can vary a lot depending on the position of the slice in the
chamber and the depth of the recorded cell in the slice. In addition, the OTR is a GPCR
and thus its activation does not produce a clear, massive effect on the neuron's
membrane voltage that we can detect instantly but the observed effects rise slowly
and last for variable times. Finally, we described a mechanism that involved glial cells
before reaching neurons, adding a delay to the observed effect. For all those reasons,
the quantification window of electrophysiological events has been determined for each
neuron by selecting the 20-second frame with the maximum activity in the 10 minutes
following the application of the agonist. This analysis method has caveats:



1) random spontaneous activity will be selected and identified as an effect of the
agonist, and 2) selected windows within 10 minutes are compared to fixed windows
before agonists application (to estimate basal activity) and at the end of the recording
(to evaluate the wash). Since some quantifications were fixed and others were chosen,
this introduced a strong bias and pushed the quantification toward an increased
activity. Even if this bias was controlled by the use of antagonists, we decided to
change this analysis method during the second part of my Ph.D. To this end, |
developed experiments that avoid this bias using direct application of the agonist by a
puff pipette or by performing photostimulation of neurons, allowing the quantification

of events in fixed windows.

On the use of a homemade Dunnett’s p-value correction module. In some
experiments | have conducted, | have decided a priorito compare all conditions to a
single control instead of comparing each condition to all the others (Chen and
Kianifard, 1997). The rationale behind this decision is to test only the relevant
comparisons and thus reduce the number of tests to decrease the family-wise error
rate. Since this error rate is FWER < 1 — (1 — a)¢ (where a is the significance level
and C is the number of comparisons), the more comparisons made, the more errors
will occur. To overcome this, the alpha correction procedure reduces the alpha level
and adjusts the family-wise error rate to a final alpha of the chosen value (eg. 0.05).
Since | have performed all my analyses in Python to make them open access, |
intended to run Dunnett's alpha correction procedure with Python but this statistical
test was not implemented. Thus, | programmed a way to evaluate the exact corrected
p-value of the multiple comparisons using the following approach:

1) Find the correct Dunnett distribution using the degrees of freedom of the data.

2) Find the standard deviation of this distribution by dividing the p-value at a =
0.05 by 1.96 since in normal distributions, the interval y + 1.96*c (where y is
the mean and o is the standard deviation) contains 95% of the values.

3) Calculate a z-score of the between-group difference weighted by the standard
deviation of the Dunnett distribution.

4) Find the exact p-value by transposing the z-score on a standard normal
distribution and calculate the survival function of this point. This value indicates
the area under the curve after a border, thereby giving the proportion of
variables that lies after this border (je. the p-value).



Although | have to verify with professional statisticians if this approach is
correct, this script has been tested with many random data and it always produces
results coherent with Dunnett’s tables. It can be found on the following repository
(https://github.com/AngelBaudon/Calcium-Imaging-Analysis/tree/main/ToolKit) and |
will submit it to scipy.stat which is an endeavor of independent programmers to offer

open-source statistical tests.

On the nature of miniature excitatory postsynaptic events (mEPSCSs). In
the first project | contributed to, we tried to evaluate whether astrocytes were directly
responsible for EPSCs recorded in CelL/C neurons. To do so, we recorded those
neurons in an aCSF that prevents neuronal activity (tetrodotoxin), blocks inhibitory
neurotransmission (bicuculline), and increases NMDA receptor opening probability (O
Mg?*). The use of such an external medium has been shown to reveal high-amplitude
slow inward currents (SIC) triggered by astrocytic release of glutamate and activation
of NR2B-containing NMDA receptors at extrasynaptic sites (Angulo et al., 2004; Fellin
et al., 2004; Jourdain et al., 2007; Kovacs and Pal, 2017; Parri et al., 2001; Pasti et
al., 2001; Xu et al., 2007). However, the presence of such events has been contested
and some thought that it might not occur during physiological conditions but only
during astrocyte swelling upon hypo-osmolar conditions (Agulhon et al., 2008; Walch
and Fiacco, 2022). In our case, we do observe such events although very rarely,
suggesting that it may not be the principal way astrocytes increase neuronal excitation.



7. Scientific discussion

7.1. What is the function of neuronal OTR?

After the removal of OTR from CeL astrocytes, we observed a complete loss of
OT neuromodulatory effect. This was quite astonishing given that we found the OTR
mRNA in only 20% of astrocytes and 70% of neurons. The first explanation can be an
amplification of the OT signal in the astrocyte network, extending the neuroactive
effect of OT both spatially and temporally. However, it looks unlikely that OT has no
direct effect on Cel neurons, thus we can hypothesize that OT may act in concert with
neurons and astrocytes to produce a synergistic effect. For instance, this can be
achieved by increasing the membrane voltage of neurons and simultaneously

triggering gliotransmitter release from astrocytes.

Moreover, our estimation of the proportion of OTR-expressing neurons in the
Cel can also be overestimated. Our results show that 70% of CeL neurons transcribe
the OTR mRNA, however, the OTR mRNA has been previously observed in 65% of
PKC®&" neurons which represent ~50% of the CeL (Haubensak et al., 2010). This
suggests that the proportion of OTR mRNA-positive CeL neurons can be much lower
than what we found. This discrepancy is probably due to an OTR mRNA probe or an
analysis difference, for instance in the choice of the fluorescence threshold to classify
a neuron as expressing the OTR mRNA. Nevertheless, even if the proportion of OTR-
expressing neurons is overestimated in our study, it is the same for astrocytes and
thus, the question remains the same. A possible part of the response can rely on the
ability of the astrocyte to form functional syncitia and thus potentially amplify the OT
neuromodulatory signal within a functionally defined population of astrocytes.

In any case, it will be interesting to knock out neuronal OTR and investigate the

direct effect of OT on neurons in amygdala-related behaviors.



7.2. Why are there astrocyte subpopulations?

Around 20% of CeL astrocytes express the OTR mRNA and half of recorded
astrocytes respond to an OTR agonist application. This indicates that some CelL
astrocytes communicate and form a functional syncytium that does not include all CeL
astrocytes, thereby forming two functional populations of astrocytes. The formation of
such a subnetwork can be observed through the scope of the contextual guidance
theory (Murphy-Royal et al., n.d.). According to this theory, astrocytes may sense
contextual triggers (in our case, oxytocin) that convey information about the
physiological and emotional state of the animal. Once detected by astrocytes, these
signals trigger a variety of consequences on astrocyte physiology including secretion
of gliotransmitters, morphological rearrangement, etc. All these contextualizers modify
neurons’ activity and wiring to tune the system toward one state or another.
Interestingly, a corollary of this theory is the presence of different, non-overlapping,
subpopulations of astrocytes that have a defined set of contextualizing rules. Thus,
the 50% proportion of CelL astrocytes that are sensitive to OT may be put in parallel
with the fact that CeL neurons can be broadly divided into two subpopulations: SOM
and PKCd expressing neurons (Kim et al., 2017). If OT-sensitive astrocytes truly form
a subnetwork with their own contextualizing rules, we can imagine that this network
may exert a contextual tuning of one population of neurons, thereby controlling their
activity. This hypothesis can be tested using optogenetics to trigger the release of
endogenous OT, and the use of the CaMPARI system (Serra et al., 2022) to identify
OT-sensitive astrocytes. This approach can be completed with staining of SOM and
PKCd neurons to test whether the territory of OT-sensitive astrocytes contains a
defined population of neurons. In a third time, we can patch-clamp SOM or PKC
neurons, depending on the population present in OT-sensitive astrocyte territory, and
monitor the astro-neuronal communication. However, to measure this

gliotransmission, we must know the agonist and receptor involved.
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Figure 39: Astrocytes may form functional compartments. Upon stimulation, a
contextual trigger can activate different astrocytes. These astrocytes may react
differentially to this new context and tune the neural system according to their
contextualizing rules. These circuit-specific modifications may allow the different
neuronal networks to adapt to the new context. From Murphy-Royal et al., n.d.



7.3. Which gliotransmitter astrocytes release?

We have shown that after OTR activation, astrocytes excite CelL neurons
through the activation of NMDA receptors. We observe a loss of this effect when the
NMDAr co-agonist binding site is blocked or when the extracellular d-serine is
removed (Wahis et al., 2021) (Fig 5b & c). This means that 1) d-serine is the
endogenous agonist of NMDAr in the Cel, as shown in the hippocampus and the
cerebellum (Mothet et al., 2000), and 2) that the astro-neuronal communication relies
on the activation of NMDAr. Thus, the gliotransmitter involved in this communication
can be either the d-serine or the glutamate. In an additional experiment, we
supplemented the extracellular medium with d-serine and this does not change the
basal frequency of IPSCs in CeM neurons, suggesting no change in CeL neurons
activity. Moreover, the subsequent activation of OTR triggers an increase in these
IPSCs frequency, indicating that the phenomenon is not occluded. Together, these
two observations designate glutamate as the gliotransmitter involved. It should have
been interesting to perform the reverse experiment: blocking all glutamatergic
signalization (AMPA and mGIuR) except NMDAr, removing extracellular glutamate
using L-glutamate oxidase (Hazim Abdul Hameed and Hussein Ali, 2021), and
applying an OTR agonist. Thus, if we observe an increase in CeL neurons activity this
could indicate that astrocytes release glutamate that activates NMDAr. Interestingly, |
have found no study that has used this enzyme to remove extracellular glutamate in
brain slices. This is probably because we often assume that glutamate is present at
low levels in ECS whereas serine is present at higher levels (~10 folds) (Lerma et al.,
1986), thus probably exerting a tonic activation of NMDAr. However, the
concentrations of glutamate and d-serine measured in the ECS are very variable from
one study to another, ranging between 25nM and 30uM for the glutamate (Herman et
al.,, 2011). Moreover, even if L-serine is present in the ECS at high levels, this may not
be the case for D-serine, which is ~10 times less concentrated in hippocampal ECS
(Horio et al., 2011). All these discrepancies can be attributed to differences in
measurement techniques and to the region and physiological variation, such as

wakefulness and circadian rhythm (Papouin et al., 2012).



7.4. How can Gq; trigger calcium transients?

Since the last decade, a growing number of studies have shown that the
activation of Gai-GPCRs triggers calcium transients in astrocytes (Durkee et al., 2019;
Gaidin et al., 2020; Nagai et al., 2021, 2019; Shigetomi and Koizumi, 2023). This is
quite strange given that the canonical Gai pathway does not lead to an increase in
intracellular Ca®* but to a decrease in cAMP. For the oxytocin receptors, some studies
conducted in Chinese hamster ovary cells and myometrial cells have revealed that the
activation of the Gai-OTR pathway leads to calcium transients in a PLC- and IPs-
dependent manner (Hoare et al., 1999; Phaneuf et al., 1993; Willets et al., 2009).
Moreover, this activation involved the activity of the GBy complex of the Gai protein
(Hoare et al., 1999). These observations can be interpreted in light of a recent study
that has demonstrated the ability of GBy complexes from Gai proteins to empower the
Gag signalization (Pfeil et al.,, 2020). Importantly, the mechanism they propose
involves that GBy complexes relieve PLC autoinhibition but are not sufficient to
completely overcome PLC autoinhibition, and thus, the activation of a Gaq protein is
needed to trigger the Calcium transient. In astrocytes, the involvement of By
complexes have also been described as necessary to trigger calcium transients after
Gai-GPCR activation (Durkee et al., 2019), thus we can imagine that Gai-GPCR put
astrocyte in an “ON” mode that makes them respond to every little variation of their

environment.

7.5. Astrocyte reactivity

On many aspects, we can consider this “ON” mode of astrocytes as a reactive
mode. The major landmark of astrocyte reactivity is the upregulation of intermediate
filaments such as GFAP. We observed this upregulation as soon as 15 to 20 minutes
after the beginning of the conditioning session (10 minutes of conditioning and 5to 10
minutes to anesthetize and perfuse the mice). This delay is short compared to the
timing usually observed for GFAP upregulation, which ranges from hours to days
(Escartin et al., 2019; Liu et al., 2012; O’Callaghan et al., 2014; Takano et al., 2014).
To explain this discrepancy, we can imagine that globular GFAP monomers can
polymerize during the fear conditioning protocol, thereby bypassing the transcription
of the Gfap gene and the translation of the mRNA into protein. Thus, GFAP may not

be detectable as a globular cytosolic protein but can be immunostained after its



polymerization. To test this hypothesis, we could do punches of the CelL/C and
quantify the amount of GFAP proteins. If this amount of GFAP monomers is the same
in naive and fear-conditioned animals, this could indicate that fear conditioning
increases GFAP polymerization rather than its transcription/translation. We could also
investigate whether a rapid translation of pre-existing Gfap mRNA occurred after fear
conditioning by comparing GFAP protein level and mRNA level measures by gRT-
PCR.

Reactive astrocytes are also characterized by the activation of intracellular
pathways such as JAK/STAT3 (Ben Haim et al., 2015; Escartin et al., 2021; Priego et
al., 2018). Interestingly, the activation of Gi/o proteins can lead to the activation of this
pathway (Jiang and Bajpayee, 2009), indicating how the activation of the OTR-Gai
pathway can trigger astrocyte reactivity. It could be interesting to evaluate STAT3
phosphorylation in future experiments to evaluate the activation of this protein. If this
pathway is indeed involved in CelL/C astrocyte reactivity after fear conditioning, we
can imagine blocking it using STAT inhibitors or reversing astrocytes reactivity by
stimulating intracellular pathways that deactivate astrocytes (Escartin et al., 2019). If
the blockade/reversal of astrocyte reactivity can prevent CeL/C neurons’ excitability,
this can indicate a potential target for future therapies for post-traumatic stress

disorders.

7.6. Unveiling the region-specific effect of OT

The vast majority of studies investigating the effect of OT on astrocytes have
been done in the hypothalamus (Di Scala-Guenot et al., 1994; Di Scala-Guenot and
Strosser, 1992; Wang et al., 2017; Wang and Hatton, 2009, 2007a, 2007b reviewed
in Baudon et al., 2022). So when we conceptualized the second project of my thesis,
we based our hypothesis on the results observed in this structure and suggested that
OT may reduce GFAP immunoreactivity in CeA astrocytes. However, when we
observed that TGOT strongly increases GFAP staining in the CeA, we were
flabbergasted. We thus searched for other reports of an increase in GFAP staining
after OTR activation and found no published reports of similar observations. However,
we found a thesis manuscript that described an increased GFAP quantity in the
amygdala 20 minutes after intracerebroventricular infusion OT. In this study, they

observed arapid elongation of astrocyte processes after a 10 min incubation in 500nM



OT. Even if these results have to be carefully considered since they did not pass
through the process of peer reviewing, it seems to indicate that OT may have different

effects depending on the brain region.

7.7. Reconcile love and fear

Since the beginning of the 20th century, a growing number of studies
investigates the involvement of OT in emotions. In many aspects, OT has been
associated with positive emotions and for that reason, this neuropeptide is considered
a hormone that promotes well-being, reduces stress and anxiety, and favors
interindividual bonding (Lee et al., 2009; Lefevre et al., 2021). However, many reports
(including the present manuscript) are difficult to reconcile with this vision and tend to
indicate that OT functions may be different depending on the physiological state of the
animal or the brain region where OT is released (Quintana and Guastella, 2020). For
instance, OT is known to decrease anxiety and fear behaviors but stressful events
have been reported to increase OT quantity in the blood and the CeA (Ebner et al.,
2005; Lee et al., 2009). On social behaviors, albeit hypothalamic OT neurons were
shown to increase social interactions and recognition (Maroun and Wagner, 2016;
Resendez et al., 2020; Tan et al., 2019; Tang et al., 2020), OT neurons in the bed
nucleus of the stria terminalis were recently reported to increase social avoidance and
social anxiety (Duque-Wilckens et al., 2020). Similarly, OT increases aggressive
behaviors in squirrel monkeys and post-partum aggressiveness in female rodents (Lee
et al., 2009). In our data, we observed that activation of astrocytic OTRs in the CeA
has a rewarding effect per se (Figure 7h in Wahis et al., 2021) but also that its
activation during the conditioning phase of a fear conditioning protocol is necessary to
observe the establishment of the freezing response (Baudon et al., in preparation,
Figure 1). Thus, it seems that the brush of scientific literature can paint no unifying
portrait of OT functions for now, but we can try to understand the region-specific effects
of OT depending on the organization and function of this structure.



8.Conclusion

Overall, this Ph.D. work has highlighted the role of astrocytes in the
neuromodulatory effect of oxytocin in the central amygdala. In the first part of this work,
we focused on the rapid neuromodulatory effect of oxytocin and we unveil the direct
action of this peptide on a subpopulation of amygdala astrocytes. Once activated,
these cells secrete gliotransmitters that activate neighboring neurons, eventually
modifying amygdala-related behaviors (Wahis et al., 2021). In a second time, we
evaluate the long-term effect of oxytocin on the amygdala astro-neuronal network and
we observed that oxytocin leads to astrocyte reactivity by activating an OTR-Gai
pathway. This modification of astrocyte physiology controls neuronal excitability and
may be involved in the establishment of fear-related behavior (Baudon et al., in

preparation).

The endeavor of deciphering the way astrocytes and neurons communicates is
in line with a global effort of these last years to understand how astrocytes are involved
in the computational power of the brain (Bazargani and Attwell, 2016; Savtchouk and
Volterra, 2018; Volterra and Meldolesi, 2005). For too long, we tried to understand the
brain’s inner workings only through the prism of a digital code carried by neurons but
this simplified vision has to evolve and take into account the involvement of glial cells
and even of the extracellular matrix (Sykova, 2004). The inner clockworks of the brain
are infinitely complex but make it the most intriguing and beautiful machine of the

human-known universe.



9. Annexes

9.1. Liste des publications

Baudon, A., Charlet, A., 2020. Un engramme ocytocinergique pour apprendre et controler sa
peur. médecine/sciences 36, 9—11. doi:10.1051/medsci/2019252

Baudon, A., Charlet, A., 2022. Les sentiments naissent sous de bonnes étoiles, ou comment
les astrocytes contrblent nos émotions. médecine/sciences 38, 138-140.
doi:10.1051/medsci/2021255

Baudon, A., Clauss—Creusot, E., Althammer, F., Schaaf, C.P., Charlet, A., 2022. Emerging
role of astrocytes in oxytocin-mediated control of neural circuits and brain functions. Progress
in Neurobiology 217, 102328. doi:10.1016/j.pneurobio.2022.102328

Baudon, A., Clauss Creusot, E., Charlet, A., 2022. Réle émergent des astrocytes dans le
Contréle des circuits neuronaux et des fonctions cérébrales modulés par I'ocytocine. Biologie
Aujourd’hui 216, 155—-165. doi:10.1051/jbio/2022022

Baudon, A., Clauss-Creusot, E., Darbon, P., Patwell, R., Grinevich, V., Charlet, A., 2022.
Calcium imaging and BAPTA loading of amygdala astrocytes in mouse brain slices. STAR
Protocols 3, 101159. doi:10.1016/j.xpro.2022.101159

Tang, Y., Benusiglio, D., Lefevre, A., Hilfiger, L., Althammer, F., Bludau, A., Hagiwara, D.,
Baudon, A., Darbon, P., Schimmer, J., Kirchner, M.K., Roy, R.K., Wang, S., Eliava, M.,
Wagner, S., Oberhuber, M., Conzelmann, K.K., Schwarz, M., Stern, J.E., Leng, G., Neumann,
[.D., Charlet, A., Grinevich, V., 2020. Social Touch promotes interfemale communication via
activation of parvocellular oxytocin neurons. Nature Neuroscience 23, 1125-1137.
doi:10.1038/s41593-020-0674-y

Wahis, J., Baudon, A., Althammer, F., Kerspern, D., Goyon, S., Hagiwara, D., Lefevre, A.,
Barteczko, L., Boury-damot, B., Bellanger, B., Abatis, M., Da Silva Gouveia, M., Benusiglio,
D., Eliava, M., Rozov, A., Weinsanto, |., Knobloch-Bollmann, H.S., Kirchner, M.K., Roy, R.K.,
Wang, H., Pertin, M., Inquimbert, P., Pitzer, C., Siemens, J., Goumon, Y., Boutrel, B., Lamy,
C.M., Decosterd, 1., Chatton, J.-Y., Rouach, N., Young, W.S., Stern, J.E., Poisbeau, P., Stoop,
R., Darbon, P., Grinevich, V., Charlet, A., 2021. Astrocytes mediate the effect of oxytocin in
the central amygdala on neuronal activity and affective states in rodents. Nature Neuroscience
24, 529-541. doi:10.1038/s41593-021-00800-0

Baudon, A., Grelot, V., Althammer, F., Clauss--Creusot, E., Krabichler, Q., Grelot, V.,
Grinevich, V., Charlet, A. Central amygdala astrocytes oxytocin receptor Gai pathway
mediates behavioral adaptation in mice. In preparation.



9.2. Liste des communications

Présentations
L’ocytocine au coeur de nos émotions, A. Baudon, P. Darbon.
Conférence grand publique du Jardin des sciences, 10 mars 2022, Strasbourg.

Oxytocin Acts on Astrocytes in the Central Amygdala to Promote a Positive Emotional State.
A. Baudon. NeuroStra scientific day, 17 mai 2022, Strasbourg.

Central amygdala astrocytes are gatekeepers of oxytocin-induced behavioral adaptation to
fear. A. Baudon, X-Mas Symposium of Oxytocin Friends, 5 décembre 2022, Mannheim.

Poster

Astrocytes mediate the effect of oxytocin on the local amygdala circuitry that underlie
emotional behaviour, J. Wahis, A. Baudon, D. Kerspern, F. Althammer, V. Grinevich, A.
Charlet. Federation of European Neuroscience Societies, 11-15 juillet 2020, forum
dématérialisé.

Deciphering the central amygdala oxytocin-induced astrocytic and neuronal intracellular
activity, A. Baudon, J. Burger, E. Clauss--Creusot, D. Kerspern, A. Charlet. NeuroFrance, 19-
21 mai 2021, forum dématérialisé.

Deciphering the central amygdala oxytocin-induced astrocytic and neuronal intracellular
activity, A. Baudon, J. Burger, E. Clauss--Creusot, D. Kerspern, A. Charlet. XV European Glial
Meeting 5-9 juillet 2021, forum dématérialisé.

Astrocytes mediate the effect of oxytocin on the local amygdala circuitry that underlie
emotional behaviour, J. Wahis, A. Baudon, D. Kerspern, F. Althammer, V. Grinevich, A.
Charlet. Meeting of the French Glial Cells Club, 18-22 octobre 2021, forum dématérialisé.

Astrocytes mediate the effect of oxytocin on the local amygdala circuitry that underlie
emotional behaviour, J. Wahis, A. Baudon, D. Kerspern, F. Althammer, V. Grinevich, A.
Charlet. Federation of European Neuroscience Societies, 9-13 juillet 2022, Paris, France.

Oxytocin-induced astrocyte remodelling promote neuronal activity in the central amygdala. A.
Baudon, Q. Krabichler, F. Althammer, E. Clauss--Creusot, V. Grinevich, A. Charlet. Meeting
of the French Glial Cells Club, 12-14 octobre 2022, Sete, France.

Central amygdala astrocytes oxytocin receptor Gai pathway mediates behavioral adaptation
in mice. A. Baudo, F. Althammer2, E. Clauss--Creusot1, Q. Krabichler, V. Grelot, V. Grinevich,
A. Charlet. International Astrocyte School, 26 avril au 1 avril 2023, Bertinoro, Italy.

Central amygdala astrocytes oxytocin receptor Gai pathway mediates behavioral adaptation
in mice. A. Baudon, F. Althammer, E. Clauss--Creusot, Q. Krabichler, V. Grelot, V. Grinevich,
A. Charlet. Meeting of the French Glial Cells Club, 23 mai 2023, Lyon, France.

Central amygdala astrocytes oxytocin receptor Gai pathway mediates behavioral adaptation
in mice. A. Baudon, F. Althammer, E. Clauss--Creusot, Q. Krabichler, V. Grelot, V. Grinevich,
A. Charlet. NeuroFrance, 24-26 mai 2023, Lyon, France.






9.3. Calcium imaging and BAPTA loading of
amygdala astrocytes in mouse brain slices.

Baudon, A., Clauss-Creusot, E., Darbon, P., Patwell, R., Grinevich, V., Charlet, A.

STAR Protocols 2022



STAR Protocols

¢? CellPress

OPEN ACCESS

Calcium imaging and BAPTA loading of
amygdala astrocytes in mouse brain slices

Protocol 1: Calcium imaging of astrocytes

Afternoon (3-7h)

Slices preparation

Morning (4h30)

OGB1-AM
Loading
Protocol 2: Patch loading of BAPTA in astrocytes

- 6 ] Afternoon (3-7h)]
SR101 Lmdih

-

" Membrane Vaoltage (mV)

Astrocytes are glial cells that exhibit calcium signaling-mediated activity. Here, we present a
protocol to monitor and manipulate astrocyte calcium activity from mouse amygdala slices. In the
first part of this protocol, we describe the procedure of astrocyte calcium imaging. In the second
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SUMMARY

Astrocytes are glial cells that exhibit calcium signaling-mediated activity. Here,
we present a protocol to monitor and manipulate astrocyte calcium activity
from mouse amygdala slices. In the first part of this protocol, we describe the
procedure of astrocyte calcium imaging. In the second part, we detail how to
disrupt astrocyte calcium activity by patch-clamp-mediated loading of BAPTA.
These two approaches are presented separately but they can also be used simul-
taneously to monitor the effects of disruption on an astrocyte network.

For complete details on the use and execution of this protocol, please refer to
Walhis et al. (2021).

Q4 Q3 Q2 BEFORE YOU BEGIN

Q5 Caicium imaging requires a confocal fluorescence microscope and an illumination system capable of
achieving a high temporal resolution (sampling frequency > 1 Hz). For the calcium indicator, we use
Oregon Green BAPTA 1 coupled to an AcetoxyMethyl ester group (OGB1-AM) because it preferen-
tially stains astrocytes, but this protocol can be used with other AM-coupled calcium indicators as
well. For example, Rhod2-AM can be used as a red wavelength alternative. However, in our hands,
we observe more cell death with Rhod2-AM than with OGB1-AM. One can also use ratiometric cal-
cium indicators such as Fura 2, Fluo-4 or Indo-1. However, while this approach allows for an accurate
estimation of the intracellular calcium concentration, it also has the drawback of requiring three
wavelengths of light, thereby restricting the use of other fluorescent labeling approaches. The Kd
value should also be considered when choosing a calcium indicator. For example, if the goal of
the experiment is to monitor small events, then an indicator with a high Kd (e.g., Fluo-4FF) would
be ideal, whereas a dye with a lower Kd (e.g., OGB1) would be preferable for monitoring bigger cal-
cium events due to a lower degree of saturation (Delvendahl et al., 2015). Yet another approach that
may be used in conjunction with this protocol would be the use of genetically encoded calcium in-
dicators such as GCaMP, or the newly developed Salsa6f ratiometric analogs (for use in astrocytes,
see Wakida et al., 2020).

For required tools, please see key resources table and materials and equipment for references.

In the present paper, the two protocols were performed in mouse horizontal slices, containing the
central nucleus of the amygdala.
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Figure 1. Material for calcium imaging and patching of astrocytes

(A) Microscope equipped with a spinning disk module and a sSCMOS camera for calcium imaging. This microscope is
placed on a Gibraltar table along with the recording chamber, the headstage and the recording electrode. The
assembled instruments are placed on an anti-vibration table.

(B) Magnified photo of a recording chamber divided into 3 parts: one space for the slice and aCSF input, one for the
aCSF output and one for the reference electrode. The harp is placed on the slice to avoid any movement during
recordings.

(C) All the equipment needed for patch clamp (for more details, see key resources table).

(D) Example of a manually pulled tip used to fill the pipette in patch-clamp. The tip is mounted on a filter placed on a
1 mL syringe to avoid clogging the tip.

(E) Photo of a recovery chamber.

(F) Scheme of the recovery chamber, a pierced tube is fixed at the bottom of the chamber to bring carbogen in the
aCSF of the chamber.

The calcium imaging setup is composed of a Zeiss Axio examiner microscope equipped with a 40x
water immersion objective and a mounted X-Light Confocal unit — CRESTOPT spinning disk (Fig-
ure TA). We use a LED light source for excitation and emission data are acquired at 2 Hz with an op-
tiMOS sCMOS camera (Figure 1A). All of these hardware elements are interfaced with a computer
running MetaFluor (ver. 7.8.8.0) software.

The patch-clamp setup is composed of an Axon MultiClamp 700B amplifier coupled to an ADC Dig-
idata 1440A Digitizer (Figure 1C). Data are acquired at a sampling rate of 20 kHz and stored on a
computer using the pClamp (ver. 10) software suite.
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If needed, prepare aCSF, the perfusion solution and the internal solution in advance (see materials
and equipment).

Experiments have to be performed in accordance with ethical rules and approbation from your local
institutions.

Slice preparation
® Timing: 2 h

1. Anesthetize the mouse with an i.p. injection of ketamine and paxman at 400 mg/kg and 80 mg/kg
respectively.

Note: one can also use isoflurane inhalation followed by quick decapitation.

2. Access the heart by performing a laparotomy and a thoracotomy, being careful not to damage
the internal organs (Figures 2A and 2B). Use a 50 mL syringe filled with cold (4°C) perfusion so-
lution (see materials and equipment), insert the needle into the left ventricle and cut the right
atrium. Exsanguinate the animal until there is no more blood flowing from the heart (typically,
10 mL is enough).

Note: Heart perfusion is not essential for young animals (<P30-40) to obtain proper slices.

Note: To perform the exsanguination, you can also use a peristaltic pump to have better con-
trol over the flow of the perfusion solution.

Note: Observe the liver during the perfusion. If the perfusion procedure is done properly, its
color should change from red to almost white.

3. Once perfusion has finished, decapitate the animal using scissors. Place the head in a Petri dish
containing cold oxygenated perfusion solution. Open the scalp using the scalpel and remove the
part of the skull covering the brain using scissors and forceps (Figure 2C). Extract the brain from
the skull and place it in another Petri dish filled with clean cold oxygenated perfusion solution.

Note: If you are fast enough (< 3 min), this step can be done outside the perfusion solution to
save both time and solution. For the sake of reproducibility, we highly recommend that the
first few attempts be done as described here until you get used to it.

A CRITICAL: It is important to transfer the brain into a clean Petri dish immediately after
extraction as the first Petri dish will contain blood and parts of the skull that might damage
the brain tissue.

4. Using a scalpel, remove the cerebellum and the olfactory bulbs. Separate the two hemispheres by
cutting along the sagittal axis (Figure 2D). Then, slice off a portion of the cortex to flatten the dor-
sal part of the brain (Figure 2E).

A CRITICAL: It is important to cut the dorsal part of the brain as flat as possible to fix the
brain correctly and have identical slices throughout the days.

5. Put some glue on the vibratome sample holder. Reassemble the brain (Figure 2F), fix it on its dor-
sal surface by sliding it from the spoon onto the sample holder, and slice it using a vibratome to
obtain 350 um thick slices. This will allow the slicing of both hemispheres together with the same
accuracy (Figure 2G).
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Figure 2. Slice preparation and dye loading

(A) The mouse is fixed by the paws using syringe needles. The red dotted lines show where to cut for clear access to the
heart.

(B) Photo of the mouse after performing the laparotomy and thoracotomy.

(C) After opening the scalp, cut the skull following the dotted red line. Then remove the two parts of the skull as
indicated by the red arrows. The two red circles show important bones to remove to avoid damaging the brain during
the extraction. Stick the tips of closed scissors in the red cross and open them to remove the lateral part of the skull.
This last step is optional but facilitates brain extraction.

(D) Brain after extraction. The red dotted lines show where to cut to remove the cerebellum, olfactory bulbs and
hemisect the brain.

(E) After hemisecting the brain, cut the two parts following the red dotted lines to flatten the dorsal part of the brain.
Scale bar A-E = 1 cm.

(F) Use a spoon-shaped tool to retrieve the brain after re-assembling it. Dry the remaining liquid and fix it on its dorsal
surface.

(G) Fixed brain before slicing.

(H) Photo of the slices placed in the recovery chamber.

(1) Photo of the slices placed in the culture well for SR101 staining.

(J) Photo of the slices placed in the culture well for OGB1-AM loading.

Note: Use a spoon-shaped tool to put the brain on the vibratome sample holder. The glue we
use sets when in contact with a liquid. Thus, dry the spoon and the dorsal surface of the brain
as much as possible.

Note: We use a Leica VT1000S vibratome with the following parameters: (1) 0° blade angle; (2)
7.5 (75 Hz) vibration frequency; (3) 1 (0.05 mm/s) progression speed.
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A CRITICAL: during the slicing, it is essential to keep the solution containing the brain as cold
as possible by adding ice around the slicing tank (you can also pour ethanol into the ice to
keep it cooler). Failing to keep the solution cold enough will cause the brain to soften,
which may cause it to be crushed by the razor blade. Furthermore, keeping the brain
cold will reduce both the activity of degradation enzymes and the metabolic activity within
the cells.

6. Transfer the slices into a recovery chamber containing aCSF (see materials and equipment),
oxygenated with carbogen for 1 h at 25°C (Figure 2H, for recovery chamber details, see Figures
1E and 1F).

A CRITICAL: Starting from this point, all manipulations have to be performed in the dark.

Slice incubations for SR101 dye loading
O® Timing: 30 min

7. While waiting for the slices to recover in the chamber, pour 10 mL of aCSF into a culture well and
add 10 pL of SR101 (1 mM) so the final concentration of SR101 will be 1 pM. Connect a carbogen
line to the well to make it bubble at a modest rate (~2-3 bubbles/second). Carefully position the
bubbling culture well into the heating bath at 37°C (Figure 2l).

Note: You can make a platform with a test tube rack so the well will heat properly and not sink.

8. After 1-h recovery (step 6), transfer the slices from the recovery chamber into the culture well con-
taining SR101 using either a brush or a Pasteur pipette and let them incubate for 20-30 min (Fig-
ure 2l).

Note: Make sure that the slices do not overlap with each other and that the carbogen bubbling
does not move them around.

Slice incubations for calcium dye loading
O Timing: 1 h

9. The following step is only applicable for calcium imaging.
a. During the incubation period of step 8, prepare the OGB1-AM solution. Add 2 pL of PF-127
(20% in DMSO) and 8 pL of Cremophor EL (0.5% in DMSO) in the OGB1-AM vial. Vortex
1 min. Wrap the vial in aluminum foil to avoid photodamage and ultrasonicate it for 10-20 min.

Note: If you do not have a sonication bath, you can use a thermomixer at max speed, 40°C for
10 min.

b. Centrifuge the aliquot for 5 s to get all the droplets to the bottom of the vial. Carefully add
20 pL of aCSF to the vial and homogenize the solution by gently pipetting up and down
without making bubbles.

c. Atthe end of the SR101 incubation time, transfer the slices into a small culture well containing
3 mL aCSF. Put a carbogen line in the well and adjust the carbogen flow to produce 1 bubble
every 2 s. Carefully position the bubbling culture well into the heating bath at 37°C (Figure 2J).

Note: Maintain the orientation of the slices such that the same side is loaded with both SR101
and OGB1-AM.
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Note: Surfactants tend to produce foam that will desiccate the slices. Try to adjust the carb-

ogen flow in such a way as to keep the bubbles along the well wall and not floating above the

slices.

Note: You can also put the carbogen line just above the level of the aCSF such that it oxygen-
ates the solution without producing foam. To do so, pipet 3 mL into the well and make a hand-

made hole just above the level of the aCSF.

d. Slowly and carefully, deposit 6-10uL of OGB1-AM solubilized into Cremophor and PF-127
directly onto your region of interest to ensure that it will receive exposure to a high concentra-
tion of dye. Repeat the operation for all other slices. Incubate for 45 min to 1 h in the dark.

A CRITICAL: Cover the incubation well with a lid to avoid evaporation and dehydration of the

slices. Leave atiny space between the lid and the well to allow carbogen to escape from the

well.

Recovery

® Timing: 1 h

10. After the incubation period, transfer the slices to a recovery chamber filled with aCSF oxygen-

ated with carbogen. Incubate at 25°C for at least 1 h before starting experiments (Figure 2H).

Note: At this point, you can take a break to eat.

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Oregon Green 488 BAPTA-1, AM, cell
permeant — Special Packaging

Sulforhodamine 101 (SR101)
NaCl

KCI

NaH,PO4

NaHCO3
D-Glucose

MgSO,

CaCl,

NMDG

HEPES

L-Ascorbic Acid
Thiourea

Sodium Pyruvate
N-Acetyl-L-Cysteine
Kynurenic acid
BAPTA

Na,ATP
Na,GTP
MgCl,
PF-127

6 STAR Protocols M, 101159, MM, 2022

Thermo Fisher Scientific

Merck
Sigma-Aldrich
Carlo Erba
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Merck

Carlo Erba
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Alomone labs
Thermo Fisher
Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

XPRO 101159

Cat#06807

Cat#S57635
793566
471177
S9638
S5761
G8270
63139
433381
M2004
H4034
95209
T8656
P2256
A7250
K-110
B1204

A2383
51120
208337
P2443

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Cremophor EL Sigma-Aldrich 238470-1 SET
DMSO Sigma-Aldrich D8418
Experimental models: Organisms/strains

1-2 months old C57BLé/J Chronobiotron UMS3415 n/a

male or female mice

Software and algorithms

MetaFluor 7.8.8.0 Molecular Devices n/a

pClamp 10 Molecular Devices n/a

uEye Cockpit iDS software suite n/a
MultiClamp 700b commander Molecular Devices n/a

Fiji

Schindelin et al. (2012)

https://imagej.net/
software/fiji/downloads

Deposited data

Example code

Alexandre Charlet's lab

https://github.com/
AngelBaudon/Canal.git

Other

Vibratome Leica Biosystems VT1000S

pH meter Hanna instruments HI 2210
Micro-osmometer Loser Type 6
Ultrasonic cleaner Branson 5510-MT
Amplifier Axon Instruments Digitizer
Digitizer Axon Instruments MultiClamp 700B
Microscope Zeiss Examiner A1

Manipulators

Light source (patch)

LED light source

Peristaltic pump
Anti-vibration table
Recording chamber
Spinning disk

sCMOS camera

uEye camera

Electrode holder + Ag wire
Flaming/Brown micropipette puller
Borosilicate glass

Nalgene 4-mm syringe filters purple
26G needle

Syringe 1 mL

Syringe 20 mL

Syringe 50 mL

Ketamine

Paxman

Qualitative filter paper 413
Scalpel

Scalpel blades

Dumont forceps

Bonn scissors

Fine scissors — Sharp-blunt
Paintbrush

Loctite Superglue-3

Sutter Instrument
Lumen Dynamics
Lumencor

Gilson

Photon Lines
Multichannel systems
CrEST

Qlmaging

iDS

Warner instruments
Sutter Instrument
Sutter instrument
Thermo Fisher Scientific
Agani
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Virbac France
Virbac France

VWR

Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Fine Science Tools
Princeton

Dutscher

MPC-325
XT640-W
7-CLX-NA
Minipuls 3
63-7590M
RC-26G
X-LIGHT
optiMOS
UI-1240LE-NIR-GL
QSW-T15P

P-97
BF150-86-7.5HP
176-0020
SAN2613R1
7683531
7116882
Z118400
211101

221631
516-0817
10004-13
10021-00
11254-20
14184-09
14028-10
Round - natural red sable
999227

Note: The resources listed here are what we use at the time of writing this protocol. There are

currently many different alternatives and new versions of some products may become avail-

able in the future.
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MATERIALS AND EQUIPMENT

e aCSF

Reagent Final concentration (mM) Amount
H,O n/a 1L
NaCl 124 7.2416 g
KCI 2.5 0.1864 g
NaH,PO4 1.25 0.1725¢g
NaHCO3 26 2.1843 g
D-Glucose 15 2.7030g
MgSO, 2 0.493 g
CaCl, 2 0.294 g

Should be stored at 4°C. Maximum storage time ~2 weeks.

e Perfusion solution

Reagent Final concentration (mM) Amount
H,O n/a 5L
NMDG 93 90.7773 g
KClI 2.5 0.9319 g
NaH,PO, 1.25 0.8625 g
NaHCO3 30 12.6015 g
HEPES 20 23.8310g
D-Glucose 25 22.5250 g
L-Ascorbic Acid 5 4.4030 g
Thiourea 2 0.7612 g
Sodium Pyruvate 3 1.6506 g
N-Acetyl-L-Cysteine 10 8.1595¢g
Kynurenic acid 2.5 2.3646 g
MgSO, 10 12324 g
CaCl, 0.5 0.3675 g

Should be stored and used at 4°C. Maximum storage time ~2 weeks. If you prepare large volumes, you can freeze it at —20°C
and keep it for up to 1 year.

Note: You will have to use a lot of HCI while adjusting the pH.

Alternatives: You can also use sucrose instead of NMDG. We use it at a concentration of
180 mM and adjust the N-acetyl-L-Cysteine to 5 mM instead of 10 mM.

o Internal solution for astrocyte patch-clamp

Reagent Final concentration (mM) Amount
H,O n/a 50 mL
KMeSO, 125 838.75 mg
HEPES 10 119.15 mg
BAPTA 10 314.4 mg
Na,ATP 4 110.228 mg
Na,GTP 0.4 10.4636 mg
MgCl, 4 19.042 mg

Should be stored at —20°C and used at 4°C. Maximum storage time ~1 year.
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Note: This last solution should be prepared and used on ice as ATP/GTP is unstable at room
temperature. We recommend weighing and adding these two components last. As soon as
ATP/GTP is added, keep the solution at 4°C.

Note: For the aCSF and perfusion solutions- after adding all powders to the water, bubble the
solution with carbogen for about 15-20 minutes to activate the bicarbonate pH buffer. For all
solutions, titrate the pH to 7.3-7.4 at room temperature (RT; 20°C-25°C) (except the internal
solution at 4°C to avoid ATP/GTP degradation), as needed, using HCl or NaOH to acidify or
alkalinize the solution, respectively. Because CaCl, equilibrates slowly, we add it after pH
titration.

If needed, adjust the osmolality to 300 + 10 mOsm/kg by adding water or NMDG/glucose/sucrose
to decrease or increase the osmolality, respectively.

Note: Itis not recommended to adjust the osmolality as it will change ions concentrations. Itis
preferable to optimize the protocol beforehand to have the correct osmolality every time.

e Required tools

Surgical
Equipment instruments Consumable

e Carbogen gas supplier (95% O, 5% CO,) e Scalpel e Ketamine (400 mg/kg)

e Vibratome Leica VT1000S e Forceps e Paxman (80 mg/kg)

e Heating bath e Scissors e 1 mL/20 mL/50 mL syringe
e Fluorescence microscope e Paintbrush e 26G needle

e Recording chamber (Figure 1B) e Superglue o Blotting paper

e Peristaltic pump e aCSF

e For calcium imaging: spinning disk (Figures 1A-1C) e Perfusion solution

e For BAPTA loading: Patch-clamp set-up (Figures 1A-1C) e OGB1-AM

e Recovery chamber (Figures 1E and 1F) e SR101

e pH meter e PF-127 (20% in DMSO)

e Osmometer e Cremophor EL (0.5% in DMSO)

STEP-BY-STEP METHOD DETAILS

Calcium imaging of astrocytes
O Timing: 3-7 h

Astrocytes, as with any glial cell, do not fire action potentials. However, they do exhibit calcium-
based excitability in certain contexts (Charles et al., 1991). For instance, the cytosolic calcium con-
centration of astrocytes increases in response to many types of stimuli such as neurotransmitter
signaling, mechanical stimulation and variations in pH (Khakh and Benjamin, 2019). The following
protocol describes a method to monitor these calcium fluctuations in astrocytes.

Follow the initial steps (1-10) for slice preparation, as described in the preparation section above.

1. Transfer the slices into an aCSF filled recording chamber (see key resources table) connected to a
peristaltic pump that provides a continuous flow of oxygenated aCSF (~2 mL/min) at room tem-
perature (or any temperature as needed by the experiment).

2. Place a holding harp on top of the slice to prevent movement.

Note: make sure that the strings of the harp are not too close to the recording site. Otherwise,
it will bend your slice and thereby prevent consistent focus with the microscope.
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3. Use an Axio examiner Zeiss microscope (or Olympus BX51WI Japan for example) with a 4 x objec-
tive to identify your region of interest. Set the microscope to infrared differential interference
contrast (IR-DIC, A = 750-790nm) and visualize the image with the uEye cockpit software (or An-
dor iQ 3.2 for example).

Note: Use an appropriate atlas to identify landmarks that will help you locate your structure of
interest.

4. Switch to a 40x water-immersion objective and find the surface of the slice.

5. Open the MetaFluor software and click the “Configure” menu to set the following parameters:
Spinning disk pinhole diameter: 70 pm.

. Spinning disk rotation speed: 15.000 rpm.

Wavelength: 575 nm for SR101, 475 nm for OGB.

. Exposure time: 20 ms for SR101, 80 ms for OGB.

. lllumination intensity: 220 pW for SR101, 580 pW for OGB.

Exposure time: 20 ms for SR101, 80 ms for OGB.

. Sampling frequency: 2 Hz (500 ms interval between acquisitions).

Q@ 0o 0 0 T W

A CRITICAL: Before switching on the fluorescent light, do not forget to put your microscope
in confocal mode. The high intensity of the wide-field mode will bleach the calcium
indicator.

A CRITICAL: Finely tune your illumination time and intensity to avoid fluorescence bleaching.
To do so, we recommend starting at an illumination intensity of 0 pW and an illumination
time of 20 ms then progressively increase both values. In our hands, we typically set the
illumination intensity between 580 nW and 1040 uW and find that good OGB1 loading
can be seen at an illumination time of 20 ms. We never illuminate more than 100 ms.

6. Cells labeled with SR101 are astroxcytes.
a. Find a focal plane that includes several of them (Figure 3A & Method video S1).

b. Check the shape of the cells: a healthy cell must have a ramified morphology with observable
proximal processes (Figures 3A and 3B). If the cells exhibit a round, swelled shape, it may indi-
cate that these cells are dead or dying. If so, refer to Troubleshooting.

c. You can observe 3 kinds of cells: (1) the ones that are labeled with both markers (SR101 and
OGB, yellow merge in Figure 3A), indicating that astrocytes are well loaded with both indica-
tors; (2) the cells SR101 negative, that are probably neurons; and (3) cells labeled with SR101
but that are OGB1 negative.

Note: In this last configuration, try to run the experiment anyway, the labeling is maybe too
weak to be seen at resting state but can be enough to detect calcium transients. If you did
not see any variation of the OGB1 fluorescence, refer to Troubleshooting.

Note: To guarantee a good signal/noise ratio, you must adjust the focal plane in such a way as
to both see the cell and distinguish the proximal processes.

7. Click on “Save pictures” and choose an appropriate folder. Click on “Zero clock” and then “Start”.
Your data must be saved as independent pictures in the selected folder. At the end of a 10-min
recording, you should have 2400 pictures (1200 for the SR101 channel and 1200 for the OGB1
channel).

Note: Because the files produced are very large, be sure that you correctly set the sampling
frequency regarding the event you want to observe. The sampling frequency should be at
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Figure 3. Expected results from a calcium imaging experiment

(A) Stacked picture of SR101 staining (left), OGB1 staining (middle) and the merge of both labels (right). Scale bar =
50 um.

(B) Pseudo-colorized images showing the increase of fluorescence after application of an OTR agonist (TGOT 1 nM
10 s duration) on OGB1-loaded astrocytes. Upper panel: SR101 staining; middle panel: basal OGB1 fluorescence;
lower panel: OGB1 intensity after application of an OTR agonist (TGOT 1 nM, 10-s duration). Scale bar = 50 pm.

(C) Traces of OGB1 fluorescence over time. The blue bar represents the application of TGOT 1 nM 10-s duration.
(D) Quantification of the effect of TGOT 1 nM on astrocytic activity. From left to right: variation of AUC, frequency,
calcium transient height, half-max full width (FWHM), and proportion of responsive cells after TGOT application. The
gray histograms represent baseline values and the blue histograms represent the quantification of the TGOT effect.
Data are represented as mean = SEM. ***p < 0.001, Paired t test.
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least twice as high as the maximal frequency of the events recorded (see Nyquist-Shannon the-
orem). For somatic global calcium transients that last for more than 2 seconds, a 2 Hz sampling
frequency is sufficient. In our hands, a 10-minute recording at 2 Hz results in an individual pic-
ture size of ~1 MB (~2.4 GB of pictures in total).

8. At the desired time, apply a drug or any kind of stimulation to see if it changes astrocyte calcium
activity. We apply an oxytocin receptor agonist, the TGOT at[1 nM] for 10 s through the perfusion
system (Figures 3B-3D).

Note: If your perfusion aCSF is in a close loop, be sure to discard the solution for ~5 minutes to
avoid contamination of your clean aCSF stock.

Patch-clamp-mediated BAPTA loading of astrocytes
® Timing: 3-7 h

Astrocyte communication is largely based on intracellular calcium signaling (Khakh and Benjamin,
2019). Thus, blocking these transients using calcium chelators will inhibit astrocytic activity. As astro-
cytes create a large network interconnected via gap junctions, loading a chelator in just a few astro-
cytes is sufficient to block calcium transients across a local network. Thus, this approach can be used
to observe the effects of blocking calcium-dependent astrocyte communication on the activity of a
nearby neuronal network. In this section, we describe the detailed steps needed to perform patch
clamp on an astrocyte and the protocol used to load BAPTA into the astrocytic network. This exper-
iment can also be performed with other calcium chelators such as EGTA, but we choose to use
BAPTA because its binding kinetics is ~40 times faster than EGTA, allowing for the blockade of local
and rapid calcium transients (Naraghi and Neher, 1997).

Optional: this protocol can be used in combination with the calcium imaging of astrocytes. If
you intend to do so, please follow the ‘optional’ steps such as this one that indicates what
steps are required from both protocols.

Follow the initial steps (1-10, except step 9) for slice preparation, as described in the preparation
section above.

Optional: If you intend to perform BAPTA loading together with calcium imaging, follow the initial
steps (1-10, including step 9) for slice preparation, as described in the preparation section above.

9. Transfer the slices into an aCSF filled recording chamber connected to a peristaltic pump that
provides a continuous flow of oxygenated aCSF (~2 mL/min) at room temperature (or any tem-
perature as needed by the experiment).

10. Use an Axio examiner Zeiss microscope (or Olympus BX51WI Japan for example) with a 4x
objective to identify your region of interest. Set the microscope to infrared differential interfer-
ence contrast (IR-DIC, A = 750-790 nm) and visualize the image with the uEye cockpit software
(or Andor iQ 3.2 for example).

11. Switch to a 40x water-immersion objective and find the surface of the slice.

Note: At this point, you should visualize the cells with infrared illumination to verify that the
slice is 'healthy’. Check that there are no or only a few dead cells, which can be discriminated
by their round shape and absence of clear edges.

12. Visualize SR101 labeled astrocytes by illuminating the slice with yellow ~575 nm light. Once you
identify your shining star (i.e., the cell you want to patch), do not adjust the microscopic stage
position (in neither the x nor y-axes) or you may lose track of it (Figure 4A).
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Note: One should keep several considerations in mind when choosing a cell to patch: (1) Deep
cells are harder to visualize and are more easily disrupted by the pipette-induced movement
of the tissue above. (2) A healthy cell is not round. (3) Bigger cells are easier to patch.

Optional: If you intend to perform BAPTA loading together with calcium imaging, also refer to
step 5 and 6 and try to find several healthy astrocytes in the same stage position.

Note: In uEye Cockpit, press 'Ctrl + right click’ to place a marker on the screen. This will help
you return to the cell more easily. Alternatively, place a small chunk of putty (e.g. Play Dough)
on the screen for each target cell.

13. To get a pipette above the slice:
a. Raise the objective far away from the slice, while still keeping the lens submerged in the so-
lution.
b. Take a pulled pipette (borosilicate glass; outer &: 1.5 mm; inner J: 0.86 mm; length:
7.5 cm, see key resources table) previously filled with the internal solution.

Note: To create a pipette filler: place a pipetman tip on a 1 mL syringe. Use a flame to heat the
tip and pull it until it is thin enough to enter the pipette, blow air into it with the syringe while
doing this to avoid clogging. Use a razor blade to cut the end of the pulled tip and then verify
that it is not blocked by pushing water through it. If the water does not flow through the tip,
replace it and start over. It may take several attempts to obtain a working tip (see Figure 1D for
an example of how it should look).

c. Insert the pipette onto the AgCl electrode.

d. Put positive pressure (about 1 mL of air with a syringe). This will help avoid clogging your
pipette while moving through the tissue. Position the pipette in the bath using the manip-
ulator.

e. Ifyou are using pClamp, use the membrane test to determine the resistance of the pipette
(if the signal is drifting, see troubleshooting). Otherwise, in voltage-clamp, apply a voltage
step of 5-10mV and measure the current transients to calculate the pipette’s resistance us-
ing Ohm’s law. It must be ~6 + 2 MQ (see troubleshooting for more details). A lower value
means the tip is too large (or broken) and a higher value means the tip is too thin. In either
case, it will be difficult to patch a cell.

Note: The instruction manual of your pipette puller contains helpful instructions on how to pull
the pipette to achieve the desired resistance.

f. Under infrared light, bring the pipette tip under the objective using the micromanipulator.
Move the pipette along the x and y axes until you see a shadow moving on the screen of the
computer and then adjust the objective to focus on it. Then, move the pipette until the tip is
in focus.

Note: While positioning the pipette tip, it is important to continuously monitor both the com-
puter screen and the actual pipette to ensure the tip does not hit any obstacles (e.g. the
objective).

A CRITICAL: Once the pipette is in the bath, extreme caution must be used when moving it
along the z-axis. Uncontrolled movement of the pipette can result in damage to both the
tissue and the recording chamber.

g. The next goal is to safely lower the pipette just above the slice.
i. First, lower the objective.
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Figure 4. Patch-clamp mediated BAPTA loading in astrocytes

(A) Pseudo-colorized images showing SR101 (top) and OGB1 (bottom) at the beginning of the recording (left), after
15 min (middle) and 35 min (right) of recording. The white lines represent the pipette. The three arrows indicate the
signals of the cells shown in (B). Scale bar = 50 pm.

(B) Raw signals showing the evolution of OGB1 fluorescence from the same three cells shown in A that were recorded
for 40 min. At 5 min, the patched cell membrane is ruptured (orange).

(C) Example of current step (CS) realized during the recording in (B). Left: command step of the CS: 15 steps of 100 ms
starting at —100 pA and incremented by 50 pA. Right: membrane potential of the astrocyte recorded in response to
the CS.

(D) Quantification of the effect of BAPTA loading in astrocytes. Left: Quantification of the area under the curve (AUC)
of calcium measurement in astrocytes. This value is expressed in relative fluorescence unit? (RFU?). Right:
Quantification of calcium transients in astrocytes. The astrocyte membrane is ruptured at 5 min. The red points
indicate the values for patched astrocytes and the black ones for neighboring cells.
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ii. Then lower the pipette until you can see it again.
iii. Repeat this sequence until you are just above the slice.

Note: you cannot go all the way down with the objective because you will bend/break the
pipette and you cannot go down only with the pipette because you will not know when
you will be near the tissue.

14. Once you are just above the tissue.
a. Position the pipette tip above the targeted cell, slightly to its side.
b. Switch the microscope channel to see the fluorescent labeling of astrocytes.
c. Lower the pipette down into the tissue until you are on the same level as the top of the target
cell.
d. Move the pipette toward the cell (see Method video S1).

Note: To make positioning of the pipette easier, you can move the objective up and down to
help identify your current location within the tissue.

Note: Usually, it is easier to approach the cell diagonally.

15. Two indicators can be used to confirm you are on the target cell.
a. Thefirstis visual: the positive pressure within the pipette creates a visible deflection (dimple)
on the membrane.
b. The second indicator is the pipette resistance: when you get close enough to the cell, the tip
of the pipette becomes enclosed by a pocket of membrane and thus increases the resistance.
You can expect an increase of about 0.2 MQ-1 MQ (see Method video S1).
16. Release the positive pressure (this increases the resistance as more membrane enters the
pipette).

Note: When releasing the positive pressure, the resistance should increase up to at least 15—
20 MQ. The better the pipette is positioned on the cell, the higher the resistance will go (some-
times even directly up to gigaseal).

17. Gently apply negative pressure by mouth until you achieve a gigaseal (i.e., a pipette resistance
of several GQ).

Note: After reaching 100 MQ, start holding the potential at the desired membrane potential
value (—80 mV), this will help reach the gigaseal.

Note: Astrocytic membranes are much more fragile than neuronal membranes. If you are
accustomed to patching neurons, then be extra gentle during seal formation and membrane
opening.

Optional: To confirm that calcium has been correctly chelated by the BAPTA in the patched
cell, start the calcium imaging (see step 7) once the giga seal is reached. Wait 5 min before
opening the cell.

18. When the gigaseal is reached, apply negative pressure in the pipette by repetitive suctions until
the membrane opens.

19. If the astrocyte opens correctly, you will see capacitive transients and the resistance will drop by
several tens of MQ. You can also look at the calculated membrane resistance by clicking the
"“Cell” button on pClamp. This resistance must be ~20 MQ for astrocytes and ~200 MQ for neu-
rons in the central amygdala.

STAR Protocols M, 101159, M, 2022 15
XPRO 101159




Please cite this article in press as: Baudon et al., Calcium imaging and BAPTA loading of amygdala astrocytes in mouse brain slices, STAR Pro-
tocols (2022), https://doi.org/10.1016/j.xpro.2022.101159

¢? CellPress STAR Protocols

OPEN ACCESS

Optional: If you are performing calcium imaging at the same time, you should see a drop in the
fluorescence of the patched cell (Figure 4B & Method video S1).

20. Switch to current-clamp mode to check the resting membrane potential, which should be
around —80/-90 mV.
a. Apply current steps of 15 steps starting at —100 pA incremented by 50 pA and lasting 100 ms
each. This is to verify that the patched cell is truly an astrocyte.
b. Thus, the membrane potential should have increased to at least —30 mV and you should not
have seen any action potentials (Figure 4C).

Note: If the patched cell is a neuron or even if you just patched a presynaptic terminal, you
should see action potentials (Bischofberger et al., 2006).

21. Wait 20 min (Wallraff et al., 2006) to let the BAPTA diffuse in the astrocyte network. Monitor the
access resistance regularly to make sure the membrane of the astrocyte is still open and that the
astrocyte is still alive.

Optional: If you are performing calcium imaging and patch-mediated BAPTA loading simul-
taneously, you will observe an immediate fluorescence quenching in the patched cell and a
progressive loss of fluorescence in the neighboring astrocytes after 10-20 min. For more de-
tails, see expected outcomes and Figure 4.

22. Remove the pipette very slowly and carefully along the x-axis, as this is the best direction for
avoiding damage to the cell. It is extremely important to avoid any damage to the cell during
this step, as the goal is to reseal the membrane.

Note: When the membrane is resealed, you should see the pipette resistance reach the GQ
range again as you will inevitably tear off a part of the membrane during removal.

23. Repeat all the steps from 13 to 21 on another astrocyte located approximately one screen
(200 pm) apart to ensure the efficient diffusion of BAPTA within the local network.

EXPECTED OUTCOMES

Here, we share a protocol to investigate the involvement of astrocytes and their networks in brain
function. We present ex vivo approaches to both monitor astrocytic calcium activity (Figure 3) and
interfere with their activity at the microcircuit scale (Figure 4).

While one can also investigate astrocytic membrane potential changes using patch clamp in a cur-
rent clamp mode, tracking of fluorescence variations using a calcium sensor, such as OGB1, in the
cytosol further allows one to test whether astrocytes respond to a given stimulus using calcium-asso-
ciated mechanisms. To distinguish astrocytes from other cells, we use SR101 because it allows a rela-
tively simple way to label astrocytes in wild-type mice. Thus, by selecting cells labeled with both
SR101 and OGB1 (Figure 3A), we can restrict our measurements of calcium-mediated OGB1 fluores-
cence variations to putative astrocytes only (Figures 3B and 3C). Alternatively, one can use geneti-
cally labeled astrocytes (e.g., GFAP-GFP mice, Zhuo et al., 1997).

The protocol described here can achieve a variety of experimental goals. One classical experiment is
the application of a given drug to quantify its effects on astrocytic calcium signaling. For example, we
applied the oxytocin receptor agonist, TGOT [1 nM], for 10 s via the peristaltic perfusion system used
to supply aCSF to the recording chamber. One of the outputs of this experiment was a video
recording that allowed us to assess visually the effects of an applied pharmacological agent to as-
trocytic calcium activity. The output data can further be used to quantify several effects of interest
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through calculations such as the global area under the curve (AUC), the frequency of calcium tran-
sients, the duration of calcium transients, etc. (Figure 3D). You can find an example of these calcu-
lations in the following section, quantification and statistical analysis.

Afine analysis of the calcium signals may answer numerous critical questions regarding the upstream
mechanisms that trigger calcium transients in astrocytes. However, this technique alone does not
provide information about the downstream effects of calcium signaling in astrocytes. Therefore,
we also present here a protocol to load the calcium chelator, BAPTA, specifically into a local astro-
cyte network to disrupt calcium-dependent cellular mechanisms (Figure 4). This approach does not
alone produce results per se but it may be coupled to other recording techniques. For example, one
method to validate BAPTA diffusion in the astrocytic network is to incorporate the use of calcium im-
aging. To do so, we load astrocytes with SR101 and OGB1 (See Calcium imaging of astrocytes) and
then patch SR101 positive cells (See patch-clamp-mediated BAPTA loading of astrocytes). The
output recording allows us to observe a rapid reduction of OGB1 fluorescence in the patched cell
followed by a slower reduction of fluorescence in other cells within the same field of view (Figures
4A, 4B, and 4D; Method video S1). Another application of this method is to load BAPTA into astro-
cytes and then record the neuronal activity from a nearby network. For example, our group has pre-
viously used this method to uncover the critical role of astrocyte-mediated neuromodulation on
oxytocin signaling mechanisms in amygdala neuronal networks (Wahis et al., 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS

In this section, we provide some examples of how to analyze the calcium imaging data. Note that the
following examples are by no means an exhaustive list of possible analyses, which should always be
chosen within the context of the scientific question being addressed.

1. Launch the open-source FlJI software (Schindelin et al., 2012, available here) and import your re-
cordings.

2. Adjust the brightness and contrast to visualize the cells (Image — Adjust — Brightness/Contrast)
and check the quality of your recording. If you see motion artifacts, correct them with a motion
correction macro (see Nicholas Schneider’'s macro available here, instructions here). In our
case, we perform recordings in a single plane, therefore all recordings that drift along the z-
axis cannot be corrected and must be removed.

3. Run the Bleach correction module (Image — Adjust — Bleach Correction, documentation here).
We use the “Simple ratio” method as we have found that it produces adequate correction with
minimal distortion of the data.

4. Select the “Oval” tool on the FlJI toolbar and manually draw the Region of Interest (ROI) on the
SR101 video, then add it to the ROl manager by pressing the [t] shortcut. Click “Show all” to see
which ROls you have already drawn.

5. Extract the fluorescence signal from each ROI by clicking “More — Multi Measure” in the ROI
manager panel. A window containing a table of the results will pop up when it is complete.
You can save the table directly or copy the results into a spreadsheet.

6. Open the saved results in the analysis software of your choice. Below, we describe an analysis
pipeline that uses a python-based routine (available in the resource availability section), but
the analysis can be applied to any programming language.

7. Preprocessing:

a. Read-in the ROl data extracted from Fiji and plot the SR101 data to check if the curve is stable.
The intensity of the dye should be constant over time, so if the SR101 curve is not straight then
consider rechecking the raw recording for motion or drift in the z-axis. If a motion correction
routine is not enough to correct SR101 intensity changes, then exclude the recording from
further analysis.

b. Correct potential micromovements by subtracting the OGB1 signal from the SR101 signal.
Note that a simple subtraction method would introduce noise from the SR101 signal into
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the OGB1 signal. For that reason, we perform a polynomial regression on the SR101 curve us-
ing the Savitzky-Golay filter of the scipy.signal library (window = 51, order = 1) to estimate the
trend of the SR101 curve. Doing so, we can subtract the trend of the SR101 trace without intro-
ducing noise into the OGB1 signal.

c. Smoothen the resulting curve without modifying the calcium transient dynamics by applying
another, less-stringent polynomial filter (savgol_filter, windows = 11, order = 3).

d. Define two analysis windows: one for the quantification of the baseline activity and another for
the quantification of the effect of stimulation. In our recordings, we stimulate astrocytes by
applying the oxytocinergic agonist TGOT [1nM] for 10 s, 5 min after the recording begins.
Therefore, the windows we select are: (1) 0-5 min for baseline, and (2) 5-10 min for the
TGOT effect.

e. If the windows you choose have different sizes, calculate a ratio to normalize the data accord-
ing to the duration of each window. For example, if the first window (baseline) is 5 min and the
second is 10 min, you must normalize the analyzed parameters (number of calcium transients,
area under the curve...) according to the relative duration of each window. To do so, calculate
a ratio based on the duration of each window with the following formula:

duration of window 1

" duration of window 2

8. Processing:

a. Find the area under the curve (AUC) for each cell using a trapezoid method. Ensure that the
function you choose to apply does not evaluate the negative AUC, otherwise it will bias
your results by summing the upward and downward deflections. In our case, we remove all
negative values before using the “trapz” function of the “NumPy" package. Split the resulting
AUC values according to your analysis windows then sum the data and normalize it with the
previously calculated ratio.

b. Find calcium transients in your curve using the “find_peak” function of the “scipy.signal” li-
brary. The parameter of the detection depends on the events you want to identify. An impor-
tant consideration here is the detection threshold, which must be proportional to the standard
deviation (SD) of the curve. One issue with this method is that highly active cells have higher
SDs, which results in fewer detectable peaks. To avoid this issue, we perform a non-stringent
polynomial regression (savgol_filter(windows = 31, order = 3)) and subtract it from the curve to
obtain the residuals (i.e., the noise without the peaks). We then calculate the SD of these re-
siduals and use it as the threshold for peak detection. In our case, we use a minimal height of
8XSD, a prominence of 5xSD and a minimal inter-peak distance of 10 points (corresponding
to 5 s in our recordings with a 2 Hz sampling frequency). The height is the minimum height in
absolute value and the prominence is the relative height compared to neighboring peaks. This
last parameter avoids multiple detections of the same peak that satisfy the “height” param-
eter. Once you have the index of each peak, compute their frequency within each of the cho-
sen analysis windows.

c. For each calcium transient index, find the amplitude of each peak. Then, calculate the half-
maximum amplitude to measure the Full Width at Half Maximum (FWHM) to evaluate the dura-
tion of each peak. We choose to compute the FWHM because it is more reliable than the total
duration, wherein you have to find the precise foot peak, which can be especially difficult in
calcium imaging due to the potential for slow rise/decay.

d. Evaluate the responsiveness of each cell to the stimulation. To do so, compare the calcium
transient frequency and the AUC during the baseline and drug exposure. We base the
response criteria on both calcium transient frequency and AUC to cover the diverse variety
of responses observed (e.g., numerous calcium transients and/or single important transient).
The baseline activity of astrocytes is heterogeneous due to the stochastic occurrence of
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calcium transients. Therefore, we do not evaluate the response based on the SD of the base-
line, but rather as a percentage of calcium transient frequency and/or the AUC increase before
versus after drug exposure. We classify an astrocyte as responsive if the frequency of calcium
spike or AUC increases by 20% after drug exposure.

9. Run paired statistical tests to evaluate if the applied stimulus modified astrocyte activity. If you have
two quantification windows, evaluate the normality of your data using a Shapiro-Wilk test and, de-
pending on the result, run either a parametric paired t test or a non-parametric Wilcoxon test. If
you have three or more quantification windows, check the normality of the data and their homosce-
dasticity with a Levene's test. If data follow a normal distribution and their variances are equal, run a
One-Way repeated measure ANOVA followed by a pairwise Tukey HSD post-hoc. Otherwise, run a
Friedmann test followed by a Conover post-hoc test and a Bonferroni correction of the p value.

LIMITATIONS

The present protocol provides a relatively easy method to selectively label, monitor and disrupt the
activity of astrocytes. However, there are several technical limitations to consider.

First, the loading of the AM coupled calcium indicator involves the use of a detergent, which affects
the viability of the cells. Indeed, if the slices spend too much time in the AM dye mix, you will likely
see several dead cells under the microscope (i.e., swollen and circular).

Another potential problem of this dye loading method is the intracellular distribution of the indica-
tor. While AM loading of calcium indicators is an easy way to infuse the dye in the cytosol of cells, it
only provides calcium signals from the soma and the proximal processes. This is of particular impor-
tance for astrocytes because they have a huge surface/volume ratio, where the processes represent
~95% of the cell surface (Khakh and Benjamin, 2019) and therefore the inability of the dyes to reach
the distal processes may have a significant impact on the resulting observations. To overcome this
limitation, Khakh’s laboratory has developed membrane-tethered variants of the GCaMP3 and
GCaMPé6f genetically encoded calcium indicators (reviewed in Shigetomi et al., 2016). Another po-
tential approach is to patch astrocytes with a version of OGB1 that cannot cross the membrane. In
this way, high concentrations of OGB1 can be achieved in the cytosol, which would cause the dye to
diffuse further into the processes and thereby allow for better visualization. However, this latter
approach involves a disruption of the astrocytic membrane and a dilution of the cytosolic content
by the intra-pipette solution, which can severely affect astrocytic integrity.

Another limitation to consider is that calcium indicators tend to bleach easily. While this is not a
problem for short recordings (<30 min), the change in gain can be substantial across longer record-
ings. Additionally, in this protocol, we load a non-ratiometric calcium indicator (Maravall et al.,
2000). This can be a limitation if you want to compare the AUC across different astrocytes because
it is impossible to load each cell identically and thus the gain will vary from cell to cell. However, this
issue can be overcome by normalizing the data for each cell with its baseline values.

Since calcium indicators are derived from chelators (e.g., OGB comes from BAPTA), indicator
loading in the cell perturbs the endogenous calcium toolbox. Indeed, it has been shown that the
loading of such indicators changes the diffusion dynamics of calcium into the cell, shortening its
reach and decreasing the concentration of free calcium ions in the cytosol (Semyanov et al.,
2020). For these reasons, it is not recommended to couple that type of loading with the measure-
ment of the downstream effects of calcium signaling.

We base our identification of astrocytes on SR101 staining. This method is widely used because it is
quite simple to implement either in vivo or ex vivo. SR101 is taken up into the cytosol of astrocytes
through the thyroid hormone transporter OATP1C1 (Schnell et al., 2015). However, the specificity of
such labeling is controversial and quite heterogeneous among brain regions (Htlsmann et al., 2017).
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In our case, all SR101-positive patched cells did not fire action potentials and had a low membrane
resistance, strongly suggesting an astrocytic identity. Moreover, it has been shown that SR101 can
be cytotoxic at high concentrations and produce seizure-like local field potential activity in vivo (Ras-
mussen and Nedergaard, 2016). In our hands, we did not observe excessive cell death during the
experiments.

The size of the astrocytic network within the structure being studied introduces another limitation
concerning the loading of BAPTA. Simply put, the more astrocytes within a given network, the harder
it will be to disrupt the activity of the whole astrocytic network. This limitation could technically be
overcome by patching more astrocytes; however, this would result in very long protocols. An alter-
native approach could be to disrupt astrocytic network function using genetic models. For instance,
the exogenous expression of Calcium Exchanger (CalEx) in astrocytes can decrease calcium
signaling in these cells by extruding cytosolic calcium (Nagai et al., 2021).

Finally, the present protocol describes how to monitor/disrupt astrocyte activity in brain slices. How-

ever, this approach introduces bias in that the slicing procedure considerably changes cell activity

and connectivity. To overcome this issue, one can perform in vivo calcium imaging using genetically
Q8 encoded calcium indicators, such as GCaMP (for a complete protocol, see Tang et al., 2021).

TROUBLESHOOTING
Problem 1
The slices roll when the razor blade cuts the brain (step 5 of “Slice preparation”).

Potential solution

Try to reduce the speed of the Vibratome or increase the vibration frequency of the blade. If this is
not enough to produce good slices, be sure that your slicing milieu is cold enough (4°C) by adding
some ice and/or some ethanol around the tank.

Problem 2
There are many dead cells in the slice (step 6 of “calcium Imaging of astrocytes”).

Q9 Potential solution
A high occurrence of cell death can be explained by several factors:

The brain extraction was too slow and/or it was damaged during the process.
The perfusion solution is not cold enough during the slicing procedure. To prevent this, you can put a
thermometer in the slicing tank. If the temperature is above 4°C, add some ice until it reaches the

very top of the slicing tank. You also can add some ethanol on the ice.

The incubation time of AM dye is too long. Consider reducing it. For some potentially cytotoxic in-
dicators (Rhod2-AM), loading at room temperature instead of 37°C can increase cell viability.

The slices were agitated too much. Be careful that the bubbles present during the recovery period
do not agitate your slices. Also, take extra care when transferring them to different locations. One

alternative to consider is using the back of a Pasteur pipette instead of a brush.

Avoid using old solutions (aCSF, perfusion solution) and always ensure that there is no bacterial
growth before using them. It is ideal to use fresh solutions for each recording day.

Always verify the pH and osmolality when preparing the solutions.
Regularly check that your slices are properly oxygenated.
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Problem 3
It is hard to focus on the entire field of view when performing calcium imaging (step 6 of “calcium
imaging of astrocytes”).

Potential solution

This problem can occur when the strings of the harp that hold the slice are to close too each other. In
this case, the slice surface becomes bent and is no longer parallel to the optic plane of the micro-
scope. To solve this, you can cut out a string from the middle of the harp and then position the
harp on the slice such that your recording area lies in the gap you just created. If this does not solve
the issue, then double-check that your recording chamber and microscope are perfectly horizontal
and not tilted in any direction.

Problem 4
The slice moves during the calcium imaging (step 6 of “calcium imaging of astrocytes”).

Potential solution
The solution depends on the axis of the movement:

If the slice moves in the x/y axes, verify that your harp is correctly positioned at the bottom of the
recording chamber. Use harps that fit perfectly in the chamber (as is the case with those provided
by Harvard Apparatus). Alternatively, your harp may not be heavy enough to counterbalance the
flow produced by the peristaltic pump. To correct this you can:

Build a heavier harp.
Build/buy an arena where the harp fits the chamber better.

Check that there is no air entering the tubing, as this can introduce air bubbles into the circuit, which
then make the recording milieu vibrate as they pass through the recording chamber.

The flow of the peristaltic pump may be too high and should be reduced as needed.

If the slice moves in the z-axis, it is probably because the strings of your harp are spaced too far apart.
Either move the slice to a narrower gap of the harp or try using a different harp.

Problem 5
The calcium indicators bleach too much (step 6 of “Calcium Imaging of astrocytes”).

Potential solution

If the calcium indicator bleaching is so strong that it will change the interpretation of your data, you
have to adjust the duration and intensity parameters of the illumination. In our case, we never illu-
minate for more than 100 ms. For the illumination intensity, we find the best values are between
580 pW and 1040 uW. However, since all setups are different, we strongly recommend you try
several intensity values within your setup.

Problem 6
OGB!1 signal is absent/weak (step 6 of “calcium imaging of astrocytes”).

Potential solution

If you cannot see any signal in the green channel (OGB1), there is probably an issue with OGB1-AM
solubilization in the Cremophor EL + PF-127 mix. This can be due to the degradation of the PF-127,
which must be kept in an air-proof vial. We usually keep aliquots of PF-127 in 1mL tubes, covered
with Parafilm. Issues in dye solubilisation can also be due to the sonication step. Consider increasing
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the time/intensity of the sonication. You can also try to incubate the mix in a heating bath at 40°C for
20 min; however, in our hands, this produces less solubilisation of the mix.

Problem 7
Opening the cell is difficult (step 17 of “patch-clamp-mediated BAPTA loading of astrocytes”).

Potential solution
Patching small cells is more challenging than bigger ones. Consider some of the following steps to
make it easier:

Try using a small pipette tip (around 6-8 MQ) for smaller cells, but do not exceed 9 MQ as this would
make it even harder.

If after several trials you still struggle to achieve a gigaseal and/or cannot open the cell, it may be
because you are not actually on the cell but rather only nearby. Try to get on the cell as you would
normally and then move either slightly closer or away from it to understand how to get on a cell
correctly. Practice makes perfect in this case.

Problem 8
During the membrane test, the signal is constantly drifting, even after doing the pipette offset (step
13 of “patch-clamp-mediated BAPTA loading of astrocytes”).

Potential solution

The recording electrode is probably no longer adequately chlorinated. To chlorinate it, run an elec-
trolysis reaction in 3 M KCI. Connect the electrode to the positive pole of a battery and a cable to the
negative one. Dip both in the KCl solution and let them sit for 15s. You should see the solution
bubble.

Problem 9
The pipette is clogged (step 13 of “patch-clamp-mediated BAPTA loading of astrocytes”).

Potential solution
Try to remove the clog by applying a strong pressure (with the syringe for example). If the clog is still
there, change the pipette.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Alexandre CHARLET acharlet@unistra.fr.

Materials availability
This study did not generate new unique reagents.

Data and code availability

This protocol did not include a particular code. However, to see an example of the code that can be
used, feel free to check our public repository where our routines are available at https://github.com/
AngelBaudon/Canal.git.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.xpro.2022.101159.
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ARTICLE INFO ABSTRACT

Keywords: The neuropeptide oxytocin has been in the focus of scientists for decades due to its profound and pleiotropic
Astrocy'tes effects on physiology, activity of neuronal circuits and behaviors, among which sociality. Until recently, it was
Oxytocin believed that oxytocinergic action exclusively occurs through direct activation of neuronal oxytocin receptors.
g‘;;’f;ﬂzmus However, several studies demonstrated the existence and functional relevance of astroglial oxytocin receptors in
Neuropeptide 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: Goj/- and
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Gag-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
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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
[Thr4G1y7]—0xytocin (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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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 Gaq protein triggers the activation of the PLC-IP3 pathway that results in a calcium
release from the endoplasmic reticulum (ER). Right: dissociation of the fy complex is suggested to mediate the sequential activation of ERK1/2 and PKA that ul-
timately results in a reorganization of the GFAP cytoskeleton.

(Wahis et al., 2021). However, even if this GFAP OTR KO model high- 2.3. Oxytocin receptor-dependent signaling in astrocytes
lights the involvement of OTR in astrocyte activity, it does not rule out a

potential participation of a neurotransmitter co-released together with The oxytocin receptor (OTR) is a member of the class A G-protein
OT from OTergic axon terminals. coupled receptors (GPCR) family, composed of seven transmembrane

Based on these observations, it seems plausible that functional OTR domains. In mammals, the OTR is encoded by a single gene, however, its
could be expressed in astrocytes in several regions of the central nervous intracellular coupling is complex. The intracellular loops and the
system. To fully understand the precise effect of OT on astrocytes, it is intracellular C-terminal domain link heterotrimeric G protein com-
important to have a close look at the intracellular pathway triggered by plexes. Each of them is composed of three subunits: Gy, Gp, G,. Upon
binding of OT to astrocytic OTR. binding of their ligands, conformational changes of the receptor lead to
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the replacement of the guanine diphosphate bound to the G, by a gua-
nine triphosphate. G, then dissociate from the Gy, complex and act on
various enzymes that produce second messengers. Interestingly, the
OTR is functionally coupled to Gq and/or G;,, 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 G4 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 Gg, 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 G;, 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 Gj/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).
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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, 1986Db).
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
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Fig. 2. Effects of OTR activation on astrocytes. A. Top: OTR activation modulate astroneuronal communication. This gliotransmission has been seen in the hypo-
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