Co-Tutorship PhD Thesis

UNIVERSITA DEGLI STUDI DI AIX-MARSEILLE UNIVERSITE
MILANO

Ecole Doctorale des Sciences de la Vie et de
PhD Course in Experimental Medicine and la Santé
Medical Biotechnologies (XXXIII cycle) Faculté des Sciences de Luminy

Curriculum: Neuroscience and
Neuropathology

Department of Medical Biotechnology and
Translational Medicine (BIOMETRA)

ZSORUA™
AR TR\

9 &
N

)

ERSITIN

=

-

4\

Aix--Marseille

2l
z)

\"‘\g‘d“tv
'y
/

2
-
o)

! —
=
74

/
, /
J

<

/A

~
SN\
A

Y 7 Initiative d'excellence
57 4
F

/

Oxytocin receptors in neurodevelopmental disorders:
Innovative approaches for the quantification of
sopramolecular receptor complexes

PhD thesis of: Francesca SANTINI
R12120

Tutor: Prof. Massimo LOCATI

Supervisors: Dr. Bice CHINI and Dr. Frangoise MUSCATELLI
PhD Coordinator: Prof. Massimo LOCATI

a.a. 2019-2020






INDEX

1. ABBREVIATIONS. . utuittttiiitteittttiitrartsetttsssesessssssusassssssssssassssssssssasssssssssssssssssssnses 5
A N 1Y 1 T PPN 7
3. GENERAL INTRODUCTION. .ittttteturerurareersasaseseessssssasnssssssssssssssssssssssasssssssssssssssss 8
3.1. GPROTEIN COUPLED RECEPTORS in brain disorders. ...........c.covuiiiiniiinneeeeeeen 8
3.2. THEOXYTOCINERGIC SYSTEM. ... .ttt 9
K I © )14V (o 1o | P PP 9
3.2.2.The oxytocin reCeptor (OTR).....viii it e e e 11
3.3 THE OXYTOCINERGIC SYSTEM IN NEURODEVELOPMENTAL DISORDERS ................ 18
3.3.1 Neurodevelopmental disorders: pathogenesis and animal models...................... 18
3.3.2  Animal models to study autistic-like correlates ..............coooiiiiiiiiiiii 20
3.3.3 The oxytocinergic system in mouse models of neurodevelopmental disorders.................. 23
3.4 GPCR DIMERS IN BRAIN PATHOLOGY ... ..ttt 26
3.4.1 GPCR dimerization: an OVEIVIEW. ... ....vrieiii et et aee 26
3.4.2 GPCR dimersin brain pathology..........couiiiriiiii e 27

4. PHARMACOLOGICAL INVESTIGATION OF OXYTOCIN RECEPTOR DIMERS
BY BIVALENT LIGANDS. ..c.tettttieetetererneeeeereresesasesscsresasassssosessssssssssssasassssssimosssssnns 29
4.3 INTRODUCTION. ...ttt et e e e e e 29
4.4 CONTRIBUTIONS . ...ttt e e 29

4.5 Manuscript: “Oxytocin receptor homobivalent ligands untangle homodimeric receptor specific

] 04U 1 TGP 30

5. DEVELOPMENT OF A “NANORULER” SYSTEM TO MAP OTR HOMODIMERS

IN THE RODENT BRAIN. . cuttiiiiniitnrereeeererreceeeeseresesecsssssesssnsassssssasnssssssssssasnsassssnns 46
5.1. METHODS CURRENTLY EMPLOYED TO STUDY OTR DIMERIZATION....................... 46
5.2. GENERAL STRATEGY AND EXPERIMENTAL PLAN ... 49
5.3. MATERIALS AND METHODS. .. ..ottt e 52
D, RESU LT S, . ettt e 56
5.4.1.Design and optimization of the oligonucleotides...............cccooiiiiiiiii i 56
5.4.2.Design and characterization of the “clickable” OT analogUes.............ccoevvieiniinininnaninn.n. 60
5.4.3.Work in progress: cellular and brain tissue staining protocol optimization........................ 78



6.

10.

OXYTOCIN RECEPTOR MAPPING IN A MOUSE MODEL OF SCHAAF-YANG

SYNDROME . ..u ittt eieietititacatateeststatasasasasasasssssnsnssssssans 81
6.1 METHODS CURRENTLY EMPLOYED TO STUDY OTR DISTRIBUTION............... 81

6.2 OXYTOCINERGIC SYSTEM ALTERATIONS IN MAGEL2-KO, A MOUSE MODEL

OF SCHAAF-YANG SYNDROME ...t e 84
6.3 MATERIALS AND METHODS. ... ..ttt e 85
8.4 RESU L TS ... 86
6.4.1 OTR levels are differently modified in males and females Magel2-KO mice................... 88

6.4.2 AnOT treatment in the first week of life has rescuing effects in male, but not female mice....89

social memory deficits in a mouse model of autiSM™..........ccoviiiiiiiii i 97
GENERAL DISCUSSION AND CONCLUSIONS. ...cutttttutuirnrareresenenrusasesesesessasasasesenseses 126
BIBLIOGRAPHY (GENERAL) cuitiuiuititiiiiiiiiiiiiiiiiiiiiriieitiiisasesetensasasesenecnsasasesencnsane 130
RESUIME . .. uititititiiiititiiiiiiiiiiiiiitittittttttetenettttatetetetasasasssesescsessesesessssscsissssssnsnsnes 155
10.1. Resume (French). ... ..o e e 155
10.2. Resume (ENGIISN) ..o 157



1. ABBREVIATIONS

ADHD: attention-deficit hyperactivity disorder
AONmM: anterior olfactory nucleus, medial part
AP2: adaptor protein 2

ASD: autism spectrum disorder

AVP: arginine vasopressin

AVPR: arginine vasopressin receptor

AVPV: anteroventral periventricular nucleus
AT1: angiotensin receptor, type 1

BiFC: Bimolecular Fluorescence Complementation
BLA: basolateral amygdala

BNST: bed nucleus of the stria terminalis
BRET: Bioluminescence Resonance Energy
Transfer

CA1/CA2/CA3: hippocampal regions CA1,
CA2, CA3

cAMP: cyclic adenosine monophosphate
CeA: central amygdala

CNS: central nervous system

CNTNAP2: contactin associated protein-like 2
CREB: cAMP-responsive element binding
DAG: diacyl glycerol

DG: dentate gyrus

D1R: dopamine receptor 1

D2R: dopamine receptor 2

dOTK: 1-deamino [Lys®] - vasotocin

DMEM: Dulbecco Modified Eagle's medium
ECL.: extracellular domain

EGFP: enhanced green fluorescent protein
ER: estrogen receptor

ERK: Extracellular signal-regulated kinases
FBS: Fetal Bovine Serum

FCS: Fluorescence Correlation Spectroscopy
FMR1: fragile X mental retardation 1 gene
FMRP: fragile X mental retardation protein

FRET: Fluorescence Resonance Energy Transfer

GABA: gamma (y) aminobutyric acid
GABAAR: gamma (y) aminobutyric acid receptor,
type A

GFP: green fluorescent protein

GPCR: G protein coupled receptor
GRK: G protein coupled receptor kinase
GTP: guanosine triphosphate

HCR: hybridization chain reaction
HEK?293: Human Embrionic Kidney 293
HPLC: high-performance liquid chromatography
IP3: inositol 1,4,5-trisphosphate

JNK: c-Jun N-terminal kinases

KCC2: K-CI co-transporter type 2

LS: lateral septum

MAGE: melanoma antigen

MAPK: mitogen-activated protein Kinase
MeA: medial amygdala

MECP2: methyl CpG binding protein 2
mGIuR: metabotropic glutamate receptor
MIA: maternal immune activation
MPOA: medial preoptic area

NDD: neurodevelopmental disorder
NLGN3: neuroligin 3

NO: nitric oxide

NKCC1: Na-K-ClI cotransporter, type 1
OT: oxytocin

OTR: oxytocin receptor

PBS: phosfate buffered saline

PEI: polyethylenimine

PIP2: phosphatidylinositol 4,5-bisphosphate
PKC: protein kinase C

PLA: Proximity Ligation Assay

P-LAP: placental leucine aminopeptidase
PLC: phospholipase C

PVN: paraventricular nucleus



PWS: Prader-Willi Syndrome

RAR: retinoic acid receptor

RCA: rolling circle amplification
RLuc: Renilla luciferase

SHANKS3: SH3 and multiple ankyrin repeat
domains 3

SON: supraoptic nucleus

SYS: Schaaf-Yang Syndrome

TM: transmembrane domain

TMH: transmembrane helix

TR: thyroid hormone receptor
Tr-FRET: time resolved FRET
V1aR: vasopressin receptor, type Vla
V1bR: vasopressin receptor, type V1b
V2R: vasopressin receptor, type V2
VPA: valproic acid

YFP: yellow fluorescent protein



2. AIMS

There is growing evidence that in a number of animal models of neurodevelopmental disorder, GPCRs
alterations in the central nervous system can affect neurobiological, neurochemical and behavioural
phenotypes. Oxytocin and its receptor are two actors strongly involved in these pathogenetic processes:
neurobiological alterations of the oxytocinergic system are indeed often detected in a wide variety of
neurodevelopmental and neuropsychiatric disorders characterized by alteration in social behaviour.
Interestingly, oxytocin-based treatments have proved to be effective in rescuing behavioural alterations typical
of these conditions, in patients as well as in animal models. Oxytocin is thus a promising therapeutic molecule
in the field; however, as detailed information about the functioning of the oxytocinergic system in the CNS is
still missing, its true translational potential has still to be defined. In particular, it is critical to clarify the brain
areas involved in the pharmacological activity of exogenous oxytocin administration, as well as the precise
pharmacology of oxytocin receptor in these areas.

The oxytocin receptor (OTR) is a GPCR, and, as many other members of this family, it can dimerize or exist
as monomeric units. Depending on its dimerization state, the OTR can have different signaling properties, a
different cellular localization, or different desensitization mechanisms; therefore, knowing exactly where the
different receptor populations can be found is a crucial step to understand how the oxytocinergic system acts
in the CNS, in physiological and pathological conditions.

However, the lack of suitable methodologies to study OTR homo and heterodimers in native tissues makes
this task an unsolved experimental problem. No reliable antibodies for this receptor are available, and the low
levels at which these receptors are expressed make it problematic to efficiently detect then in endogenous
tissues.

For these reasons, the aims of my project were:

1) To complete the pharmacologic characterization of a series of bivalent ligands targeting OTR dimers
that were designed in our laboratory;

2) To develop a new, sensitive and specific approach to map the presence and the distribution of OTR
homodimeric receptors in the mouse brain;

3) To flank this new technique with more common and universally accepted methodologies in order to
investigate possible region-specific changes of OTR distributions (in their monomeric or
dimeric/oligomeric forms) in a mouse model of neurodevelopmental disorder, the Magel2-KO mouse;

4) To evaluate differences in OTR distribution in males and females, in order to highlight any possible

sexual dimorphism in receptor fluctuations in wild type and Magel2-KO mice.



3. GENERAL INTRODUCTION
3.1 G PROTEIN COUPLED RECEPTORS IN BRAIN DISORDERS

G protein coupled receptors are the largest family of transmembrane signaling proteins in mammals. In
humans, more than 800 different GPCRs have been reported, and the number of ligands that can act on these
receptors is even greater (Gurevich and Gurevich, 2017). GPCR endogenous ligands include molecules of
estremely different chemical nature, like proteins, peptides and aminoacids, nucleotides, lipids, ions, and even
fotons (Lagerstrom et Schidth, 2008). Once bound to its ligand, a GPCR can transduce a wide variety of signals
through the interaction with several classes of molecules: heterotrimeric G proteins, B-arrestins and a variety
of scaffolding interactors (Gurevich and Gurevich, 2017). GPCRs regulate the vast majority of physiological
and pathological processes in the organism, and are currently targeted by more than 50% of the drugs used in
clinical practice; moreover, many receptors belonging to this family do not have an identified endogenous
ligand yet, and for this reason they’re also called “orphan” receptors. Therefore, the study of GPCRs continues
to be one of the most promising research fields for the development of new therapeutic strategies.
In the central nervous system (CNS), GPCRs regulate the most diverse functions, including, among others,
neuronal survival and differentiation, neurotransmitter and neuropeptides release, synaptic transmission and
plasticity (Katritch et al, 2012; Lagerstrom et Schifth, 2008). Because of their extensive effects in the CNS, it
is not a surprise that GPCRs can often be involved in the pathogenesis of many psychiatric, neurodegenerative
and neurodevelopmental disorders. Here, we will focus the attention on the role of GPCRs in

neurodevelopmental disorders and in particular on the role of the oxytocin receptor.



3.2 THE OXYTOCINERGIC SYSTEM

3.2.1 Oxytocin

Oxytocin (OT) is a neuropeptide constituted by 9 aminoacids (Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-GlyNH,).
A disulfide bridge between cysteines in positions 1 and 6 gives to the peptide a circular structure (figure 1);
the last three aminoacids form a “tail” that sticks out of the binding pocket when the molecule is inserted in its
receptor. Its structure is almost identical to those of another closely related neuropeptide, vasopressin (AVP).
AVP and OT genes are evolutionarily very close: their locus is on the same chromosome (20p13 in human;
Mohr et al, 1988), and the two proteins only differ for aminoacids in position 3 and 8. The different polarity
of the aminoacids in these positions (basic for AVP and neutral for OT) is able to determine the right interaction
between each peptide and its receptor (Chini et al, 1995).
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Oxytocin Tyr2
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Figure 1: Oxytocin molecule. Aminoacids are reported in blue, their position in red.

Synthesis and release. Oxytocin is mainly synthesized in the hypothalamus, by the magnocellular neurons of
the supraoptic (SON) and the paraventricular (PVVN) nuclei, and by parvocellular neurons of the PVN (Buijs,
1978; Buijs and Swaab, 1979; Sofroniew, 1980, 1983). Its gene is composed by three different exons, that
together encode the peptide itself but also a translocator signal, a tripeptide processing signal (GKR) and a
neurophysin, a carrier protein responsible of the correct storage and release of oxytocin (Brownstein et al,
1980; Ivell & Richter, 1984). The whole peptide is initially translated as a preprohormone, and then it is cleaved
and furtherly modified while travelling down the axons to the neuronal terminals in the posterior pituitary.
Once in the neurohypophysis, it is stored in large dense-core vesicles and released in the bloodstream, generally
following an intracellular increase in calcium levels (Jin et al, 2007) (Figure 2). Vesicles can be found in the
dendrites as well as in the neuron soma.

One of the molecules mostly involved in the release of intracellular calcium stores is a transmembrane
glycoprotein with ADP-ribosyl cyclase activity, CD 38. CD38 has been proved to be fundamental for oxytocin
release and differentiation (Jin et al, 2007; Higashida et al, 2010, 2011).
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Figure 2: main sites of OT synthesis and periferic release. Oxytocin is initially synthesized in the
hypothalamus and then reaches the posterior pituitary packed into secretory vescicles through
hypothalamic magnocellular neurons axons. Parvocellular neurons (in yellow) are responsible of oxytocin
distribution to various CNS sites. From Frontiers in Neuroscience.

In the brain, oxytocin is mainly released by dendrites of hypothalamic neurons in the surrounding areas.
However, it can also be released by axonal projections that reach brain regions far from the hypothalamus, like
central amygdala (CeA), the septum and the olfactory bulb, the brainstem and the spinal cord (Knobloch et al,
2012; Nicholas et al, 1989).

In mice, precursors of OT cells start to migrate already at embryonic day 9, align laterally to the third ventricle,
and by E12 begin to migrate lateroventrally to reach their final position at day E14.5. Intermediate forms of
oxytocin are not detected in these precursors until E16. The synthesis and release of the mature form of the

peptide will only occur around birth (Grinevich et al, 2014, 2016).

Functions. While in periphery oxytocin is mainly involved in the regulation of parturition and lactation, in the
CNS it modulates a range of social and non social behaviours. In particular, there is growing evidence of its
involvement in social bonding, aggression, anxiety and fear, but also in social cognition in general (Albers,
2014; Ebert et al, 2018), memory and learning.

In pups, it is important in regulating ultrasonic distress calls that pups emit when separated from their mothers,
a phenotype associated with a lower quality of maternal bonding.

In adults, oxytocin contributes to reduce maternal aggression right after delivery, regulates sexual behaviours
in males and females, and permits the formation of stable and preferential bonds in rodents (Neumann, 2008;
Bosch e Young, 2017). Male mice with a deletion of the first exon of the oxytocin gene suffer from social

amnesia (Ferguson et al, 2000) and have an altered acoustic startle response (Winslow et al, 2000).
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Regulation mechanisms. The lack of an appropriate cellular system to study oxytocin synthesis regulation is
the reason why most of the knowledge comes from heterologous systems and non-physiologic environments.
The strongest regulators of human and rat OT promoters could be the ligand-activated estrogen receptors ERa
and ER, the thyroid hormone receptor TRa, and the retinoic acid receptors RARa and RARP (Richard and
Zingg, 1990, 1991; Adan et al, 1993). A region between 2172 and 2148 bp on its gene seems to be the one
responsible for responsiveness to these receptors (Adan et al, 1992). The presence in this region of an ERE
responsive element is supportive of the thesis of ERs. However, estrogen receptors are not expressed in
oxytocinergic cells of the rat hypothalamus (Axelson, 1990), and therefore their influence on OT expression
and/or release by magnocellular neurons is not direct. Instead, in parvocellular OT-expressing neurons an
estrogen responsiveness ERP was reported to be expressed (Chung et al, 1991). TRs have been detected both
in rat SON and PVN; however, their regulation of OT expression seems to be weaker (Adan et al, 1992).
Another important regulation mechanism is guaranteed by oxytocin degradation rate, that is controlled by an
enzyme with aminopeptidase activity, called oxytocinase or P-LAP. Other than oxytocin, P-LAP is also known
to be able to inactivate other peptides, like vasopressin (Mizutani et al, 1995) and angiotensin Il (Tsujimoto
etal, 1992). P-LAP regulates fetal development and maintenance of homeostasis during pregnancy (Yamahara
et al, 2000). In human umbilical vascular endothelial cells (HUVEC), it is OT itself that, through OTR
signaling, triggers P-LAP translocation from the cytosolic compartment to the cell surface via a PKC-
dependent pathway (Nakamura et al, 2000).

3.2.2. The oxytocin receptor

The oxytocin receptor (OTR) is a Class A G-protein-coupled receptor (GPCR). Together with vasopressin
receptors V1aR, V1bR and V2R, it forms a receptor family on its own. Due to their high homology degree,
both OT and AVP can bind all the receptors belonging to this family, even if with different affinities (Grinevich
etal, 2017).

Structure. The OTR protein (388 aminoacids in mouse, 389 in humans) is encoded by a single gene located
in chromosome 3 in humans, and 6 in mice. Many variants of the gene have been reported in the non coding
region of the gene. It is believed that some of these variants could impact the transcription regulation of the
OTR gene, modulating the OTR expression level, a key factor to determine the cellular response to OT, and,
by consequence, affecting social behavior responses (King et al, 2016; Rilling e Young, 2014; Skuse et al,
2014). Genetic variants in the coding region have also been described; they could have an effect on the binding
affinity of OT, or on the intracellular trafficking of the receptor, and therefore these variants could lead to
different phenotypes and responses to therapies (Kim et al, 2013; Liu et al, 2015; Ma et al, 2013).

As all GPCRs, the OTR is inserted in the cellular membrane through 7 transmembrane domains.

11



The N-terminal part sticks out on the extracellular environment, while the C-terminal tail goes into the
cytoplasm (Fig. 3).

‘g2 extracellular

Figure 3: Oxytocin receptor structure (Busnelli et al, 2016). The receptor (gray) is bound to an oxytocin

analog (magenta). The indicated aminoacids are those that take part in ligand binding (from Busnelli et

al, 2016).
The actual structure of the OTR has remained obscure for a long time. Recently, Waltenspuhl et al. provided
a crystallographic structure for the human version of this receptor, bound by the antagonist Retosiban. Their
model allowed the identification of many interesting structural features of the antagonist-bound OTR, such as
the localization and the shape of the cholesterol binding site (found to be between transmembrane helices IV
and V), which is an essential allosteric modulator of OTR activity. (Waltenspuhl et al, 2020).
Other OTR proposed structures are based on homology models, built starting from similar receptors (Busnelli
et al, 2016; Busnelli et al, 2013; Chini et al, 1995). Through these same homology modeling studies, as well
as through site-specific mutagenesis experiments, it has been established how the oxytocin molecule binds to
the OTR: the circular part is deeply inserted into the binding pocket, where it interacts with TM5 and TM6
domains, while the tripeptide tail sticks outwards and binds to more extracellular portions of the receptor
(Fanelli et al, 1999; Busnelli et al, 2016, 2013; Chini et al, 1995). Single aminoacidic changes can be crucial
in the regulation of the receptor-agonist interaction, and this is true for OTRs but also for AVPRs. For example,
substitution of Tyr209 in the TM5 and of Phe284 in the TM6 with aminoacids normally present in the V1aR
drastically increases AVP’s activity, that becomes a full agonist for the resulting mutant OTR (Chini et al,
1996).

12



Signaling. Just as many other GPCRs, the OTR is a “promiscuous” receptor, because it can couple to different
subtypes of G protein. Depending on the different Go subunit isoform which is involved in the coupling, a
different signaling pathway will be activated, leading to different, sometimes even opposite, functional effects.
For example, it has been demonstrated that in HEK293 cells OTR coupling with Gq stimulates cellular growth,
while coupling with Gi inhibits it (Rimoldi et al, 2003; Busnelli et al, 2012).

~

l MEMBRANE

-/
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Oxytocin concentration (nM)

Figure 4: oxytocin promotes the activation of different G-protein subtypes depending on its extracellular
concentration (reported in nM).

Following OT stimulation, the OTR is able to activate Gq, Gi (1, 2, 3 isoforms), and Go (GoA and GoB) G
proteins. The discriminating factor that drives differential activation of one subtype over the other is OT
concentration: a lower concentration leads to Gq activation, while other G proteins are activated at values at
least 10 times higher (Busnelli et al, 2012) (Fig. 4).

For this reason, the main pathway activated by the OTR is considered to be the Gg-dependent one, that brings
to the activation of the beta isoform of phospholipase C (PLCp). PLCP splits the membrane phospholipid
phosphatidilinositol-4,5-biphosphate (PIP2) generating two second messengers: inositol-triphosphate (IP3),
that triggers the release of intracellular calcium deposits by binding to its receptors on the endoplasmic
reticulum, and 1,2-diacilglicerol (DAG), that activates a protein-kinase C (PKC) and MAP kinases (MAPK)
cascade (Fig. 5). MAPK cascade is the most important cellular effector activated by the OTR: out of the four
known MAP kinase families (ERK1/2, p38 MAPK, c-Jun and ERKS5; Sun e Nan, 2016), those that mediate
OTR effects on social behaviour are of the ERK1/2 kind (Satoh et al, 2011). It is also known that OTR
activation brings to cAMP-responsive element binding (CREB) phosphorylation, a signaling cascade that
stimulates long-term potentiation (LTP) (Tomizawa et al, 2003). Moreover, the OTR/MEK/ERK signaling is
also what mediates anxiolytic effects of OT (Blume et al, 2008; Jurek et al, 2012).

13
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Figure 5: Gg-mediated signaling pathway. Gag-activated PLC f catalyzes the hydrolysis of the
phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl glycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). Both are second messengers that mediate different cellular responses. Copyright ©
Pearson Education, 2009 (adapted).

OTR activation also leads to nitric oxide (NO) production. In male rats, OT increases NO production in the
PVN (Melis e Succu, 1997), and it can also have an antinociceptive effect by activating a neuronal NO synthase
(nNOS) in dorsal ganglia roots, even if the activation mechanism of the synthase has not been elucidated yet
(Gong et al, 2015).

Another crucial downstream effect of OTR activation is the regulation of the “GABA switch”. GABA switch
is a process that occurs early during development. At this stage, GABA has a depolarizing effect, because
intracellular chloride levels are much higher than the extracellular one, and therefore when chloride channels
open chloride goes exits the cell, depolarizing it. Chloride concentration is normally regulated by two co-
transporters, NKCC1 and KCC2; it is the down-regulation of NKCC1 (CI- importer) and the up-regulation of

A
\ 4 GABAZCE Ca*
<t GABA,R  VOCC
R DEPOLARIZATION
‘ s D
High [CIT, Ca?* response
[/ GABA I Ca**
3 .\ 1) GABAR vocc'
B oY HYPERPOLARIZATION
Low [CI], NO Ca?* response

Figure 6: GABA switch. Intracellular CI concentration determines the depolarizing or hyperpolarizing
action of GABA during neurodevelopment. VOCC = Voltage-Opened Calcium Channels. (From Leonzino
et al., 2016).
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KCC2 (CI" exporter) that triggers this “switch”, and gives to GABA an hyperpolarizing action (Rivera et al,
1999) (Fig. 6).

In mice, the GABA switch occurs in the first postnatal week (Valeeva et al, 2013). OT is highly involved in
the regulation of this process: in two animal models of autism, where the GABA switch had not occurred
correctly, OT administration was able to correct the pathologic GABA phenotype (Eftekhari et al, 2014; Tyzio
et al, 2014). In our laboratory we also observed a delay in the onset of GABA switch in neuronal cultures
coming from OTR-KO mice, compared to WT cultures; in particular, our data indicate that OTR signaling is

contribute to KCC2 upregulation (Leonzino et al, 2016).

Desensitization, internalization and other regulation mechanisms. Two of the most powerful regulators
of OTR activity are the cholesterol content of the cellular membrane and the presence of divalent cations such
as magnesium, zinc, nickel or manganese. lons act modifying the binding pocket shape (Antoni and Chadio,
1989; Pearlmutter and Soloff, 1979) and inducing a conformational modification in the OT molecule itself, in
order to make receptor binding easier (Liu et al, 2005). Cholesterol content regulates the fluidity of the cellular
membrane, and participates in the formation of microdomains and lipid rafts that regulate the functionality of
many membrane proteins (Zocher et al, 2012; Villar et al, 2016; Gimpl, 2016). Not only cholesterol can
stabilize OTR’s affinity for OT, but it can even modify OTR’s signaling (Gimpl and Fahrenholz, 2002; Gimpl
et al, 1995).

Another important regulation mechanism that modulates OTR activity is receptor internalization. To switch
off the signal and prevent overstimulation, the OTR needs to be desensitized. In our laboratory we used HEK
293 cells expressing an EGFP-tagged OTR (OTR-EGFP) to follow the receptor after OT stimulation: we found
that already after 15 minutes of OT administration the OTR is rapidly internalized, and is recycled on the
plasma membrane after 4 hours (Conti et al, 2009).

OTR internalization is a fast process, that occurs in multiple steps. At first, the C-terminal tail of the activated
receptor is phosphorylated by specific kinases called GRK (G-protein coupled kinases), or by the PKC itself
(Grotegut et al, 2016; Hasbi et al, 2004; Smith et al, 2006). Such phosphorylation interrupts the coupling with
the G protein and recruits the non-visual arrestins B-arrestin 1 and 2 to the plasma membrane. Arrestins are
cytoplasmatic proteins that mediate receptor internalization throughout endocytosis; differently from the visual
arrestins 1 and 4, that are only expressed in the retina, f-arrestin 1 and 2 are ubiquitous (Lohse & Hoffmann,
2014). Once a B-arrestin molecule is bound to the receptor, it promotes its internalization in clathrin-coated
vesicles (Oakley et al, 2001) (Fig. 7). B-arrestins can also mediate signaling pathways on their own, the most
important being the MAPK one (Shenoy e Lefkowitz, 2005).
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Figure 7: f-arrestin-mediated receptor internalization through clathrin-coated pits. Activated receptor
is phosphorylated by a GRK, bound by a p-arrestin molecule and internalized in clathrin-coated vescicles.
The interaction between f-arrestin and clathrin is mediated by the adaptor protein AP2. From Pierce and
Lefkowitz, 2001.
In HEK293, the OTR recruits both B-arrestin 1 and 2, but has a higher affinity for the latter. Their interaction
starts rapidly and continues until reaching a plateau (Busnelli et al, 2012). Despite having more than 70% of
sequence homology, each one has its specific function in the regulation of GPCRs internalization and in
intracellular signaling (Srivastava et al, 2015).
[B-arrestin independent receptor internalization have also been described: for example, carbetocin, a Gg-
selective agonist for the OTR, is able to induce receptor internalization with no detectable B-arrestin
involvement. Receptors endocytosed through this mechanism are then degraded (Passoni et al, 2016).

Functional selectivity. Receptor activity can be modulated by the ligand itself. This phenomenon is quite
common in GPCRs, and it’s called “functional selectivity” or “biased signaling”; consequently, ligands that
can promote the preferential activation of a certain signaling pathway over others are called “functional
selective”.

A few functional selective ligands have been identified for the OTR too; however, the mechanisms that regulate
their mechanisms of action have not been elucidated yet. What we do know is that all the four intracellular
loops take part to Gg/11 coupling and PLC interaction (Qian et al, 1998; Sanborn et al, 1998). Removal of the
last 51 residues makes the receptor unable to couple to Gq, but it retains its ability to activate Gi (Hoare et al.
1999). It has been hypothesized that OT cyclic part (which is deeply inserted into the transmembrane
portions) might be the one mostly involved in differential G protein activation, while the tripeptide tail that
“sticks” out of the receptor would have a more marginal role (Postina et al, 1998; Favre et al, 2005).

In our laboratory we’ve identified three functionally selective ligands for the OTR: carbetocin, Atosiban and
D-Nal-OVT (Busnelli et al, 2012; Passoni et al, 2016; Reversi et al, 2005) (Fig.8). Carbetocin is a Gg-biased
OTR agonist with ansiolitic and antidepressants effects (Chaviaras et al, 2010; Mak et al, 2012). As it only
activates Gq signaling, it can be considered a powerful tool to dissect Gg-mediated effects in the brain (Passoni

et al. 2016). Atosiban is an agonist that selectively promotes only Gi3 coupling. Its main effects are the
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inhibition of cellular proliferation (Busnelli et al. 2012; Reversi et al. 2005) and the induction of inflammation
(Kim et al. 2016). D-Nal-OVT is a Gil-biased agonist; its main effect is the inhibition of proliferation.

A better understanding of how these molecules interact with the receptor to activate a specific G protein
isoform would be useful not only in the research field, but also for the development of new therapeutic

molecules.
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Figure 8: three functional selective ligands for the OTR (Busnelli and Chini, 2017).

Localization and developmental regulation. The OTRs is distributed both centrally and peripherally. In the
periphery, it can be found in a variety of different organs, such as the uterus, ovaries, testicles, blood vessels,
gut and adipose tissue (Freeman et al, 2014; Jurek & Neumann, 2018). In the central nervous system of rodents
it is mainly localized in the olfactory network, in the amygdala, hippocampus, lateral septum and other areas
of the limbic system. OTR localization in areas involved in the processing of olfactory stimuli is especially
important in rodents (Freeman e Young, 2016), because olfaction is the main route through which they build
the so-called “social memory”, the ability to recognize conspecifics inside a social group (Lee et al, 2009).
OTR expression begins early during development; in the cortical brain regions, its peak coincides with critical
postnatal developmental windows for social learning (Hammock et al, 2013, 2016; Grinevich et al, 2015). In
rodents, postnatal receptor distribution has been mapped by means of autoradiographic studies (Hammock and
Levitt, 2013) and immunohistochemistry (Mitre et al, 2016). Newmaster et al showed that in postnatal mouse
brains OTR distribution pattern changes rapidly in time and localization (Newmaster et al, 2020). Such rapid
and temporized expression patterns suggest that oxytocin signaling is important for initial network

organization and/or refinement (Vaidyanathan and Hammock, 2016).
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3.3 THE OXYTOCINERGIC SYSTEM IN NEURODEVELOPMENTAL DISORDERS

3.3.1 Neurodevelopmental disorders: pathogenesis and animal models

Neurodevelopmental disorders (NDDs) are a class of genetic diseases and syndromic conditions all associated
with the disruption of brain development. Affecting 3% of children worldwide (Glissen et al, 2014), NDDs
constitute a serious health problem (Parenti et al, 2020). Most NDDs have a childhood onset, and cause delays
in developmental domains such as social and adaptive behaviour, cognition, learning and memory (May et al,
2019).

NDDs include autism spectrum disorder (ASD), intellectual disability (ID), attention deficit hyperactivity
disorder (ADHD), and epilepsy; schizophrenia is increasingly considered to have neurodevelopmental origins,
even though symptoms typically appear in late adolescence or early adulthood (Rapoport et al, 2012). These
conditions can exist as diseases on their own, co-exist in the same patient (Ronald et al, 2008; Matson et al,
2013) or they can be associated to more complex genetic syndromes (Bennet et al, 2015; Dykens et al, 2011;
Percy, 2011).

In recent years it has become increasingly clear that NDDs have a multifactorial origin. In their pathogenesis
are often involved genetic alterations, but also hormones and environmental risk factors (stress,
contaminants/drug exposure...) (May et al, 2019). One interesting point is the involvement of gender in NDDs:
males have a two to four times higher probability than females to develop NDDs (Christensen et al, 2018; May
et al, 2017). Although several possible explanations for this phenomenon have been proposed, the underlying
molecular mechanisms that are responsible for this gender bias are not known yet (May et al, 2019).
Different types of mutation have been associated with NDDs, including chromosomal rearrangements, copy
number variations (CNVSs), small insertions and deletions, and point mutations (Parenti et al, 2020; Wilfert et
al, 2017; Alonso-Gonzalez et al, 2018). Despite some NDD-causative genes have actually been identified (as
for example in Mac Pherlan Syndrome), many individuals with NDDs still do not receive a molecular
diagnosis. In imprinting-caused NDDs, such as Prader-Willi and Angelman syndromes, or in large
deletions/insertions, the genomic region that is involved comprehends different genes, and therefore the
individuation of a single candidate is often difficult. Genes identified as responsible for ASD are involved in
synaptic transmission, chromatin remodeling, cell proliferation and differentiation (Cardoso et al, 2019).
Environmental factors have an important role in NDDs pathogenesis too. The strongest correlation between
environment and the development of NDDs is with in utero damage and poor quality of maternal care. During
pregnancy there is a wide array of insults that can impair brain development in the fetus (Marco et al, 2011),
such as maternal immune activation (Solek et al, 2018), maternal obesity (Edlow et al, 2017) or drug
assumption (Black et al, 1993; Kwok et al, 2020).

It is important to notice that the timing of the environmental stimulus influences differently the phenotypic
outcome, and that also other perinatal risk factors, as obstetrical complications, preterm birth or caesarean
birth, may increase the vulnerability to neurodevelopmental disorders (Boog et al, 2004; Curatolo et al, 1995).

Recently, autoimmunity has been pointed at as another potential risk factor for NDDs, and in particular for
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autism. Many independent studies highlighted abnormal cytokines responses, immune cells unbalances,
neuroinflammation and the presence of autoantibodies in individuals with autism spectrum disorders (Hughes
et al, 2018).

Autism. Out of all NDDs, autism spectrum disorder is the most frequent and heterogeneous condition. Under
the umbrella term of Autism Spectrum Disorder indeed falls a number of behavioural and cognitive phenotypes
characterized by different clinical manifestations and gravity. The autistic condition was originally described
by Kanner and Asperger in the 1930s. However, the diagnostic criteria were not codified until the 1994
Diagnostic and Statistical Manual of Mental Disorders (DSM). An ASD diagnosis can be formulated
evaluating a patient on two core domains of symptoms: i) impairments in social interaction and social
communication, and ii) restricted repetitive patterns of behaviors, interests, and activities. (American
Psychiatric Association, 2013). In these two categories falls an extremely wide range of pathological traits
such as impairments in social interactions, hyper or hyporesponsivity to environmental stimuli, obsessive-
compulsive and repetitive behaviours. Together with these more behavioural phenotypes, other frequently
associated symptoms include intellectual disability, seizures, anxiety, attention-deficit hyperactivity syndrome,
sleep disruption and gastrointestinal distress (Bauman et al, 2019). During the last 40 years, autism prevalence
has increased from estimates of roughly 0.5-1.0:10 000 in the eighties to more than 1:100 in 2018 (Biao et al,
2018; Fombonne, 2009, 2018).

Autism can be considered as a condition on its own, but it is also often associated with other
neurodevelopmental syndromes, such as Prader Willi (Dykens et al, 2011;), Phelan McDermid Syndrome
(Soorya et al, 2013) and Fragile X Syndrome (Niu et al, 2017; McDuffie et al, 2015). A recently discovered
Prader-Willi-like syndrome, called Schaaf-Yang Syndrome (SYS), despite sharing many phenotypic traits with
PWS is characterized by a higher prevalence of autism spectrum disorders (Negishi et al, 2019).

There are multiple evidences that ASD has a genetic, heritable component. Monozygotic twins have 60-90%
concordance rate, and the prevalence among siblings with autistic disorder ranges from 2-6% to 14% (Charman
et al, 2017; Huguet et al, 2016; Messinger et al, 2015; Robin and Shprintzen, 2005; Rosenberg et al, 2009;
Tick et al, 2016). However, the pathogenesis of ASD often involves multiple genes belonging to different
molecular categories (De Rubeis and Buxbaum, 2015; Ramaswami and Geschwind, 2018; Talkowski et al,
2014; Wilfert et al, 2017; Woodbury-Smith and Scherer, 2018).

The environment also plays a fundamental role in the pathogenesis of autism. Environmental factors can alter
gene expression through epigenetic modifications, and exposure to harmful environmental factors can change
the expression of developmental key genes in critical periods of embryo formation, increasing the risk of
developing neurodevelopmental disorders later in life. Parental age, maternal health condition, exposure to
certain drugs and medications, complications during delivery and poor maternal care are all associated with a
higher risk for the offspring to develop ASD (Karimi et al, 2017).

Despite the wide variety of possible causes, some basic neurobiological processes involved in the pathogenesis

of ASD are believed to be, at least in part, common (Voineagu et al, 2011; Gilman et al, 2011). The
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individuation of such common, overlapping pathogenic pathways that lead to NDDs, as well as reliable and
specific biomarkers for these diseases, are two key points for the development of specific and effective
therapies (McPartland, 2016).

3.3.2 Animal models to study autistic-like correlates

The complex phenotypes observed in autism are impossible to be reproduced in animal models. Nonetheless,
animal models showing relevant endophenotypes are useful research tools to test hypotheses about their
pathogenesis, and to discover effective and targeted therapies. An ideal animal model for ASD should provide:
(1) face validity, that should mimic the highest possible number of phenotypes that are typical of the human
disease; (2) construct validity, that is, it should contain the hypothesized pathogenetic element (i.e., genetic
mutation, environmental stimulus etc.); (3) predictive validity, meaning that the specific pharmacological
treatments that are usually effective in human should be equally effective in the model (Crawley, 2012). Mice,
rats and non-human primates are the species currently employed to study ASD.

Mouse models of neurodevelopmental disorders obtained through genetic manipulations include KO and
knock-in humanized animals. They can be grouped on the basis of the function of the gene involved:

1) Synaptic genes such as neuroligins, Shank3, Cntnap2. This class of proteins regulates the
connections and transfer of information between pre- and postsynaptic terminals in neurons.

2) Signaling and regulatory proteins such as Fmrl, Mecp2, Foxp2, Pten, Magel2

3) Genes that encode for neurotransmitters and receptors, such as AVP and AVPR, OT and OTR,
5HT1B, GIuN3A (Crawley, 2012).

Neuroligins are a family of adhesion molecules. In humans, NLGN3 deletion is associated with non-syndromic
ASD (Jamain et al, 2003; Ylisaukko-oja et al, 2005; Levy et al, 2011; Sanders et al, 2011; C. Yuen et al, 2017).
Neuroligin2-deficient KO mice displayed normal social behaviours but higher levels of anxiety-like
behaviours than WT controls (Blundell et al., 2009). Male mice lacking Nlgn3 are socially submissive to their
WT littermates, and show increased anxiety; Neuroligin2-overexpressing transgenic mice also displayed
higher anxiety-like behaviours, along with stereotyped jumping, enlarged synaptic contact sizes in the frontal
cortex and reduced GABA receptor clustering in retinal circuitry (Hines et al, 2008; Hoon et al, 2009).

The Shank3 gene encodes a key postsynaptic density (PSD) protein, present in glutamatergic synapses. It is
involved in the pathogenesis of a number of neurodevelopmental disorders such as autism spectrum disorders
(ASDs), Phelan-McDermid syndrome (PMS) and different kinds of intellectual disabilities. Both rats and mice
have been successfully used to develop reliable models of these diseases; Shank3-KO mice display high levels
of repetitive self-grooming and social deficits in some mutant lines (Chang et al, 2016; Dhamne et al, 2017;
Jaramillo et al, 2017; Peca et al, 2011; Wang et al, 2011; Yang et al, 2012). Shank3-KO rats display

impairments in synaptic function and plasticity; at the behavioural level, they show an impaired social memory,
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but not impaired social interaction. Learning and memory alterations, anxiety, increased mechanical pain
threshold and decreased thermal sensation were also observed in this model (Song et al, 2019).

Cntnap2 encodes a neuronal member of the neurexin superfamily; it is responsible of K+ channels clustering
in myelinated axons, and it is also involved in neuron-glia interactions (Poliak et al, 1999; 2003). It has been
found to be linked to autism spectrum disorder and cortical dysplasia—focal epilepsy (CFDE) syndrome
(Feliciano, 2011). The Cntnap2 ~~ mouse is a robust model of ASD: Cntnap2™” mice show deficits in the core
ASD behavioral domains, as well as hyperactivity, stereotypic motor movements, reduced isolation-induced
ultrasonic vocalizations, and epileptic seizures. Moreover, neuropathological and physiological analyses
revealed neuronal migration abnormalities, a reduced number of interneurons and an abnormal neuronal
network activity (Penagarikano et al, 2011).

Fmrl encodes the Fragile X mental retardation protein (FMRP), which is important for early neural
development. As in FXS the expression of this protein is completely silenced, the observed phenotypes include
intellectual disability, autism and autism-related behaviours (Hagerman et al, 2009; Hernandez et al, 2009). In
particular, because of the high incidence of ASD in FXS, the mouse model that recapitulates FXS is highly
relevant to research on autism. Fmrl-KO mouse displays impaired learning and memory, poor motor
performance, hyperactivity and altered social interactions (Mineur et al, 2006; Spencer et al, 2008).
Interestingly, it has been demonstrated that FXS is potentially reversible, because inserting a FMR1 human
transgene in these mouse model rescues the pathologic phenotype (Spencer et al, 2008).

The MECP2 gene codes for methyl-CpG binding protein 2 (MECP2), a transcriptional repressor (Chahrour et
al, 2008). Mutations in this gene cause an X-linked dominant neurodevelopmental disorder called Rett
Syndrome (RTT). Mecp2 mutations are rare in ASD, but single nucleotide polymorphisms (SNPs) around
MECP2 may increase the risk to develop autism (Loat et al, 2008). In addition, reduced MECP2 expression is
observed in 79% of autism cortex samples and correlated with increased MECP2 promoter methylation in
autistic males (Nagarajan et al, 2006; Samaco et al, 2004). Little information is available concerning social
behaviours in RTT model mice, except for Mecp2%®®¥, which has been reported to show low social motivation,
reduced social interaction (Moretti et al, 2005) and deficits in spatial memory (Stearns et al, 2007 ). RTT mouse
models in this case have been extremely useful to test experimental genetic and pharmacological therapies to
bypass or reverse the effects of MECP2 mutations.

Despite most studies have been focused on male mice only to avoid the genetic variability caused by the X
chromosome inactivation in females, some studies conducted on heterozygous Mecp2 females (Mecp2*")
demonstrated that even these mice recapitulate many behavioural deficits observed in RTT (such as breathing
defects, alterations in social approach behaviour and in contextual fear memory, etc.; Samaco et al, 2013) as
well as molecular alterations typical of the syndrome (Krishnan et al, 2017).

Magel?2 is a maternally imprinted gene located in the PWS locus (15q11-15q13) (Fountain and Schaaf, 2016),
that encodes for a protein which is part of a large ubiquitination complex, involved in the most diverse cellular

processes: in mouse models, it regulates the cell cycle, neuronal signal transduction, neurite growth, and
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muscle function (Mejlachowicz et al, 2015). Mutations in the paternal copy of this gene have been found in
patients with a Prader-Willi-like disorder, called Schaaf-Yang Syndrome (SYS). Despite sharing many
phenotypical traits with PWS, SY'S patients also present some unique pathological traits, the most important
of those is a high prevalence of ASD (Schaaf and Yang, 2013). For this reason, the Magel2-KO mouse is a
valuable model to study autism in neurodevelopmental disorders.

Other frequently altered genes in ASD and neurodevelopmental disorders encode for neurotransmitters,
neuropeptides and their receptors. Many neurotransmitters/neuropeptides are critically involved in
neurodevelopment, contributing to shape neuronal networks that will regulate behaviour in the mature brain
(Marder, 2012; Nusbaum and Blitz, 2012).

A crucial process in neurodevelopment is the excitation/inhibition imbalance, mediated by GABA transporters
and glutamate receptors. Autistic patients show significant variations of GABAAR in different brain areas
involved in behaviour (Fatemi et al, 2009, 2014); in two mouse models of autism, Heise et al found
deregulations of different subtypes of glutamate receptors in the striatum and in the thalamus, as well as a
downregulation of GABA receptors in several brain regions. Interestingly, the mutation of different genes
(Shank2”, Shank3af” and Ctcnd™ in this specific study) leads to different (in some cases even opposite)
receptor rearrangements throughout the brain; this means that, at least for what concerns GABA and glutamate
receptors, it is not possible to define a common molecular phenotype that would be typical of autism (Heise et
al, 2018).

Other neurotransmitter systems that have been found to be deregulated in autism include the dopaminergic
(Scott et al, 2004; Ditcher et al, 2012), the serotoninergic (Tanaka et al, 2018) and the histaminergic one
(Wright et al, 2017). As many of these molecules often collaborate to regulate the same downstream pathways,
it is very likely that alterations affecting one of them might have repercussions on the others too.

Non genetic models. As it is becoming increasingly clear that autism pathogenesis is complex and obscure,

and not exclusively based on genetic alterations, animal models that develop an autistic-like phenotype have
been obtained also through exposure to environmental or chemical stimuli.

An example of non-genetic cause of ASD is Maternal Immune Activation (MIA). The connection between an
activation of the maternal immune system during pregnancy and neurodevelopmental disorders in the offspring
has been convalidated by several studies (Knuesel et al, 2014). MIA can be triggered by a number of possible
factors, and it doesn’t necessarily involve a specific pathogen; it can be caused by any external damage capable
of disrupting normal brain development.

Since the placenta is a source of hematopoietic stem cells for the fetus (Gekas et al, 2005), it has been suggested
that maternal infection may permanently modify the immune system of the offspring and consequently alter
the immune status of the fetal brain (Patterson, 2009).

MIA can be elicited through different approaches, such as the injection of immune stimulating agents
(influenza virus, RNA, LPS). The offspring of pregnant mice experiencing respiratory infection show deficits

in social interaction, reluctance to interact with a novel object and increased anxiety (Shi et al, 2003). In the
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offspring cerebellum, MIA causes a localized loss of Purkinje cells, which is a neuroanatomical trait typical
of autism (Shi et al, 2009). Moreover, MIA was shown to cause a delay in a process which is fundamental for
neurodevelopment, the GABA “switch” from an excitatory to a inhibitory neurotransmitter (Corradini et al,
2018).

Another widely used non genetic model is the valproic acid (VPA)-exposed mouse, a well-known teratogen
agent. In humans, exposure to VPA during the first trimester of life can cause defects in neural tube formation
and development, a generalized delay in neurodevelopment, verbal impairments and also autism (Nicolini et
al, 2018). The pathological mechanism of action is not entirely known; however, it has been observed that, in
mice exposed to VPA during the first trimester of gestation, postnatal autistic behaviours are often associated
with an increase in H3 and H4 histones hyperacetylation that appear during a window of time which is critical
for mouse brain development (Kataoka et al, 2013; Moldrich et al, 2013). Behavioural phenotypes of this
model recapitulates different behavioural patterns typical of autism. For this reason, the valproic acid mouse
model is one of the most reliable to study the molecular mechanisms underlying autism pathogenesis, because
it provides both construct and face validity (Nicolini et al, 2018).

There are also growing evidences of how autoimmunity, intended as any kind of immune response directed
towards self antigens, can cause autism. In particular, patients with autism often produce autoantibodies against
central nervous system self-proteins (Wills et al, 2007) and some mothers who have autistic children produce
autoantibodies against fetal brain proteins (Braunschweig et al, 2008). Therefore, several animal models have
been developed to evaluate pre and postnatal exposure to potentially pathogenic antibodies. Seven antigen
proteins have been identified (Edmiston et al, 2018).

3.3.3 The oxytocinergic system in mouse models of neurodevelopmental disorders

Being a pro-social peptide, oxytocin has been extensively studied as a potential therapeutic molecule to correct
behavioural deficits. (Guastella and Hickie, 2016; Wagner and Harony-Nicolas, 2017). Indeed, many
alterations of the oxytocinergic system have also been reported in many models of neurodevelopmental
disorders (Table 1), indicating that other than being a cure oxytocin could also be implicated in their

pathogenesis.
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Table 1: animal models of neurodevelopmental disorders showing oxytocinergic system involvement.
Where not stated otherwise, the animal is a mouse.

OT-KO and OTR-KO mice display a strong autistic-like phenotype: OT-KO mice display social amnesia
(Ferguson et al, 2000) and high aggressivity levels (Takayanagi et al, 2005), while OTR-KO mice display a
deficit in social discrimination (Takayanagi et al, 2005). In addition, OTR-KO mice adult males are highly
aggressive and display impaired cognitive flexibility and a higher susceptibility to seizures (Sala et al, 2011).
Interestingly, heterozygous OTR mice show only some of the impairments observed in the KO mice. An
autoradiographic analysis revealed that these mice have 50% less OTR in their brain; therefore, this model
demonstrates that OTR acts as an haploinsufficient gene, because a partial reduction in its expression is
sufficient to compromise the phenotype. While a partial reduction in receptor levels is enough to impair social
behaviour, defects in aggressivity and cognitive flexibility require its complete inactivation (Sala et al, 2013).
Importantly, in both models OT administration is able to rescue the observed alterations, at least at the
behavioural level.

OT alterations. Alterations of circulating oxytocin or in oxytocin mRNA levels have been reported in a
number of different animal models. In the CD38 KO mice, that recapitulates many behavioural defects of OTR
KO and OT KO models, lower plasmatic OT was detected (Jin et al, 2007). The same decrease is found in the
previously mentioned Cntnap2-KO mouse (Penagarikano et al, 2015), while in other models like in the Shank3
KO mouse and the Necdin-deficient mouse are OT-producing neurons that decrease (Muscatelli et al, 2000;

Sgritta et al, 2019). In the Maged1-KO as well as in the Magel2-KO mice, by using antibodies that could
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discriminate between mature and immature OT, it has been possible to observe a severe impairment in the
maturation of the peptide, and consequently an accumulation of immature oxytocin in some brain areas
(Meziane et al, 2015; Schaller et al, 2010; Dombret et al, 2012). Importantly, restoring normal OT levels was
effective in rescuing the pathologic behavioural phenotypes observed in these animals.

OTR alterations. Consistent variations in oxytocin receptor quantities have also been detected. While in
Oprm1™” and in various environmentally-induced autism mouse models protein and/or mRNA levels were
found to be increased (Gigliucci et al, 2014; Minakova et al, 2019; Glendining et al, 2019), in others, like in
GIuN3A and Tet1-KO mice, the opposite trend was observed (Lee et al, 2018; Aaron et al, 2018). In most of
these cases, variations were present in areas linked to social behavior (Gigliucci et al, 2014; Glendining et al,
2019; Hayashi et al, 2020; Aaron et al, 2018). Behavioural phenotypes of all these models include traits typical
of ASD, and most importantly, different therapeutic approaches, all based on OT somministration, proved to

be effective in restoring a normal social behaviour.

3.4 GPCR DIMERS IN BRAIN PATHOLOGY

3.4.1 GPCR dimerization: an overview

The quaternary structure of GPCRs is a topic of very active research and accumulating evidences indicate that
receptors that belong to different GPCR classes have different quaternary structures.

Receptors that belong to Class A (Rhodopsin like), the most numerous GPCRs subfamily after the odorant
receptors, were generally thought to exist mostly in monomeric form. However, growing evidence from
different experimental approaches is strongly indicating that these receptor can form dimers or even higher-
order oligomers (Lohse, 2009). On the contrary, receptors that belong to Class C receptors (metabotropic-like)
have been shown to exist as dimeric entities.

GPCR dimers are a receptor population that is quite difficult to study, as dimerization is often a transient and
fast process; moreover, many of the studies are performed using non adequate techniques, or strongly
manipulated cells and/or molecules (i.e., transfected cellular cultures; Calebiro et al, 2013; Kasai et al, 2018).
Determination of the proportion between dimeric and monomeric populations is therefore a difficult task to
achieve (Milligan et al, 2019).

Dimerization has crucial implications for GPCRs functionality. Evidences suggest that both homo and
heterodimeric complexes acquire peculiar pharmacological properties that the monomeric forms of the
receptor do not have: for example, association of two or more protomers can modify the affinity of one of them
for its ligand, enhancing or reducing it through positive or negative cooperativity mechanisms (Rivero-Mdller
et al, 2013), or it could even create new binding sites for other molecules (Heineke et al, 2009). Some GPCRs,
as the GABAB receptor, function as “obligate dimers”, as they can function properly only if they are in the
dimeric state (White et al, 1998; Robbins et al, 2001).  Dimerization has also been shown to modify other
crucial features of GPCRs, such as their cellular trafficking, their signaling properties and internalization rates
(Lohse, 2009; Binder et al, 1990). For example, while the monomeric D1 dopamine receptor signals through
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Gs activation and the monomeric D2 through Gi activation, D1/D2 heterodimers signal mainly through Gq
(Lee et al, 2004). Studies on dopamine D2 receptor homodimers also revealed that in this complex the minimal

functional unit is composed by two receptors and one G protein.

3.4.2 GPCR dimers in brain pathology

Alterations of GPCR dimerization might be linked to neurodevelopmental, neurodegenerative and psychiatric
conditions.

In schizophrenic patients, an abnormal dimerization between 5-HT2A and mGIuR2 receptors seems to be
involved in the generation of cortical disfunction (Gonzalez-Maeso et al, 2008). Another receptor family whose
dimerization mediates pathologic effects in schizophrenia is the one of dopamine receptors: an alteration in
the sensibility of a D1-D2 heterodimer in the globus pallidus of schizophrenic patients and in the striatum of a
rat model of schizophrenia seems to cause a pathologic increase in the calcium signaling in these regions
(Perreault et al, 2010). Another receptor often involved in different cerebral pathological processes in the
CNS is the 5-HT7 receptor: in fact, some of the contradictory data obtained in studies conducted on 5-HT7
KO mice (that develops depressive-like and anxiogenic behaviors during adulthood) could be explained
through receptor dimerization (Matthys et al, 2011). In brains of Alzheimer patients, Abdalla et al reported
abnormal aggregation of angiotensin AT2 receptors, thus extending the pathologic relevance of GPCR
aggregation to neurodegenerative diseases (Abdalla et al, 2009). Abnormal GPCR dimerization has also been
reported in a rat model of neuropathic pain: in these animals, an increased dissociation of GABABL
heterodimers by 14-3-3C leads to impairment of GABAergic inhibitory signaling. This study in particular is a
good example of how the study of GPCR dimers can have a positive outcome on pathologic phenotypes,
because disrupting the interaction between 14-3-3C and the GABABI receptor restored a functional inhibitory
signaling (Laffray et al, 2012).

A better understanding of GPCR homo and heterodimers localization, as well as of their structural and
functional properties, would certainly represent a great step towards the design of new therapeutic approaches.
However, the lack of proper methodologies to investigate GPCR dimerization in native environments leaves

important gaps in this research field.

OTR dimerization. The OTR, just like many others Class A GPCRs, can form oligomeric complexes with
peculiar structural and functional properties (Cottet et al, 2010). It can both homodimerize with other OTRs or
form heterodimers with other GPCRs, such as the vasopressin VV1aR and V2R receptors (Devost and Zingg,
2003; Terrillon et al, 2003).

Dimerization seems to occur already during receptor synthesis (Terrillon et al, 2003) leading to the formation
of a stable fraction of dimeric complex at the cell surface, as confirmed in our laboratory (Busnelli et al, 2016).
OTR homodimers have been detected in vivo, in mammary glands of lactating rats, thus confirming their

existence in physiologic endogenous environments (Albizu et al, 2010). The existence of endogenous dimeric
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form of OTR has also been shown by the use of bivalent ligands, as we will discuss in the following section
(Bunelli et al, 2016).

OTR’s association with other GPCRs generates heterodimers that often activate a broader range of signaling
pathways. For example, it has been demonstrated that in myometrial cells OTR-B2-AR heterodimers
formations can act as a regulation mechanism to modulate ERK1/2 activation (Wrzal et al, 2012). When in
complex with D2 in vitro it is able to preferentially promote CREB, MAPK and PLC signaling pathways. In
vivo, D2/D3 antagonists blocked the anxiolytic effects of OT injections in mice. Alterations of the dimerization
state of these structures might lead to the development of anxiety (Romero-Fernandez et al, 2013; De la Mora
et al, 2016). OTR and the serotonin receptor 5-HTR2A have been detected ex vivo in brain regions normally
associated with cognition and social behaviour using Proximity Ligation Assay (PLA); at the functional level,
association in heterodimers reduces the potency and the efficacy of both carbetocin and WAY267464 on OTR-
mediated Gq signaling, and has an attenuating effect also on 5-HTR2A activation by its endogenous agonist,
5-HT. Heterodimerization is also able to modify cellular trafficking of the two receptors (Chruscicka et al,
2019).

Although not extensively studied yet, oxytocin receptor dimers seem to play an important role in this field too.
In our laboratory we gave an important contribution to this topic: we developed two bivalent ligands able to
target OTR homodimers specifically, and through them we could demonstrate that selective stimulation of this
receptor population has a rescuing effect on pathological behaviours in two animal models of autism. This is
a strong proof not only of the existence of OTR homodimers in endogenous tissues, but also of their

involvement in the regulation of behaviour (Busnelli et al, 2016).
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4. PHARMACOLOGICAL INVESTIGATION OF OXYTOCIN RECEPTOR
DIMERS BY BIVALENT LIGANDS

4.1 INTRODUCTION

In our laboratory, we previously designed a series of bivalent ligands to specifically target OTR homodimers.
These ligands are formed by two OT analogues (dOTK) linked by carboxylic spacers of different lengths, to
allow their specific binding to dimeric receptors.

Previous work in Dr. Chini’s laboratory indicates that two molecules, dOTK>-C8 and dOTK,-C10, were able
to induce Gq coupling at a concentration 1000 times lower than the monomeric dOTK, thus acting as
“superagonists”. Moreover, it was demonstrated that this phenomenon also occurs in vivo, because in mice and
zebrafish models presenting social behaviours deficits these two ligands were able to rescue the pathologic
phenotypes at a concentration respectively 100 and 40 times lower than their monomeric counterpart. By
molecular modelling and site directed mutagenesis, it was also showed that the particular shape of these ligands
allows them to exploit a channel passage in the homodimer upper part to insert their carboxylic spacer.
(Busnelli et al, 2016).

During the first part of my PhD project, | completed the pharmacological characterization of this series of

analogues, in particular to identify their possible functional selectivity or other peculiar signaling properties.

4.2 CONTRIBUTIONS
In this study, | performed all the BRET assays and fluorescence microscopy experiments, and contributed to

the statistical analysis of the obtained data.
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ABSTRACT G protein-coupled receptors
(GPCRs) are the largest and most diverse group of
membrane receptors that function to regulate a wide
range of physiological functions. Increasing
evidence has shown that GPCRs may form
functional dimers and even higher-order oligomers.
Despite it has been extensively demonstrated that
the interaction of two receptors of different families,
to form heterodimers, can influence various aspects
of GPCR function, including ligand binding, G
protein coupling, signaling and receptor trafficking,
the functional effects of homodimerization are
largely unknown.

We used the oxytocin receptor (OXTR), known
to form homodimers in vitro and in vivo, to study
the pharmacological properties of GPCR
homodimers and we applied homobivalent ligands
(dOTK2-Cn), as chemical probes.

Using BRET biosensors, designed to measure
the activation of specific Ga protein subtypes and
the recruitment of B arrestins, we found that,
differently from the endogenous ligand oxytocin
that activate Gq, Gil, Gi2, Gi3, GoA and GoB, the
bivalent ligands activated only a subset of G protein
complexes, i.e. Gq, Gi2 and Gi3. In addition, they
potentiate B arrestins recruitment, possibly inducing
or stabilizing OTR conformations with an increased
affinity for B arrestins.

These bivalent compounds, by activating
specific OTR down-stream signaling pathways,
thus represent molecules with very peculiar
selective profiles that could be exploited to treat
specific neurodevelopmental and psychiatric
conditions.

INTRODUCTION

Oxytocin (OT) is a small nonapeptide produced
in the hypothalamus, which in mammals controls

many functions in reproduction and in all the
aspects of social behavior, facilitating the
processing of social information, improving
cognitive empathic abilities and increasing
interpersonal trust (Grinevich, Knobloch-Bollmann
et al. 2016).To exert its functions, OT binds to its
receptors (OTRs) that are expressed in many
different organs and tissues, with particularly high
concentrations in the limbic regions of the brain,
spinal column, heart, intestines, immune tissue,
uterus and breast (Zingg and Laporte 2003). OTRs
are seven-helix transmembrane receptors and
belong to the rhodopsin-type I (Class A) G protein-
coupled receptor (GPCR) superfamily (Busnelli and
Chini 2018).

As many other GPCRs, OTR can couple to and
activate different G proteins subtypes and j-
arrestins, initiating different intracellular signalling
pathways (Busnelli, Sauliere et al. 2012). OTR-
Gg/11 and OTR-Gi/Go coupling were investigated
in various cell systems and it was demonstrated that,
depending on the cellular context and the cellular
function  considered, the different signal
transduction systems can act in a synergic or
contrasting manner. For example, in myometrial
cells, the activation of the OTR/Gq calcium-
dependent pathway and the OTR/Gi-mediated
CAMP level decrease contributed together to the
uterus contraction during labor (Sanborn 2001,
Zhou, Lutz et al. 2007). In human embryonic kidney
cells expressing OTRs (HEK293-OTR), the
activation of the OTR/Gi pathway inhibited cell
growth whereas the activation of the OTR/Gq
pathway reduced it (Rimoldi, Reversi et al. 2003,
Busnelli, Sauliere et al. 2012). In GN11 cells, OTR
activation differently affected neuronal excitability,
as its coupling to Gg/G11 inhibited the inward
rectifier K* currents whereas its coupling to Gi/o
promoted them (Gravati, Busnelli et al. 2010).
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During the last years, OT administration has
been proposed and tested as a treatment in a number
of neuropsychiatric disorders such as autism
spectrum disorders, depression, anxiety and
addiction, but also for various types of cancers. In
these studies, the responses to treatment were in
many cases highly variable (Dadds, MacDonald et
al. 2014, Yatawara, Einfeld et al. 2016) not only for
the clinical condition under consideration but also
for the type of cellular/biological response induced,
indicating that a further development of OT for
clinical applications is necessary (Yamasue, Okada
et al. 2020).

Biased agonists, promoting a selective receptor-
G protein coupling, offer the possibility to
specifically modulate one specific cellular/tissue
response activated by a given receptor, and open a
new avenue for a better control and a precise
modulation of cell and tissue functions (Michel and
Charlton 2018). Atosiban, an OT peptidic analogue,
was the first functional selective agonist identified
for the OTR, and one of the first developed for
GPCRs (Reversi, Rimoldi et al. 2005). Atosiban
was used for a long time as an OTR antagonist,
being known for its anti-OT uterotonic effects in
vivo and its dose-dependent inhibitory effects on
OT-stimulated  inositol  triphosphate  (IP3)
production in vitro (Phaneuf, Asboth et al. 1994,
Manning, Miteva et al. 1995). Surprisingly, cellular
studies using pertussis toxin as Gi/o inhibitor and
the use of BRET biosensors, designed to investigate
the activation of a single G-protein subtype, showed
that atosiban is an agonist on OTR/Gi3 signaling
(Reversi, Rimoldi et al. 2005, Busnelli, Sauliere et
al. 2012), has pro-inflammatory effects (Kim,
Maclntyre et al. 2016) and inhibitory actions on cell
growth (Cassoni, Sapino et al. 1996, Reversi,
Rimoldi et al. 2005). Atosiban inhibitory effects
were demonstrated on the firing properties of
“sensory wide dynamic range” neurons responsible
for the pain in the deep laminae of the spinal cord
(Eliava, Melchior et al. 2016). After Atosiban other
two OT peptidic-derived analogues were identified
as “OTR-biased agonists”: carbetocin, specifically
acting on OTR/Gg and DNalOVT, specifically
acting on OTR/Gi1, respectively (Busnelli, Sauliere
et al. 2012, Passoni, Leonzino et al. 2016).

OTRs can form dimers and higher-order
oligomers with partners of the same subfamily
(AVP receptors) (Terrillon, Durroux et al. 2003) or
with GPCRs which respond to different ligands

(hetero-dimers/oligomers) (Wrzal, Goupil et al.
2012, Romero-Fernandez, Borroto-Escuela et al.
2013, Chruscicka, Wallace Fitzsimons et al. 2019).
In addition, OTR protomers can dimerize with
themselves to form  homo-dimers/oligomers
(Devost and Zingg 2004, Busnelli, Mauri et al.
2013, Busnelli, Kleinau et al. 2016).

OTR homodimerization in transfected cell lines
has been confirmed by different sets of experiments:
co-expression of c-terminally c-myc and FLAG-
tagged OTR receptors in COS7 cells, followed by
immunoprecipitation of the cell lysates with anti-
FLAG antibodies and immunoblotting with anti-c-
myc antibodies (Devost and Zingg 2004) and the
measurement of the efficiency of bioluminescent
resonance energy transfer (BRET) between OTR
tagged at the C-terminal with the Renilla luciferase
(RLuc) and a variant of the green fluorescent protein
(YFP or GFP?) co-expressed in HEK293 cells
(Terrillon, Durroux et al. 2003, Busnelli, Mauri et
al. 2013). Most importantly, the existence of OTR
dimers in vivo and in native tissues has been
demonstrated thanks to the application of a time-
resolved fluorescence resonance energy transfer
(TR-FRET)-based approach performed with
labelled OTR selective ligands (Albizu, Cottet et al.
2010). Thus, OTR homodimers represent a novel
druggable target.

While it has been extensively reported that
heterodimerization of GPCRs can activate
intracellular signaling pathways, that can be
different from those triggered by the individual
receptors, very little is known about the effects of
homodimerization on the receptor properties
(Parmentier 2015).

Bivalent ligands, constituted by two molecules
that are joined by a spacer and that are specifically
designed to simultaneously bind both dimers, are a
valid tool to study and to pharmacologically target
GPCR homodimers. Homobivalent ligands for the
OTR, made up of two identical modified OT
molecules joined by a flexible spacer, used in an
previous study (Busnelli, Kleinau et al. 2016)
revealed to specifically target OTR homodimers and
to act at very low concentrations to potentiate
OTR/Gq signaling and promote social behavior in
mice and zebrafish at concentrations that were much
lower than those of the monovalent corresponding
molecule and of the endogenous neuropeptide
(Busnelli, Kleinau et al. 2016).
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To better understand the molecular mechanisms
that underlie the behavioral responses determined
by the use of these OT-derived homobivalent
molecules and to try to predict the therapeutic
potential applications of these ligands, we continued
the analysis of the activated signaling pathways.
Using BRET biosensors transfected in HEK293
cells, we analyzed the ability of each bivalent ligand
to activate the OTR, in terms of G protein activation
and B-arrestin recruitment, and we compared them
with endogenous OT and monovalent dOTK. We
found that all the bivalent ligands tested, as well as
their monovalent relative dOTK, are “functionally
selective”, as they activate Gq, Gi2 and Gi3 but not
Gil and Go and promote OTR internalization. We
also found that, differently from the monovalent
dOTK and bivalent ligands with shorter and longer
spacers (that promote the interaction between the
OTR and the B-arrestin 2 only) the dOTK>-C8 and
dOTK>-C10 induce the OTR recruitment of both f3-
arrestin 1 and B-arrestin 2. These data suggest that
dOTK2-C8 and dOTK,-C10 ligands stabilize or
induce an OTR conformation with an increased
affinity for B-arrestins.

RESULTS

Monovalent dOTK and bivalent dOTK
ligands activate a specific subset of OTR/G
proteins complexes

We used homobivalent ligands, composed by
two oxytocin-derived analogues deaminated in
position 1 and bearing a lysine in position 8 (dOTK)
(Figure 1A) joined by a linear spacer with an
increasing number of carbon atoms (namely C6, C8,
C10, C12, C14) (Figure 1B), and already described
in Busnelli et al. 2016 (Busnelli, Kleinau et al.
2016).

Using BRET-based biosensors specifically
developed to measure the ligand induced G protein
activation (Busnelli, Sauliere et al. 2012, Sauliere,
Bellot et al. 2012) (Figure 2A) we tested their
capability to activate the different OTR/G protein
complexes. A significant reduction of the BRET
signal was observed in the presence of OT (10 uM)
for all the Ga protein analyzed, confirming our
previous observations that the endogenous OT
ligand can activate the OTR-Gq, -Gil, -Gi2, -Gi3, -
GoA and —GoB (Busnelli, Sauliere et al. 2012). For
the monovalent dOTK (10uM) and all the derived

bivalent ligands (10 uM), we observed the
activation only of Gq, Gi2 and Gi3 and not of the
Gil, GoA and GoB subunits.

This data indicate that the modifications
introduced into the chemical structure of the OT
molecule to generate dOTK and dOTK,-Cn bivalent
ligands (Figure 1) determine the activation of
specific OTR-downstream signaling pathways; we
can therefore consider our bivalents (and the
monovalent dOTK) as “functional selective” or
“biased” agonists.

Bivalent ligands activate OTR/Gi2 and
OTR/Gi3 with monotonic curves

We have previously reported that, for OTR/Gq
activation, dOTK, dOTK>-C6, dOTK>-C12 and
dOTK,-C14 generated monophasic dose-response
curves, while dOTK,-C8 and dOTK,-C10 ones
were biphasic. In particular, these biphasic curves
were characterized by a first phase (in the pM range)
presumably corresponding to the activation of OTR
homodimers, and by a second phase (in the nM
range) corresponding to the activations of
monomers and/or a single protomers into a dimer
(Busnelli, Kleinau et al. 2016).

Here we tested the effects of the bivalent
analogues on all OT/Gi and Go-coupled receptors.
Our results indicate that all the bivalent ligands
tested, including dOTK:-C8 and dOTK-C10, only
activate OTR/Gi2 and OTR/Gi3 but not OTR/Gil,
GoA and GoB. In addition, we obtained monotonic
curves in the presence of dOTK and all the bivalent
ligands tested, including dOTK,-C8 and dOTK.-
C10. The ECses are all in the nanomolar range,
suggesting that the bivalent ligands bind and
activate only one receptor population, as the
monovalent dOTK.

Bivalent ligands recruit
differently from OT and dOTK
The binding of OT to OTR leads to receptor
activation, phosphorylation, and the translocation of
— P-arrestin 1 and B-arrestin 2 to the receptor
complex, an event that turns off the G protein-
dependent signaling pathway (Conti, Sertic et al.
2009, Busnelli, Sauliere et al. 2012). In addition to
its desensitizing function, B-arrestins have recently
been shown to simultaneously activate downstream
signaling regulating a wide array of cell functions
(Smith and Rajagopal 2016). It has been reported

B-arrestins
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that OTR/B-arrestin mediated signaling regulates
many cell functions i.e uterine contractility and cell
migration (Grotegut, Feng et al. 2011).

To determine to which degree dOTK and
bivalent ligands promote OTR/B-arrestin activation
we used a specifically designed BRET* biosensor to
evaluate B-arrestinl and B-arrestin2 recruitment in
HEK?293 cells (Figure 5A). In this case, the energy
acceptor molecule is a YFP fused to the B-arrestin
of interest, while the RLuc is attached to the
cytoplasmatic side of the OTR receptor. Following
receptor activation, if the B-arrestin is recruited to
the plasma membrane, the YFP comes in close
proximity to the RLuc, and the energy transfer
measured increases.

We stimulated the cells with a maximal
concentration (10 uM) of dOTK and the bivalent
ligands and we measured the energy transfer in
continuous for 8 minutes. All the ligand tested were
effective in promoting B-arrestin 2 recruitment by
OTR, although with differences in the maximal
efficacy (Emax). The bivalent ligands dOTK,-C8 and
dOTK,-C10 were the most efficient and their Emax
was also statistically different from the monovalent
dOTK. We calculated the half time (t¥2) to be 103 s
fordOTK, 116 s for dOTK,-C6, 88 s for dOTK,-C8,
57 s for dOTK>-C10, 79 s for dOTK>-C12 and 90 s
for dOTK,-C14, respectively.

The bivalent ligands dOTK,-C8 and dOTK,-C10
were also the only two ligands able to promote the
recruitment of B-arrestin 1.

OT, dOTK and bivalent analogues all induce
OTR internalization

Once activated by OT, the OTR is desensitized
and internalized. However, some OT-derived
ligands, and in particular those that activate only
OTR/Gi complexes, do not induce OTR
internalization (Busnelli et al., 2012), We thus
tested if dOTK and dOTK3-Cn bivalent ligands that
activate only a subset of OTR/G protein complexes
are also capable to promote OTR internalization. To
this aim, we stimulated OTR stably expressing HEK
293 cells with 100 nM OT, dOTK and all the
bivalent ligands.

Our results indicate that all the bivalent ligands
tested are able to promote receptor internalization,
that could be visualized as intracellular fluorescent
spots (Figure 6) that in a previous work we

identified as endosomal vesicles (Conti, Sertic et al.
2009)
DISCUSSION

The extent and functional relevance of the
interactions between GPCRs is still a matter of
controversy (Milligan, Ward et al. 2019).
Dimerization and oligomerization of GPCRs seems
not to be generally necessary for receptor mediated
G-protein activation; indeed, several analysis have
confirmed that monomeric signaling of GPCRs is
possible: single p-opioid receptors as well [2-
adrenergic and rhodopsin inserted in small lipid
vesicles have been shown to couple to their G-
proteins (Whorton, Bokoch et al. 2007, Whorton,
Jastrzebska et al. 2008, Kuszak, Pitchiaya et al.
2009) and monomeric rhodopsin in solution has
been shown to activate its G-protein trasducin
(Ernst, Gramse et al. 2007). However, an increasing
number of examples suggests that GPCR receptor
interactions in living cells are required for proper
tissue function. For example, it has been reported
that mutations that are present in the transmembrane
domain 1 (TM1H) of the thromboxane A2 receptor,
involved in receptor dimerization, not only cause
the reduction of receptor dimerization in vitro but
cause bleeding disorders associated with reduced
platelet function in patients (Capra, Mauri et al.
2017).

There is growing evidence that GPCR receptor
interactions occur initially during biosynthesis and
are an integral aspect of GPCR maturation. At least
for the family C GABA-B receptor (White, Wise et
al. 1998), protein-protein interactions provided by
dimerization are necessary for the export from the
Golgi apparatus and the insertion into the plasma
membrane. It is also noteworthy that both
artificially produced and naturally occurring GPCR
truncation and splice variants can act to limit cell
surface delivery of GPCRs, likely preventing the
final maturation of the dimer (Coge, Guenin et al.
1999, Karpa, Lin et al. 2000). In studies of OT and
vasopressin  (AVP) receptors, Terrillon and
coworkers demonstrated that immature forms of
OTR and AVPRs were present as dimers already in
the endoplasmic reticulum (Terrillon, Durroux et al.
2003).

In our earlier studies, from the analysis of the
amplitude of the OTR/Gq concentration/response
curve, we were able to determine that at least 30%
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of OTR, activable and present at the plasma
membrane, are expressed in a dimeric form and that
stimulation with dOTK does not perturb dimeric
complexes (Busnelli, Mauri et al. 2013, Busnelli,
Kleinau et al. 2016).

The dOTK,-C8 and dOTK,-C10 bivalent ligands
demonstrated to be super-active agonists on the
OTR/Gq pathway, generating a particular biphasic
curve. These analogues have a great translational
value, displaying a significant gain (40- and 100-
fold) over the endogenous ligand OT and isotocin,
in promoting social behavior in OTR heterozygous
mice (which is a model of social impairments; Sala,
Braida et al. 2013) and in zebrafish (Busnelli,
Kleinau et al. 2016). These effects observed in vivo
are consistent with the existence of OTR
homodimers not only in the mammary gland as
reported by Albizu et al. in 2010 (Albizu, Cottet et
al. 2010), but also in the CNS. Remarkably, these
analogues could be an important tool for
translational studies in neurodevelopmental and
psychiatric disorders but could also pave the way for
novel therapeutic molecules.

To obtain safer, targeted and personalized
therapies, it is important to understand and dissect
the peculiar features of OTR homobivalent ligands
and OTR homodimers functions. From the BRET
studies done to test OTR/G protein activation, we
found that dOTK and its derived bivalent ligands are
different from OT, and activate selectively
OTR/Gq, OTR/Gi2 and OTR/Gi3 complexes; thus,
they can be considered ‘“functional selective”
ligands. These different responses are consistent
with the hypothesis that OTRs exist as a collections
of conformations in equilibrium, and that OT,
dOTK and bivalent ligands have different affinity
for the various conformations adopted by the
receptor (Vaidehi and Kenakin 2010). Moreover,
we found that dOTK and all the bivalent ligands
have similar efficacy in activating OTR/Gi2 and
OTR/Gi3 and generated monophasic curves.
Although more verification experiments will be
necessary, we can put forward several hypotheses to
explain the disappearance of the first phase of the G
protein activation concentration-curve, observed for
dOTK>-C8 and dOTK»-C10. First, only the
monomeric OTRs could interact with the Gi2 and
Gi3 proteins, and therefore the monovalent dOTK
and the bivalent ligands dOTK,-Cn would induce
the same response. Second, it could be that dimeric
OTRs could also interact with Gi2 and Gi3 proteins,

but the bivalent ligands used in this study are not
able to bind simultaneously the two protomers
forming the dimer. Concerning our first hypothesis,
it has been well established that heterodimerization
generates conformations that increase the affinity
for a specific subset of G-proteins and that can be
different from those of the single receptors;
however, to our best knowledge no studies have
demonstrated that GPCR monomers have a
coupling  different  from their  respective
homodimers. Probably these studies are limited by
the difficulties in the isolation of GPCR receptors in
their monomeric and homodimeric form. Our
second hypothesis can find confirmation in the
crystal structures obtained for several rhodopsin-
like GPCRs homodimers (B2AR; BlAR; HIR;
MOR), that used multiple side surfaces of their
helical bundle for dimerization (Cherezov,
Rosenbaum et al. 2007, Shimamura, Shiroishi et al.
2011, Manglik, Kruse et al. 2012, Huang, Chen et
al. 2013). OTR homodimers can assume at least two
dimeric  conformations, one involving a
TMH1/TMH2/helix8 interface and the other
TMH5/TMH5 interface (Busnelli, Kleinau et al.
2016). Molecular docking analysis of the bivalent
ligands used in this study, with spacer lengths of C8
and C10, showed to perfectly fit into the
TMH1/TMH2 dimers, but also proved to be too
short to bridge the two binding pockets predicted
into the TMH5/TMH5 dimeric complexes. The
spacer length C6 is too short, leading to an
extraction of the ligand-moieties from the
orthosteric binding sites, whereas the C12 and C14
spacers are too long to be fitted into the channel
formed by the TM1H/TMH?2 interaction, would be
kinked and their binding disfavored (Busnelli,
Kleinau et al. 2016). Interpreting our data, it can
thus be possible TMH1/TMH2/helix 8 OTR dimers
can interact with the Gq protein complexes, whereas
TMH5/TMHS5 dimeric complexes can interact with
the Gi2 and Gi3 proteins. Bivalent ligands with
much long spacers, as the estimated straight linear
distance between the two binding sites is ~ 50 A in
TMH5/TMH5 OTR, would be able to target these
alternative dimeric complexes, but their use could
be counterproductive as a very long alkane chain,
with high probability, will negatively impact the
docking and binding for its higher hydrophobicity
and will bind also distant receptors that are not
complexed in a dimer.
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From the analysis of the OTR/B-arrestins
recruitment, we observed that in general the bivalent
ligands were more efficient than dOTK in
promoting B-arrestin 2 recruitment, and only
dOTK2-C8 and dOTK>-C10 were able to promote
the recruitment of B-arrestin 1. More experiments
will be necessary to demonstrate that OTR
homodimers likely have a conformation that
predisposes the OTRs to a more efficient interaction
with B.-arrestins. However it is very likely, as it has
been already demonstrated for another GPCR, the
sphingosine 1-phosphate receptor 1 (S1PR1), that
receptor oligomerization/dimerization is necessary
to stabilize the ligand-induced B-arrestin association
and modulate B-arrestin activity (Patrone,
Cammarota et al. 2020). It is also possible that
dOTK2-C8 and dOTK>-C10, by simultaneously
binding to the two receptors forming the
TMH1/TMH2/helix 8 dimer, not only boost Gq
protein activation but also potentiate p-arrestins
recruitment. Accordingly with our hypothesis, it has
been reported that the paired activation of the two
components of the muscarinic M3 receptor dimer is
required for the recruitment of B-arrestin 1 and the
induction of ERKZ1/2 phosphorylation (Novi,
Scarselli et al. 2004).

In conclusion, this study provides novel
information about the “functional selective
agonism” of the dOTK,-Cn homobivalent
compounds, and opens the way to the development
of novel OT compounds with better therapeutic
profiles.

More in general, the use of homobivalent
compounds revealed to be a unique tool to
investigate the signaling properties of the different
homodimer conformations and to determine the
functional aspects of GPCRs homodimers.

MATERIALS AND METHODS

Reagents, Constructs, and Peptides

Oxytocin was purchased from Bachem. All the
monovalent and bivalent ligands used in this work
have been originally synthetized through the
Merrifield protocol in solid phase (as previously
described in (Busnelli, Kleinau et al. 2016).
Luciferase substrates, coelenterazines 400A and H
were purchased from Cayman.

Cell Cultures

Human embryonic kidney 293 (HEK293) cells
were cultured at 37°C and 5% CO,, in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with
10% (v/v) Fetal Bovine Serum (FBS) (Euroclone,
Pero, Italy), 100 units of penicillin (Euroclone), 100
g/mL streptomycin (Euroclone), and 2 mM L-
glutamine (Euroclone).

Cell Transfection

The day before transfection for BRET
experiments, cells were seeded in 100 mm plates to
let them reach a 50% confluence. Transient
transfections with the BRET  biosensors
components were performed using linear
polyethyleneimine 25 kDa (PEI MW 25,000,
Polysciences, Inc., Warrington, PA, USA)
maintaining a PEI / plasmid DNA ratio of 2:1. The
DNA/PEI mix was incubated for 15 minutes in non-
supplemented DMEM before administration to
cells; 24 hours after transfection, the DMEM was
renewed, and the cells were cultured for a further 24
hours before the experiments.

BRET assays

For BRET? assays measuring the different Go.
subtypes activation, HEK293 cells were transfected
with DNA encoding for OTR-pRKS5 (7 ug), Renilla
Luciferase (RLuc8)-tagged Gag, Goii Gaiz Gais
Gaoa Goos (BRET energy donor) (4 pg), GFP%-Gy,
(BRET energy acceptor) (5 pg), and GB1 (5 pg). 48
hours after transfection, cells were washed twice
with PBS, detached and resuspended in PBS, 0.1%
(w/v) glucose, MgCl; 0.5 mM and CaCl; 0.7 mM.
Protein concentration was determined using a
colorimetric protein assay (DC protein assay,
Biorad, Milan, Italy). Cells were then distributed in
a 96-well microplate (Optiplate, PerkinElmer,
Milan, Italy) at a concentration of 80 ug cells/well,
and incubated with different ligand concentrations
or vehicle (PBS) for 2 min prior to the addition of 5
UM of the BRET? substrate, coelenterazine 400A.
Immediately after this step, RLuc8 and GFP*
emissions were recorded using an Infinite F500
multidetector plate reader (Tecan, Milan, Italy) that
allows the sequential integration of light signals
detected with two filter settings (RLuc8 filter,
370-450 nm; GFPY filter, 510—540 nm). Data were
recorded for 2 minutes after substrate addition, and
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used to determine the resulting BRET? signal,
calculated as the ratio between the light emitted by
the GFP™ acceptor and that emitted from the RLuc8
donor. The “ligand promoted BRET” value was
eventually calculated as the difference between the
BRET? signal measured in the presence of the
ligand and the BRET? signal obtained in vehicle
condition.

For BRET! assays measuring [-arrestin
recruitment, HEK293 cells were transfected with
DNA encoding for OTR-RLuc (BRET energy
donor) (1.5 pg), YFP-tagged B-arrestin 1 or [-
arrestin 2 (BRET energy acceptor) (5 pg), and
pcDNA 3.1 (13.5 pg). 48 hours after transfection,
cells were washed twice with PBS, detached and
resuspended in PBS, 0.1% (w/v) glucose, MgCl, 0.5
mM and CaCl, 0.7 mM. Protein concentration was
determined using a colorimetric protein assay (DC
protein assay, Biorad, Milan, Italy). Cells were then
distributed in a 96-well microplate (Optiplate,
PerkinElmer, Milan, Italy) at a concentration of 80
pg cells/well, and incubated with RLuc substrate
coelenterazine H (Biotium, Hayward, CA) 8 min
prior to the addition of the ligand or vehicle (PBS).
After ligand addition, RLuc and YFP emissions
were recorded using the previously mentioned
Infinite F500 plate reader (RLuc filter, 370-480 nm;
YFP filter, 520-570 nm). Data were recorded for 8
minutes after stimulation, and used to determine the
resulting BRET! signal, calculated as the ratio of the
light emitted by the YFP acceptor and that emitted
from the RLuc donor. The “ligand promoted BRET”
value was eventually calculated as the difference
between the BRET! kinetic measured in the
presence of the ligand and the BRET! kinetic
obtained in vehicle condition.

Receptor internalization imaging using
confocal microscopy

To induce and visualize receptor internalization,
HEK?293-OTR EGFP cells were seeded on 24 mm
glass coverslips at a starting concentration of
250,000 cells/mL, and used 24 hours later at a 50%-
70% confluence. On the day of the experiment, cells
were washed twice with PBS and stimulated for 30
min with the different ligands at 37°C. If required,
YM-254890 was added 5 minutes prior ligand
stimulation, diluted in the last PBS wash. After
stimulation, cells were quickly washed three times
with ice-cold PBS and fixated in 4%

paraformaldehyde for 20 minutes. After further
rinsing for two times with PBS and lastly with
ddH.0, coverslips were mounted on glass slides
using MOWIOL, and EGFP signal was visualized
through a Zeiss LSM800 confocal microscope.

Statistic analysis

All the statistic analysis and curve fitting were
performed through GraphPad Prism 5
(GraphPad Software Inc., San Diego, CA). BRET
data of G protein activation were analyzed with a
non-linear regression curve fitting procedure and to
determine the best model fitting, monophasic vs
biphasic were compared for each data set. Data
points are reported as mean = SEM.

Monophasic curves where analyzed using the
four-parameter logistic model:

Y=Bottom+(Top-Bottom)/(1+10"((LogECse-X)*Hill
Slope))

where Top and Bottom represent the lower and
upper plateaus.

Biphasic curves were analyzed using a seven
parameters model for non-monotonic curves
(Rovati and Nicosia 1994) as modified in
(Ambrosio, Fanelli et al. 2010)

Plateau; — Bottom
6 = bottom +

1+ 1O(LogEC50_1—X) + b,

4 Epmax — Plateauy

1+ 1O(LogEC50_2 —X) « b,

Where: 6 = response; X = Log concentration of
the agonist; Bottom = response when X = 0; ECsg 1
and ECsy» = concentrations of the agonist that
produce half of the response of the first and second
component, respectively; b; and b, = slopes of the
first and second component, respectively; Plateau;
= maximal response of the first component; Emax =
response for an infinite concentration of X, with
constrained by and b2 equal to -1.

For the analysis of Emax and [ arrestin
recruitment plateau values, significances were
determined through a one-way ANOVA test,
followed by a Tukey’s multiple comparison post-
hoc test to highlight any possible difference
between the effects of each compound.
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A statistical level of significance of P < 0.05 was
accepted.
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Figure 1 - Chemical structure of the OT analogs used in the experiments. Carbons are represented in
light blue, aminic groups in blue, oxygen atoms in red, and sulfur atoms in yellow. Left: oxytocin and
monomeric dOTK molecule. The red squares highlight the chemical structures that differ from endogenous
OT. Right: structure of the average bivalent ligand designed by Busnelli et al. in 2016. Two dOTK
molecules have been linked by a carbonylic spacer of different lengths (n = from 6 to 14 carbon atoms).
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Figure 2 — BRET? measurements of maximal OTR activation by monovalent and bivalent analogues.
2A, scheme of the BRET biosensor used for the test. The energy donor RLuc8 is fused to the a subunit of
the heterotrimeric G protein, while the energy acceptor GFP is fused to the y subunit. Upon receptor
activation, the conformational change that occurs in the G protein increases the distance between the o
and By subunits, consequently decreasing the BRET energy transfer. 2B, maximal activation (Emax)
screening panel. Transfected HEK293 cells were stimulated for 2 minutes with the different molecules, at
a maximal concentration of 10 uM. In the graphs, the maximal activation for each ligand is represented
as the difference between the BRET ratio induced by the ligand itself and the values obtained in the negative
controls (PBS). Data are expressed as mean = SEM and come from at least 3 independent experiments for
each ligand. Statistical differences between maximal activation values were obtained by one-way ANOVA
followed by Tukey's Multiple Comparison test (* p < 0.05, **p < 0.01, *** p < 0.001 vs PBS).
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Figure 3 — BRET? dose-response curves in Gai2-coupled OTR receptors. Transfected HEK293 cells were
stimulated for 2 minutes with the different molecules at different ligand concentrations. In the graphs, the
BRET ligand effect is represented as the difference between the BRET ratio induced by the ligand itself and
the values obtained in the negative controls (PBS). Data are expressed as mean + SEM and come from at
least 3 independent experiments for each ligand, performed at least in duplicate.
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Figure 4 — BRET? dose-response curves in Gai3-coupled OTR receptors. Transfected HEK293 cells were
stimulated for 2 minutes with the different molecules at different ligand concentrations. In the graphs, the
activation level is represented as the difference between the BRET ratio induced by the ligand itself and the
values obtained in the negative controls (PBS). Data are expressed as mean £ SEM and come from at least
3 independent experiments for each ligand, performed at least in duplicate.
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Figure 5 — BRET" kinetics showing the g-arrestin recruitment profiles of monovalent and bivalent OT
analogues. 5A, scheme of the BRET biosensor used for the test. In this case, the energy donor RLuc is fused
directly to the OTR, while the energy acceptor YFP is positioned on the S-arrestin molecule. When the receptor
is activated by the ligand, the g-arrestin is recruited to the plasma membrane to promote the internalization
process, and therefore donor and acceptor are brought in close contact. The result is an increase of the BRET
energy transfer. 5B, p-arrestin recruitment kinetics of dOTK and of the bivalent analogues. One-way ANOVA
test followed by Tukey’s Multiple Comparison post-hoc were used to compare plateau values (on the right).
Data come from at least three independent experiments, performed in duplicate. * p < 0.05, **p < 0.01, ***
p < 0.001 vs PBS; * $< 0.05, **$ < 0.01, *** $ < 0.001 vs dOTK .
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FIGURE 6

+dOTK,-C6 + dOTK,-C8

+ dOTK,-C10 + dOTK$-C12 + dOTK,-C14

Figure 6 - Internalization of OTR following OT, dOTK or bivalent ligands stimulation. The ability of the
series to induce receptor internalization was assessed in HEK293 cells stably expressing OTR-EGFP. After
a 30 min stimulation (final ligand concentration: 10 4M), internalization green spots could be seen in all
the stimulated cells. Nuclei (shown in blue) were stained with DAPI. Data are representative of two

independent experiments.
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5. DEVELOPMENT OF A “NANORULER” SYSTEM TO MAP OTR
HOMODIMERS IN THE RODENT BRAIN

During my PhD, | worked to develop a new technique that would allow the visualization and the quantification
of dimeric OTR receptors in the rodent brain. Although OTR identification is already possible through receptor
autoradiography, with this technique the obtained resolution is always quite low, and most importantly, it is
not possible to discriminate between monomeric and dimeric receptors.

For the oxytocin receptor, dimers detection is especially difficult to achieve, because all the methodologies
currently used to detect protein-protein interactions require a highly specific antibody for the proteins of
interest. Moreover, the resolution guaranteed by these techniques is often not high enough to prove a direct
contact between the two protomers; therefore, the risk of false positive results is always reasonably high.

5.1 METHODS CURRENTLY EMPLOYED TO STUDY OTR DIMERIZATION
Co-immunoprecipitation. Co-immunoprecipitation is one of the most common techniques to verify GPCR
dimerization. It is based on the concept that in SDS-PAGE, receptors migrate differently depending on their
mass, and therefore, ligand-bound receptors or oligomeric complexes will produce a slower band on the gel
(Hiller et al, 2013). To avoid aspecific bands, each protomer is tagged with a different epitope: precipitation is
done with an antibody against the first one, and then the immunoblotting is performed using an antibody
against the second. Negative controls, made with cells expressing only one of the two epitopes, need to be
included: as GPCRs are hydrophobic transmembrane proteins, removing them from their lipidic environment
could induce the formation of aspecific aggregates (Milligan et al, 2005; Jordan et al, 1999).

One of the main disadvantages of Co-IP is actually that results always need to be confirmed with other
techniques. Moreover, it does not really prove dimerization, but only interaction in a supramolecular complex
(Hiller et al, 2013).

Biophysical techniques. One great advantage of biophysical techniques is that it allows to study homo and
heterodimers in intact cells, without membrane disruptions. The most employed are those based on a
“resonance energy transfer” (RET), as BRET (Bioluminescence Resonance Energy Transfer; Fig.1) and FRET
(Fluorescence Resonance Energy Transfer) (Ferré et al, 2014). Both evaluate the interaction between two
proteins of interest by measuring the resonance energy transfer between a “donor” and an “acceptor” molecule
(Cottet et al, 2012). The efficiency of this transfer is inversely proportional to the sixth potence of the distance
between donor and acceptor (Forster,1948), allowing a high spatial resolution (10 nm). The main difference
between BRET and FRET is the type of donor: in FRET it is a fluorophore (i.e. GFP), while in BRET it is a
molecule able to emit light (i.e. the enzyme Renilla Luciferase). In both cases, it is fundamental for the donor-
acceptor couple to have partially overlapping spectra (the excitation spectrum of the acceptor must overlap to

the emission spectrum of the donor).
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Figure 1: BRET mechanism. The energy transfer occurs only if donor and acceptor are closer than 10
nm, and only if the donor emission spectrum overlaps with the acceptor excitation spectrum.

Other variants of these technigques have been developed: one of them, the time-resolved FRET or tr-FRET,
using a long-lasting emission lanthanide as donor, allows to significantly reduce signal to noise ratio (Cottet
etal, 2012). Tr-FRET has been used by Albizu et al to prove for the first time the existence of OTR homodimers
in vivo (Albizu et al, 2010).

Other biophysical techniques, such as Bimolecular Fluorescence Complementation, are based on the formation
of a fluorescent molecule starting from two inactive, non-emitting fragments. The two fragments are linked to
two receptor of interest: if they are brought close by dimerization, the fluorescent molecule is “recomposed”
and it is now able to emit (if correctly excited) (Kerppola et al, 2008).

Despite being more informative about the actual dimerization state of a receptor compared to Co-IP,
biophysical techniques have two main disadvantages: they don’t give information about the oligomer size, or
about the dynamics that regulate its formation (Ferre et al, 2014), and they require chimeric molecules, that
might perturbate physiological conditions of the cellular environment. Moreover, the use of these techniques
in vivo is problematic, in particular because the tagged fluorescent probes are quite bit (> 200 aa), and might

influence the dimerization state of the receptors (Lohse et al, 2012).

Proximity Ligation Assay (PLA). Proximity Ligation Assay is one of the most recent techniques developed
to study dimeric receptors in endogenous tissues. To achieve the best results, it is often used in combination
with advanced imaging techniques, like super resolution microscopy.

PLA is an antibodies-based technique. In “direct” PLA, only a pair of primary antibodies is used, while in
“indirect” PLA there is a double tagging step, with secondary antibodies directed against the primary ones. In
both cases, antibodies must be specific for the receptors of interest (Gomes et al, 2015). Antibodies are tagged
with a pair of DNA probes, and when they are close enough (20-40 nm), the two probes can interact, forming
a primer for a DNA polymerase. DNA polymerase can use this structure to synthetize a long DNA filament,
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through a process called Rolling Circle Amplification, or RCA. This DNA product can eventually be tagged

with fluorescent probes and visualized in fluorescence microscopy as bright spots (Fig.2).
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Figure 2: Proximity Ligation Assay. If two probe-tagged antibodies are close enough (i.e. because they 're
bound to two protomers of the same dimer) (B), the DNA probes can interact and function as a primer for
a Rolling Circle Amplification step (C). The resulting DNA «tree» is detected using fluorescent probes (D),
and appears as a red spot in confocal microscopy (bottom image).

The most relevant advantage of PLA is that it doesn’t require any kind of protein engineering or chimeric
receptor to work, and it can be easily employed even in tissues that don’t express high levels of dimers (Borroto
Escuela et al, 2013). However, as antibodies are bulky molecules, PLA can only prove molecular proximity

between two receptors, but not their actual dimerization.
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5.2 GENERAL STRATEGY AND EXPERIMENTAL PLAN

All the previously described techniques, which are the most commonly used to study receptor complexes in
native tissues (and in particular in the brain) can only prove molecular proximity, but not actual dimerization.
The precise localization and quantification of true dimeric complexes is still an unsolved experimental issue.

For this reason, during my PhD | worked in collaboration with Prof. Bellini’s group (Complex Fluids and
Molecular biophysics Laboratory, University of Milan) to develop a new approach to map the presence and
the distribution of OTR dimeric structures in the mouse brain. We aimed to develop a DNA “Nanoruler”
technology based on ad hoc designed oligonucleotides conjugated with selective OT analogues to detect OTR
homo and heterodimers. After binding to the receptors, these OT-DNA conjugates promote a single
hybridization event between the two complementary oligonucleotides, followed by an Hybridization Chain
Reaction (HCR) step capable to generate a detectable, fluorescently labelled DNA structure. In this way, the
dimeric receptors will be detected with a spatial resolution much higher than that obtained with currently
antibody-based techniques, such as Proximity Ligation Assay (PLA). The DNA hairpins have been designed
and characterized in vitro by Prof. Bellini’s research group, with my collaboration; in parallel, T worked to
design and develop an OT analogue that would be suitable for DNA conjugation.

Our Nanoruler system is composed by 5 different DNA sequences: two different 50-nucleotides-long hairpins
named Pan and Dis, a “triggering” 24-nucleotides-long sequence named Trigger, and two fluorescent reporter
probes named H1 and H2. Pan, Dis and Trigger, that are the core components of the Nanoruler system, are

represented in Fig.1.

Figure 1: Sketch of the three DNA hairpins that compose the Nanoruler system.

Trigger is designed to be able to open Dis through a 6-nucleotides long toehold. Once opened, the Dis-Trigger
complex becomes able to bind Pan through its complementary region, which is located in Pan’s loop. This

interaction forces Pan to open, generating a stable complex formed by Pan, Dis and Trigger (Fig. 2).
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Figure 2: Nanoruler mechanism in vitro. When added in solution (A), Trigger opens Dis through
hybridization with a short sequence on its stem (B), and if the opened Dis is close enough to Pan (C) it can
form a complex with it (D).
To detect homodimers in our biological systems, the Nanoruler DNA hairpins need to be able to actually
interact with OTRs. To do so, both Pan and Dis have been linked OT analogues, previously modified and
characterized in order to retain the same pharmacological properties of endogenous OT (Figure 3).
In a biological environment, what is expected to happen is that a Pan-Dis complex will form only when two
conditions are contemporarily achieved:

1) Trigger is present in solution
2) Pan and Dis are close enough to interact (i.e. because they are inserted in the two homomers of the
same dimer).

Figure 3: Nanoruler system application on biological environments. Left part: in order to use it on
GPCRs, the Nanoruler components must be linked to a ligand selective for the GPCR of interest. Right
part: once engineered with the ligand, the two hairpins can «interact» with the receptors; Pan and Dis
will form a complex only if 1) Trigger is present, and 2) they are bound to the two protomers of the same
GPCR dimer. In our specific case, the ligand will be a selective OT analogue.
It is important to notice that when used over homodimers, this system will let us detect approximately 50% of
the total receptor population; all the dimeric receptors bound by two Pan or two Dis molecules will not be

highlighted by the fluorescent “tree”, as Pan can only be opened by Dis.
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To be able to detect a single OTR homodimer as a light spot without using high-resolution microscopy, we
will need a strong amplification of the fluorescent signal. Because of that, we coupled our Nanoruler assay to
a signal amplification technique called Hybridization Chain Reaction (HCR) by implementing two 36-
nucleotides-long reporter sequences, H1 and H2, in the system (Fig.4). These two DNA strands have been
designed to be cross-complementary, and just like for Pan and Dis, when in solution alone they are stable in

their “closed” hairpin conformation.
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Figure 4: H1 and H2, the two hairpins that reveal the Pan-Dis-Trigger complex.
When Pan is in its “open” conformation, it can bind H1. In turn, the opened H1 can cross-hybridize with H2,

and form a nicked double stranded chain. H2 sequence is tagged with a fluorophore; the more H2 strands are

incorporated in the growing DNA “tree”, the brighter the fluorescent spot will be (Fig.5).
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Figure 5: Nanoruler detection system. When Pan is in its «open» conformation, it can open Hairpin 1
(H1) (A). H1 has been designed to cross-hybridize with the fluorescent Hairpin 2 (H2) (B); the two hairpins
can therefore start an amplification chain reaction that leads to the formation of a fluorescent «tree» (C).
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5.3 MATERIALS AND METHODS

Ligands and reagents

Oxytocin was purchased from Sigma. Vasopressin was purchased from Bachem. Oxytocin analogues modified
through the insertion of an azidic group (N3) were synthetized in the laboratory of Dr. Alessandro Gori (Istituto
di Chimica e del Riconoscimento Molecolare del CNR, Milan) through a peptidic, microwave-adiuvated solid
phase synthesis (MW-SPPS) protocol, purified and analyzed through RP-HPLC (Reversed Phase — High
Performance Liquid Chromatography). DBCO-Alexa594 used in the click-chemistry reactions was purchased
by Click Chemistry Tools. [*H]-OT (specific activity 49.5 Ci/mmol) was purchased by Perkin EImer. DNA
hairpins Pan, Dis, Trigger, H1 and H2 were purchased from Integrated DNA Technology® (IDT®).

Click-chemistry conjugation
The day before each experiment, OTAha, OTLysNs, Thr*OTAha or Thr*OTLysN; were incubated O/N at RT
in the dark with DBCO-tagged fluorophore Alexa594 or with the DBCO-tagged DNA hairpins Pan and Dis.

Both the elements were diluted in PBS at a final concentration of 100 uM in a 1:1 molar ratio.

HPLC analysis

Reversed Phase — High Performance Liquid Chromatography (RP-HPLC) was performed on a
Shimadzu Prominence chromatograph, using a Shimadzu Shimpack GWS C18 column (5 micron, 4.6 mm i.d.
x 150 mm). Analytes were eluted in a binary gradient of a mobile phase A (100% water, 0.1% trifluoroacetic
acid) and a mobile phase B (30% water, 70% acetonitrile, 0.1% trifluoroacetic acid). The gradient used was

the following: from 90% to 0% of A in 14 minutes; flow rate 1 mL/min.

Cell cultures

HEK293 (Human Embrionic Kidney) cells were maintained in DMEM (Dulbecco Eagle’s Modified Medium,
Sigma) complemented with FBS 10% (v/v) (Fetal Bovine Serum, Sigma), L-Glutamine 2 mM (Sigma),
Penicillin 100 units/mL and Streptomicin 100 pg/mL (Sigma), at 37°C and 5% CO2.

HEK?293 cells stably transfected with an OTR-EGFP plasmide were maintained in DMEM (Dulbecco Eagle’s
Modified Medium, Sigma) complemented with FBS 10% (v/v) (Fetal Bovine Serum, Sigma), L-Glutamine 2
mM (Sigma), Penicillin 100 units/mL and Streptomicin 100 pg/mL (Sigma), at 37°C and 5% CO,. Geneticin
(G418, Sigma) was used as a selection antibiotic and added at a final concentration of 500 pg/mL to the culture

medium.

Transfection
For BRET studies and AVPR staining experiments HEK cells were transiently transfected using

Polyethyleneimine (PEI, linear, (C2HsN),, P.M. 25000; Polysciences) as a transfecting agent.
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Cells were seeded at a final concentration of 3.1 x 108 cells/mL in 100 mm Petri dishes, or 3.1 x 10° cells/mL
in 35mm wells for cellular staining protocols.

The day after seeding, a 20 g total of DNA were transfected in each plate (or well), adding PEI (stock
concentration: 1 mg/mL) in a 1:3 ratio and non-complemented DMEM in order to achieve a final transfection
volume of 1/10 of the total medium contained in the plate/well. The transfection mix was briefly vortexed,
incubated at RT for 15 minutes and slowly added to the cells. After 24h the culture medium was changed, and

cells were maintained in culture for another day before being processed for the experiment.

BRET assays

In our work we used two different BRET biosensors and applied two different variations of BRET, BRET*and
BRET?

BRET?. To measure Gq activation, DNA plasmids encoding for the BRET donor Renilla Luciferase (RLuc8)-
Gaq (4 pg), the BRET acceptor GFP*-Gy2 (5 ng), GB1 (5 pg) and OTR pRKS construct (7 pg) were used.
48h after transfection, HEK293 cells were washed twice with PBS, harvested and resuspended in PBS, 0.1%
(w/v) glucose, 0.5 mM MgCI;, and 0.7 mM CaCl,. Protein concentration was determined using a colorimetric
protein assay (DC protein assay, Biorad, Milan, Italy). For each BRET measurement, 80 pg of proteins per
well were distributed in a 96-well microplate (Optiplate, Perkin Elmer, Milan, Italy), stimulated with different
ligands at different concentrations or with PBS for 2 min prior to the addition of RLuc8 substrate,
coelenterazine 400A (Biotium, Hayward, CA), at a final concentration of (5 uM). Immediately after the
addition of coelenterazine 400A (5 uM), RLuc8 and GFP!/GFP? emissions were recorded using a
multidetector plate reader Infinite F500 (Tecan, Milan, Italy) that allows the sequential integration of light
signals detected with two filter settings (RLuc filter, 370-450 nm; and GFP%/GFP? filter, 510-540 nm). Data
were collected and the BRET2 signal determined as the ratio of the light emitted by acceptors (GFP1o/GFP)
over donors (Rluc8). The “ligand promoted BRET” value was calculated by subtracting the BRET signal
measured ligand-stimulated cells from that obtained in PBS-stimulated negative controls, following this

equation:

BRET ligand effect = (w) ligand — (w) PBS

em RLuc8 em RLuc8

BRET". To measure B-arrestin recruitment, DNA plasmids encoding for the BRET donor Renilla Luciferase
(RLuc)-hOTR (1.5 pg), the BRET acceptor Parrl-YFP (or Barr2-YFP depending on the experiment) (5 ug),
and pcDNA 3.1 (13.5 pg) were used. For each BRET measurement, 80 pg of proteins per well were distributed
in a 96-well microplate (Optiplate, Perkin Elmer, Milan, Italy). Coelenterazine H substrate was added at a final
concentration of 5 uM, and cells were further incubated for 8 minutes prior the addition of the different ligands
(final concentration 10 uM) or PBS. For each well, BRET values to build the kinetic curve were read every 3

seconds using the multidetector plate reader Infinite F500 (Tecan, Milan, Italy). For BRET?, two filters were
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used: BLUE 370-480 nm (RLuc) and GREEN 520-570 nm (YFP). BRET measurements were calculated as

the difference between ligand-stimulated cells and PBS-stimulated negative controls (ABRET).

Competiton binding assay

Competition binding experiments were performed on HEK293 OTR-EGFP cellular membrane homogenates.
72h after transfection, cells were washed with PBS, and resuspended in phosphate buffer (NaCl 140 mM, KCI
2.7 mM, NazHPO, 8.3 mM; K;HPO, 1.2 mM). After a centrifugation step at 670 g for 5 min at 4°C, cells were
resuspended in ice-cold lysis buffer (Tris 15 mM, MgCl, 2 mM, EDTA 0.3 mM, pH 7.4 at 4°C) and
homogenized in a glass potter. The homogenate was then centrifuged at 16.720 g for 20 min at 4°C; the
membrane pellet was washed with ice-cold binding buffer (Tris 50 mM, MgCl, 5mM, 1 mg/mL BSA, pH 7.4),
centrifuged again and resuspended in binding buffer. After determination of the proteic concentration through
Lowry protein dosage protocol, the homogenate has been aliquoted and stored at -80°C until use.

For Post Nuclear Supernatant (PNS) membranes, after cell lysis and homogenization we added a mild
centrifugation step to remove all the nuclear content.

Each competition binding experiment was performed in Pyrex tubes, analyzing the effects of each ligand
concentration in triplicate. All the tubes were put in ice, and in each of them the following were added: 100 uL
of binding buffer 2X (Tris-HCI 100 mM pH = 7.4 , MgCl, 10 mM, 2 mg/mL BSA), 25 uL of the ligand to be
tested in increasing concentrations (from 104 to 10° M), 25 pL of the radioligand [®*H]-OT (Perkin Elmer)
used at a final concentration of 2 nM, and a fixed concentration of cellular homogenates (from 20 ug/tube to
40 pg/tube, depending on the experiment). To determine all the unspecific binding of the radioligand, for each
experiment a few tubes were included were the [*H]OT was incubated together with an excess (1000x) of
“cold” (non-radioactive) OT. Once assembled, the tubes were briefly vortexed and left in incubation for 30
minutes at 30°C. The content of each tube was then transferred on a Whatman GF/C filter, previously
equilibrated in a BSA solution (10 mg/mL). Tubes were washed three times using cold filtration buffer (Tris-
HCI 1M pH 7.4, MgCl, 500 mM); filters were then left to dry, and their radioactivity content was determined
using a B-counter (Packard). Data were used to draw displacement curves on GraphPad Prism 5, in order to

calculate each ligand’s Ki through Cheng and Prusoff’s equation (Cheng & Prusoff, 1973).

Cellular staining protocols

For staining and colocalization studies, cells were seeded on glass coverslips coated with 0.1% poly-lysine as
previously mentioned, and left to grow for 24 hours.

The day of the experiment, cells were washed three times with PBS and incubated for 30 min at 37°C in the
dark, in a solution containing PBS, CaCl, 0.7 mM, MgCl, 5 mM, BSA 1% and either the fluorescent ligand or
the clickable fluorophore alone, at a final concentration of 100 nM.

After incubation with the ligand, cells were rapidly washed three times in an ice-cold PBS solution containing

MgCl, 5mM and CaCl, 0.7mM and fixed with paraformaldehyde 4% for 15 minutes. After the fixation step,
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cells were washed again three times in PBS; their nuclei was stained with DAPI for 5 min at RT, and after
three other washing steps each coverslip was mounted on a glass slide (Superfrost) using MOWIOL.

Slides were then observed at a confocal LSM 800 Meta (Zeiss) using the following filters: AEc 353 nm and
AEm 465 nm (DAPI), AEc 493 nm and AEm 517 nm (EGFP), AEc 508 nm and AEm 524 nm (YFP), AEc 580

nm and AEm 618 nm (Alexa594). Images were then processed through ImageJ image analysis software.

PAGE experiments

To assess DNA hairpins stability, samples of Pan, Dis, Trigger, H2 and H1 were prepared at a final
concentration of 500 nM, and incubated for different time intervals (10 min, 2h, 24h) and temperatures (4°C,
25°C and 37°C) before being loaded on a non-denaturing 6% polyacrylamide gel. The gel was then run in TAE
1X running buffer at 80V for 1 hour, and DNA bands containing Cy3 or stained with GelRed 1X were then
visualized through a UVTEC transilluminator.
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5.4 RESULTS
5.4.1 Design and in vitro characterization of the oligonucleotides.

Pan, Dis and Trigger have been designed using a structure prediction tool Nupack (Zadeh et al, 2011), while

H1 and H2 sequences were taken from Ang and Yung work (Ang and Yung, 2016).

Evaluation of incubation conditions effects. We first evaluated the interactions between Pan and Dis in
solution. To rule out the possible formation of non-specific complexes between each element and to determine
which are the time and temperature effects on the sequences stability, we incubated Pan (P) and Dis (D) at
different temperatures (4°C, 25°C and 37°C) and time intervals (10 min, 2h, 24h). Samples were then loaded
on a non-denaturing 6% polyacrylamide gel (PAGE) and run in TAE 1X running buffer at 80V for 1 hour. As
a positive control we used a combination of Pan and Dis previously annealed at 95 °C for 10 minutes; as the
intense heat forces the two hairpins to open, in this sample we can actually observe the formation of a heavier
DNA complex made by their pairing (Fig. 6).

1 2 3 4 5 6 7 8 9 10 11 12 13

bp 1. Ladder

300 & 2. P

200 b 3. D

4. P+D (AN)

100 % 5. P+D 24h, T 37°C
Pan + DiS —————p 6. P+D 24h, T 25°C

50 7. P+D 24h, T 4°C

Pan —— T2 1L
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Dis S PPN E R 9. P+D 2h, T 25°C
10.P+D 2h, T 4°C
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13.P+D 10min, T 4°C

Figure 6: In vitro evaluation of Pan / Dis interaction. 6% PAGE gel loaded with Pan and Dis (final
concentrantion: 500 nM) incubated alone (lanes 2, 3) or together (lanes from 4 to 13) for different times
and at different temperatures. Lane 4 (highlighted in green) is a positive control: the sample has been
annealed for 10 min at 95°C to assess the Pan+Dis complex formation (visible as a slower band on the
gel). Bands corresponding to each molecular species are indicated by black arrows. P = Pan, D = Dis, AN
= annealed.

From these first PAGE experiments it can be seen that both the DNA hairpins are stable at all the different

temperatures. Lower incubation times do not affect stability either, while at 24 hours the sample that has been

kept at 37°C develops a certain amount of non-specific Pan+Dis complexes. Quantification of the intensity of

the heavier band confirmed these data
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Analysis of the HCR cascade. Another important step in order to better characterize the DNA Nanoruler
assay was to test Pan ability to bind an H2 reporter sequence and start an HCR amplification cascade, only
when it finds itself in complex with Dis and Trigger.

To test the interaction between Pan and the two HCR fluorescent probes H1 and H2, different combinations
of these sequences were mixed together, incubated for different time points and temperatures and loaded on a
6% polyacrylamide gel (Fig. 7). As a positive control we used a sample in which an annealing step at 95°C for
10 minutes causes the generation of aspecific HCR products formed by Pan, H1 and H2 (lane 4).
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f"NHL’

bp o Ader
Pan + H1 + H2 ——e— 1. Ladder
300 «~ 2. P
2008 ) 3. HI+H2
4. P+H1+H2 (AN)
100
\ 5. P+HI+H2 24h, T 37°C
6. P+HI1+H2 24h, T 25°C
50 7. P+HI+H2 24h, T 4°C
Pan ' 8. P+HI+H2 2h, T 37°C
Hl1+H2 — i 9. P+HI+H2 2h, T 25°C

10.P+H1+H2 2h, T 4°C
11.P+HI1+H2 10min, T 37°C
12.P+H1+H2 10min, T 25°C
13.P+H1+H2 10min, T 4°C

Figure 7: In vitro evaluation of Pan / H1 / H2 interactions. 6% PAGE gel loaded with Pan, H1 and H2
(final concentration: 500 nM) incubated alone (lanes 2, 3) or together (lanes from 4 to 13) for different
times and at different temperatures. Lane 4 (highlighted in green) is the positive control, annealed at 95°C
for 10 min. The Pan + H1 + H2 complexes are visible as a darker smear in the upper part of the lane. Each
moleucular species is indicated by black arrows. P = Pan, AN = annealed.

While the DNA sequences incubated for 2 hours remained stable at all temperatures (lanes from 8 to 13), after
24 hours we could observe the formation of unwanted HCR products in all the samples (lanes from 5 to 7),
visible as high-molecular-weight products in the upper part of the gel.

To be able to quantify the Pan fraction in each band, we repeated the experiment using a fluorophore-tagged
Pan sequence, PanCy3, and acquired its signal using a UVTEC transilluminator before GelRed staining (Fig.
8).
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Figure 8: Quantification of Pan fraction inside putative aspecific Pan+H1+H2 complexes. 6% PAGE
gel was loaded with PanCy3, H1 and H2, alone (lanes 2,3) or together (lanes from 4 to 10), for different
times and at different temperatures. Left image shows only the Cy3 signal coming from Pan, while right
image shows the same gel coloured with GelRed to reveal all the other DNA sequences present inside the
bands. Lane 4 is the positive annealed control; Each molecular species is indicated by black arrows.

From this second experiment we can see that in the samples incubated for 24h, the amount of Pan is actually

negligible, and therefore the products we see are mostly constituted by H1 and H2. Surprisingly enough, even

when considering the annealed positive control in lane 4 it is evident that there is no PanCy3 signal in the

upper band. This might mean that Pan is too stable in solution, and even after an annealing step it is not able

to hybridize with H1 and H2.

Lastly, to try to quantify the efficiency of the hybridization reaction between Pan and H2, Cy3-tagged Pan

sequence was used to establish the Pan fraction present in complex with H2 and in high-molecular weight

HCR products. Samples were incubated for 2 hours or for 24h (Fig. 9).
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Figure 9: Evaluation of Pan+Dis+Trigger complex ability to start the HCR reaction. 6% PAGE gel
loaded with Pan, Dis, Trigger, H1 and H2 in different combinations (final concentration 500 nM),
incubated 2hours (upper gel) or 24 hours (bottom gel) at RT. Positive controls (highlighted in green) were
annealed for 10 min at 95°C. Left images show only the Cy3 signal coming from Pan, while right images
show the same gels coloured with GelRed to reveal all the other DNA sequences present inside the bands.

In both cases, we could not detect PanCy3 in the higher band containing the HCR product. However, we can

be sure that at least a small fraction of PanCy3 reacts with H1 and H2, because in the samples where PanCy3

is not present there is no generation of high-molecular-weight products (lane 15) formed exclusively by the

two reporters.
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Assuming that when Dis and Trigger are present in solution the P+D+T complex forms with a high efficiency,
there should be enough “opened” Pan able to start the HCR reaction. However, these results led us to
hypothesize that Pan-H2 interaction is less stable/strong than expected. For this reason, Prof. Bellini’s group
designed and tested three new H2 sequences, called H2+1, H2+2, H2+3, which respectively are able to interact
with one, two or three more Pan nucleotides, to try to increase the stability of Pan-H2 interaction. Results
showed that H2+3 bound Pan with the higher efficiency, making it more prone to start the HCR process.

Therefore, we chose H2+3 as the election sequence for the following experiments.

5.4.2. Design and characterization of the “clickable” OT analogues

To generate the ligand that will be used in the complete system to detect OTR dimers, we then proceeded to
link each hairpin to an oxytocin molecule.

Oxytocin is a small nonapeptide with two cysteines in position 1 and 6, linked by a disulfide bridge; its rough
shape is that of a circle with a small 3-aminoacid-long tail. When it is bound in its receptor, the circular part
is inserted in the binding pocket, while the tail protrudes in the extracellular space. In our laboratory we
previously studied the molecular determinants of OT selectivity and specificity for its receptor (Busnelli and
Chini, 2017; Busnelli et al, 2013). Through these studies we found that modifying the aminoacid in position 8
(a leucine) does not affect OT receptor binding properties, and therefore we chose this aminoacid to insert a
chemical modification that would allow us to attach oxytocin to our DNA hairpins. In particular, for this
conjugation step we used a “Click” chemistry reaction, in which an azide group spontaneously reacts with a
diarylcyclooctyne (DBCO) moiety (Fig. 4). From literature we already know that the reaction is highly
specific, because azide groups nor dibenzilcyclooctine exist in biological systems, and it is also reasonably
rapid (1-2h) and stable.

We worked with Alessandro Gori (affiliation) to synthetize two OT analogues suitable for click chemistry:
OT-AhaNs, bearing a Ns-L-azidohomoalanine (Aha) residue in position 8, and OTLysNs, bearing a LysNs in
the same position (Fig. 10).
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Figure 10: OT analogues structure design. To obtain «clickable» OTR ligands, the leucine in position 8
(highlighted in orange) was substituted either with an N,-L-azidohomoalanine (B) or with a LysN, (C). The

azide group Ns is the one required for the conjugation reaction.

We next tested the pharmacological properties of the two OT analogues through competition binding
experiments, Bioluminescence Resonance Energy Transfer (BRET) assays and internalization studies.

Competition binding experiments. To determine OTAha and OTLysNs affinity for the OTR, we performed
competition binding experiments on cellular homogenates of HEK293 cells stably transfected with an OTR-
EGFP, using a radiolabeled [®*H]-OT at a fixed concentration equal to his K4 (2nM) and testing different
analogues concentrations (Fig. 11). The obtained K;values for OTAha and OTLysN; were respectively of 1.9
+0.47 nM e 2.1 + 0.40 nM, similar to that of the unmodified OT, which is 0.8 nM (Busnelli et al, 2012; Chini
et al, 1995).
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Figure 11: evaluation of OTAha and OTLysN, affinity for the OTR. Competition binding on HEK293
OTR-EGFP cellular membranes. Black dots represent total and non-specific binding (obtained incubating

membranes with an excess of «cold» oxytocin, final concentration 1 pM); OTAha and OTLysNs dose-
response curves are represented in blue and red, respectively. Each value is expressed as mean + SEM
(n=3).
BRET? assays. Together with binding experiments we also performed BRET assays using different biosensors
to evaluate the functional properties of the two analogues. In particular, we focused our attention on oxytocin
(OTR) and vasopressin (V1aR and V1bR) receptors.
The first BRET biosensor we employed let us measure G protein coupling and receptor activation as a decrease
in the resonance energy transfer between a “donor” molecule (in our case, a Renilla Luciferase 8 or RLuc8)
linked to the a subunit and an “acceptor” molecule (a GFP*°) linked to the y subunit. The BRET decrease is
triggered by receptor activation, that induces a conformational change in the heterotrimeric G protein and
brings apart the o and the y subunits.
To evaluate the affinity of the two analogues towards the OTR and the two vasopressin receptors V1Ar and
V1Br, we measured Gq activation, because Gq is the main signaling pathway activated by both receptor

species. Results are summarized in Fig. 12.
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Figure 12: evaluation of OTR (A), V1aR (B) and V1bR (C) activation by OTAha and OTLysN,. BRET

dose-response curves were built stimulating cells for 2 min with increasing OT (green), AVP (violet), OTAha
(red) or OTLysNs (blue) concentrations. Data are represented as the mean + SEM percentage of the BRET
ligand effect compared to the agonist concentration logaritm, and were collected as the difference between
the BRET value measured in presence of the agonist and the one measured in its absence.
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All the ligands produced a monophasic dose-response curve. OTAha and OTLysN3z ECso were calculated as
14,55+ 12.4 nM and 19.94 + 7.21 nM, respectively; both were not significantly different from OT (ECso=8.67
+3.73 nM).

For what concerns vasopressin receptors, we determined that both the analogs are agonists for V1aR and V1bR.
Again, the ECs values we obtained (V1aR = 250.7 £ 225 nM for OT Aha and 75.39 £ 68.7 nM for OTLysNs;
V1bR = 424.6 £ 108 nM for OTAha and 53.09 + 27 nM for OTLysNs3) were not statistically different (p >
0.5) from OT (V1aR = 301.9 + 549, V1bR = 866 + 273 nM), and were all significantly higher than AVP ECs
(V1aR =2.49 £ 1.66 nM; V1bR = 0.18 + 0.1 nM). However, OTLysNs proved to be 10 times more potent than
OTAha and OT in activating the V1aR.

It is also interesting to note that while OT and OTLysN3 behave like partial agonists for the V1aR, OTAha
reaches the same Enax as AVP.

BRET! assays. Once activated by OT, the OTR recruits B-arrestins 1 and 2 to the plasma membrane, triggering
its own internalization process (Busnelli et al, 2012; Conti et al, 2009). To understand if our analogs are also
capable of inducing P arrestins recruitment we used a second BRET biosensor, where the energy donor RLuc
is linked to the OTR, and the energy acceptor YFP is attached to B-arrestin 1 or 2. In this case, B arrestin
recruitment can be observed as an increase in BRET signal. HEK293 were transiently transfected with the
biosensor components and stimulated with all the different ligands at a concentration of 10°M, which is already
known to induce the maximal response in terms of p-arrestins recruitment (Busnelli et al, 2012). Results are
shown in Fig. 13. 5 minutes kinetics show that the two analogs behave just like endogenous OT, recruiting -
arrestins with a comparable half time (t 1/2) (B-arrestinl: OT 120.5 s, OT Aha 119.5 s; B-arrestin 2: OT 72.28
s, OT Aha 71.40 s) and Emax.
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Figure 13: evaluation of g-arrestin 1 and 2 recruitment by OTAha and OTLysNs in HEK293 cells. A, BRET*
kinetic curves show the g-arrestin recruitment over 8 minutes induced by OTLysNs, OTAha or OT, all used
at a saturating concentration of 10°M; BRET signal was acquired every 3 seconds. Data were calculated
as the difference between BRET ratio in stimulated cells vs. BRET ratio calculated in cells stimulated with
PBS only. Each value is indicated as the mean + SEM of at least two independent measurements. B, ligand-
induced internalization of the OTR in HEK293 OTR-EGFP cells. Cells were stimulated for 30 minutes with
OT, OTAha or OTLysNs (final concentration 10 uM), mounted on glass slides and observed in confocal
microscopy. Nuclei are shown in blue, and the green signal comes from the OTR-EGFP. While in basal
conditions the receptor is evenly distributed on the cell surface, in ligand-stimulated cells internalization
vescicles appear as green spots inside the cytoplasm.
Visualization of OTR internalization by confocal microscopy. BRET! measurements let us visualize B-
arrestin recruitment to the OTR, but B-arrestin recruitment does not necessarily correspond to receptor
internalization. For this reason, we also set up a stimulation protocol to visualize OTAha and OTLysN;-
induced receptor internalization in HEK293 cells stably expressing OTR-EGFP. Cells were seeded on
polylisinated glass coverslips, and stimulated with the different ligands at a final concentration of 100 nM
(which is able to induce the internalization of all the OTRs in a cell; Conti et al, 2009). Fig. 13 shows that
while in PBS-stimulated cells the OTR is evenly distributed on the cellular surface, both analogs correctly

induce the formation of internalization vesicles, that can be seen as fluorescent spots.
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Oligonucleotide/OTLysNs conjugation by click chemistry.

The click conjugation reaction is illustrated in Fig. 14.

CLICK CHEMISTRY

A +_,

DBCO-Alexa594

Figure 14: Conjugation of the OT analogues with DBCO-Alexa594 through click chemistry. A, reaction
scheme. B, DBCO-Alexa594 structure. The DBCO group is highlighted in grey. Red arrows indicate the
two positions on which the aromatic ring can link to the carboxylic chain; Alexa flurophores can exist in
two isomeric forms.

The OTLysN; analogue was incubated with a DBCO-tagged Alexa 594 fluorophore O/N at room temperature,
and the percentage of free Alexa 594 remaining in the sample was determined by High Performance Liquid
Chromatography (HPLC) analysis.

To determine our reaction yield we used a reversed-phase HPLC (RP-HPLC), that separates the different
chemical species in a sample depending on their hydrophobicity. The stationary phase of the chromatographic
column is apolar (C18), and therefore will interact in a stronger way with apolar molecules: the more
hydrophobic they are, the more they will be retained into the column. Each chemical species can therefore be
distinguished on the basis of its retention time inside the column. In our case, elution has been made through
an incremental acetonitrile gradient in aqueous phase (10% to 100%), in a total analysis time of 20 minutes.
Considering the chemical nature of our compounds, we expected a higher retention time for the fluorophores

and a lower retention time for the hydrophilic unconjugated peptides. Fig.15 resumes the chromatograms
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obtained for each conjugated or unconjugated sample, reporting variations in milliassorbance (mAU) read at
280 nm through time.

Chromatograms of the unconjugated species (Fig. 15) confirmed the purity of each molecule: only a peak is
present in each sample, meaning that there are no degradation products in solution. The small peak that appears
in OTLysNs3 is the DMSO in which the peptide has been dissolved.

Calculated retention times, compatible with our previsions, are summarized in the table in Fig. 15.
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Figure 15: HPLC analysis of OTAha (A), OTLysN3 (B) and DBCO-Alexa594 (C) purity. Retention time
is reported in minutes, while absorbance read at 280 nm is reported as milliabsorbance units (mAU). Each
molecule was loaded on the column at a final concentration of 1 mM (0.5 mM for OT-LysN3). In OTLysNs,
the first peak at 2 min has been produced by the DMSO in which the ligand had been previously resuspended.
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We then proceeded to analyze the chromatographic properties of the two conjugated compounds (Fig. 16). As
we expected, both OTLysN3;-DBCO594 and OTAha-DBCO594 showed retention times intermediate between
those of the single unconjugated molecules, a result compatible with their chemical features. Morphologically
speaking, we observed the appearance of a double peak in the OTAha-Alexa594 chromatogram: this is due to

the structural isomery of the Alexa594 fluorophore, that brings to the formation of two different isomeric
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Figure 16: HPLC analysis of OTAha-Alexa594 and OTLysN3z-Alexa594 conjugation efficiency. DBCO-
Alexa594 was incubated O/N at RT either with OTAha or OTLysNj3 at a final equimolar concentration of
100 uM, and then each compound was loaded onto the chromatographic column. The double peak in
conjugation products is due to the structural isomery of Alexa fluorophores. Time is reported in minutes,
while absorbance at 280 nm is reported in miliabsorbance units (mAU).

conjugated products. However, as the fluorescence is conserved in both isomers, and their retention time is
also almost overlapping, this phenomenon won’t interfere with our studies.

Moreover, from the chromatogram it is clearly visible that the click reaction is highly efficient: the peak
corresponding to the unconjugated analogue disappears, meaning that all the OTLysNs present in the sample

has been “clicked” with the fluorophore. The fluorophore peak is still visible because the two components

were not in equimolar ratio: Alexa594 has been kept in excess, in order to facilitate the complete conjugation
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of the ligand. This step will help us to be sure that in the next experiments we will not have unconjugated

analogues in solution, that being “invisible” would very likely interfere with our evaluations.
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Figure 17: HPLC evaluation of OTAha-Alexa594 and OTLysNs-Alexa594 conjugation efficiency after
different incubation times. DBCO-Alexa594 was incubated for different time point either with OTAha or
OTLysNs at a final equimolar concentration of 100 uM, and then each compound was loaded onto the
chromatographic column. The double peak in conjugation products is due to the structural isomery of Alexa

fluorophores. Time is reported in minutes, while absorbance at 280 nm is reported in miliabsorbance units
(mAU).
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To determine the optimal conjugation time for our specific reaction, we used HPLC on samples incubated at
different time points (10 minutes, 30 min, 180 min). Results in Fig. 17 show that the conjugated ligand peak
can already be seen after 10 min of incubation. However, at this time point the unconjugated OTLysN; peak
is still visible, and it only disappears after 3 hours.

Lastly, to evaluate the stability of our conjugated fluorescent analogue, we analyzed it 10 days after
conjugation. The chromatogram in Fig. 18 shows no differences with the chromatogram of the O/N
conjugation: therefore, we confirmed that our click reaction is irreversible and does not lead to the formation

of degradation products.

OTAha-Alexa594: 10 days at 4°C
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Figure 18: HPLC evaluation of OTAha-Alexa594 conjugation stability after 10 days. OTAha-Alexa594
(final concentration 100 uM) was kept at 4°C for ten days and then loaded onto the chromatographic
column. The double peak in conjugation products is due to the structural isomery of Alexa fluorophores.
Time is reported in minutes, while absorbance at 280 nm is reported in milliabsorbance units (mAU).
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Figure 19: Evaluation of click conjugation effects on the OTAha analogue. Competition binding assay on
HEK293 OTR-EGFP cellular membranes. Black dots represent total and non-specific binding (obtained
incubating membranes with an excess of «cold» oxytocin, final concentration 1 uM); OTAha-DBC0594 and
OTAha dose-response curves are represented in dark and light red, respectively. Each point is represented
as the percentage of specific binding. Each value is expressed as mean + SEM (n=3).

To verify that the click conjugation does not modify the binding properties of our analogues we determined
previously, we also repeated a binding experiment comparing OTAha with its fluorescent counterparts. Results
are shown in Fig. 19 and confirm that the affinity for the OTR of our analogues is not modified by the presence
of the fluorophore.

To further confirm the correct functioning of the fluorescent version of the analogues, and to check if the
DBCO group in the unconjugated fluorophore might produce some unspecific signal, we also conducted a
colocalization study between our fluorescent ligands (red) and HEK293 cells stably expressing an OTR-EGFP
(green). Cells were stimulated for 30 min at 37°C with either the fluorescent OTLysN3s-DBCO0594 or with a
DBCO0594 fluorophore alone, at a final concentration of 100 nM (Fig.20).

While in the negative control the receptor remains evenly distributed on the cellular surface, and no red signal
is detectable, in OTAha-DBC0O594 OTLYysN3-DBCO594-stimulated cells we could observe the formation of
the internalization vesicles, visible as green spots. Moreover, in these cells we could also see a red 594 signal,
distributed in spots inside the cells and perfectly overlapping with the green EGFP signal. DAPI nuclear
staining confirmed that our ligand stained selectively only the OTR-EGFP expressing cells.
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Figure 20: cellular culture staining with fluorescent OT analogs. HEK293 OTR-EGFP cells were
incubated 30 min at 37°C with either the Alexa fluorophore alone or with one of the two fluorescent OT
analogs, at a final concentration of 100 nM. While in the negative control (first row) the receptor remains
evenly distributed on the cellular surface and no aspecific red signal is visible, in ligand-stimulated cells
the formation of internalization vescicles can be seen as green and red spots inside the cytoplasm. In cells
that don’t express the OTR, no red signal is visible, indicating that the staining is specific. DAPI-stained
cell nuclei are represented in blue; the OTR-EGFP signal is reported in green, while Alexa594 signal is
reported in red. Overlapping signals between Alexa594 and OTR-EGFP are reported in yellow. Bottom
image: Magnification of OTAha-Alexa594 staining merge that shows internalization vescicles containing
the receptor and the fluorescent ligand. Images were obtained in confocal microscopy (LSM 800, Zeiss).

73



Lastly, as we previously determined that both the unconjugated ligands are able to bind and activate
vasopressin receptors, we repeated the staining protocol on HEK293 cells transiently transfected with V1aR
or V1bR to see if our working ligand concentration might also lead to a signal coming from these receptors.
However, both V1aR and V1bR signal remained evenly distributed on the cellular surface, and no red
OTLysNs-Alexa594 signal could be detected. This means that our ligands used at a 100 nM concentration

don’t bind to vasopressin receptors, and therefore marks selectively and specifically OTR receptors only.

Staining with DNA hairpins-tagged ligands. The following step was to link OTAha and OTLysNs to a
clickable fluorescent version of Pan (PanCy3), using the same conjugation protocol we set up for the Alexa594-
linked analogues. We then used them to stimulate the same HEK293 OTR-EGFP cell line (Fig. 21) we had
previously used for the colocalization and internalization experiments. However, while internalization vesicles

kept appearing, in this case we could not observe any specific signal coming from the fluorescent PanCys3.
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Figure 21: cellular culture staining with hairpin-tagged OT analogs. HEK293 OTR-EGFP cells were
incubated 30 min at 37°C with one of the two PanCy3-tagged OT analogs, at a final concentration of 100
nM; fluorescent OT analogs were used as positive controls. In cells stimulated with the hairpin-tagged
ligand, despite the appearance of internalization vescicles, no specific Cy3 signal was visible. DAPI-
stained cell nuclei are represented in blue; the OTR-EGFP signal is reported in green, Alexa594 signal is
reported in red, and Cy3 signal is reported in violet. Overlapping signals between Alexa594 and OTR-
EGFP are reported in yellow. Images were obtained in confocal microscopy (LSM 800, Zeiss).
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Hypothesizing that the steric hindrance of a 14-16 kB DNA hairpin might decrease the analogues’ affinity for
the OTR, we performed several competition binding experiments on HEK293 OTR-EGFP cells membranes,
using curves produced by OTLysN3-DBCO594 and OTLysNj3 as a reference. Results are shown in Fig. 22, and

actually highlight a strong decrease in the total displacement ability of our DNA-conjugated analogues.
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Figure 22: Evaluation of binding properties of OTLysNs-PanCy3, compared with OT and OTLysNs
alone. Competition binding assay on HEK293 OTR-EGFP cellular membranes. The grey square represents
the total binding; OTLysNs-PanCy3, OTLysNz; and OT dose-response curves are represented in black, blue
and green, respectively. Two days before the experiment, OTLysNs-PanCy3 was dialyzed in order to remove
any unconjugated OTLysNs; molecule from the solution. Each point is represented as the percentage of
specific binding. Each value is expressed as mean + SEM (n=3).
In an attempt to overcome this issue, we tried to add a threonine in position 4, a type of modification that we
already know is able to increase affinity and specificity for the OTR, at least in its murine form. We generated
two new modified OT analogues, Thr*OTAha and Thr*OTLysNs, and repeated the BRET measurements and
the competition binding experiments with both of them (Fig. 23).
As we could not observe any significant difference between the behaviour of the two analogues, for the next
set of experiments we chose to focus mainly on Thr*OTLysNs, because in this molecule the modified
aminoacid LysNs “sticks out” of the receptor when the ligand is inserted in its binding pocket, helping the

DNA hairpin linked to the analogue to create less steric hindrance.
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Figure 23: Evaluation of binding and OTR activation properties of the two new OT analogues
Thr*OTLysN; and Thr*OTAha. A, BRET assay showing Gq activation properties of the two analogues in
transfected HEK293 cells. BRET dose-response curves were built stimulating cells for 2 min with
increasing Thr*OTLysNs (light blue) or Thr*OTAha (orange) concentrations. Data are represented as the
mean + SEM of the BRET ligand effect compared to the agonist concentration negative logarithm, and
were collected as the difference between the BRET value measured in presence of the agonist and the one
measured in its absence. B, Competition binding assay on HEK293 OTR-EGFP cellular membranes. The
grey square represents total and non-specific binding; Thr*OTLysN; and Thr‘OTAha dose-response curves

are represented in light blue and orange, respectively. Each point is represented as mean £ SEM (n=3).

We then proceeded to link Thr*OTLysN; with Pan, and hypothesizing that results of the next set of experiments

might be biased by the presence of unconjugated OTLysNs, before running each test we dialyzed the sample

after the reaction had taken place. Additionally, to remove any nuclear DNA that might interfere with the

hairpin clicked with our ligand, for binding experiments we used Post Nuclear Supernatant (PNS) membranes.

Results of the competition binding experiments on HEK293 OTR-EGFP membranes are shown in Fig. 24. The

dialyzed compound curve has an Emax 60% lower than the unconjugated analogue one, but surprisingly, it

retains the same Ki.

The fact that the ligand does not lose its affinity for the receptor but is not able to displace all the radioactive

OT from it made us hypothesize that there was a steric hindrance problem with Pan. DNA is negatively

charged, and our hypothesis was that when in proximity, the negative charges on two Pan hairpins might

hamper their contemporary binding to two receptor protomers.
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In an attempt to overcome this issue and “mask” the negative charges on Pan, we repeated the binding
experiments adding NaCl at a final concentration of 150 mM to the binding buffer. Results are shown in Fig.
25. Surprisingly, while NaCl had no effect on the binding curves of the OT analog alone, it completely
modified the shape of the competition curve, that now behave as superagonists at low concentrations.
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Figure 25: Evaluation of binding properties of Thr4OTLysNs-PanCy3 and Thr*OTLysNs-DisCy3 in
«salted» binding buffer, compared with Thr*OTLysN3 alone. Competition binding assay on HEK293 OTR-
EGFP PNS cellular membranes. The grey squares represent the total and non-specific binding;
Thr40TLysNs-PanCy3, Thr*OTLysNs-DisCy3 and Thr*OTLysN; dose-response curves are represented in
black, white and light blue, respectively. Two days before the experiment, the two hairpin-tagged OT
analogues were dialyzed in order to remove any unconjugated ligand from the solution. Each point is
represented as mean £ SEM (n=3).

5.4.3. Work in progress: cellular and brain tissue staining protocol optimization
The development of the Nanoruler technique still requires several steps to be finalized. However, through this

first in vitro characterization phase we successfully demonstrated that the oligonucleotides-based system
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designed by Prof. Bellini’s group works as expected: Pan and Dis interact only if Trigger is present in solution.
Polyacrylamide gels experiments let us determine which are the best environmental conditions for the
hybridization and amplification reactions to occur; these parameters, such as pH and incubation times, will be
crucial in the design of the different staining protocols on cellular cultures and brain slices. However, the lack
of a suitable method to block Pan and Dis at a fixed distance prevented us to understand what happens when
they are more than 6 nm apart, and Trigger is present. Therefore, the resolution of this system still needs to be
confirmed.

The design of the two clickable OT analogs led us to obtain a powerful tool to target the OTR. Our two
molecules retain the same pharmacological properties of endogenous OT, and can be easily tagged with DNA
oligonucleotides as well as other kind of labels (i.e., Alexa fluorophores). Click chemistry has high efficiency
and yield, and the conjugated product remains stable over time. The first staining experiments done in cellular
cultures confirmed that all the analogs we synthesized are specific for our target: they cause receptor
internalization in HEK293 cells transfected with a fluorescent OTR-EGFP receptor, but have no effect on the
same cellular type transfected with the closely related vasopressin receptors V1aR-YFP and V1bR-EGFP.
BRET experiments confirmed that these analogues are also able to functionally activate the receptor. As their
calculated affinity for vasopressin receptors is considerably lower than that for the OTR, they have the potential
to be successfully used to target the OTR also in native tissues without the risk of false positive and off-target
binding.

Despite these promising results, we still need to understand why ligand conjugation with our DNA strands
causes such a dramatic change in their pharmacological properties. In fact, while tagging our analogues with
Alexa fluorophores had no effect on their ability to bind and activate the OTR, Pan- and Dis-tagged molecules
revealed to have complex binding kinetics, that are proving to be quite difficult to interpret. Such behaviour
could be due to some peculiar interaction between the DNA sequences, for example given by their steric
hindrance, or by charge interference. To try to solve this issue we are currently modifying the composition of
the binding buffer, to modulate pH and see which is the effect on the binding curves.

In parallel, we have started to develop a staining protocol to apply the Nanoruler technique on living cellular
systems. We are currently using data coming from experiments performed in solution to set up the best
labelling conditions on a simpler and more reproducible cellular environment, represented by HEK293 cells
expressing a fluorescent version of the OTR (OTR-EGFP). Our plan is to label these cells using different
concentrations of ligand tagged with a fluorescent Pan or a fluorescent Dis, previously dialyzed to remove any
possible untagged analogue; once we find the optimal incubation conditions, we will give both ligands at the
same time, adding Trigger in a second incubation step. HCR conditions will also need to be finely tuned, in
order to avoid an insufficient or excessive amplification of the fluorescent “tree”.

Next, we will have to optimize another fluorescent DNA probe that would allow us to target monomeric OTRs
only. Here, choosing the right set of fluorophores at this stage will be crucial to label all the different receptor

populations at the same time, without interfering with each excitation/emission spectrum. Being able to
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identify monomeric receptors is, in our experimental procedure, as important as targeting dimers: these two
populations have different functional properties, and very little is known about their localization, trafficking
and regulation mechanisms inside the cell. Knowing which receptor species is the most diffused in each brain
area and if their proportion changes in response to environmental or pathological stimuli will let us expand our
knowledge about their role in the CNS.

Once the cellular culture staining protocol is fully optimized, we will switch to mouse brain slices, using
receptor autoradiography as a reference technique to further optimize the Nanoruler. The most important test
in this context will be the staining of Oxtr KO mouse brain slices: this experiment will actually let us prove
that our DNA-tagged analogues can selectively target OTR even in native tissues. Heterozigous Oxtr * mice
will also be analyzed with this new technique: as they are known to express 50% less receptor than WT animals,
their analysis will be useful to understand if the Nanoruler can distinguish effectively between different
receptor quantities, and also to see how dimeric OTRs number and/or distribution changes in these mice.
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6. OXYTOCIN RECEPTOR MAPPING IN A MOUSE MODEL OF SCHAAE-
YANG SYNDROME

Alterations of the oxytocinergic system have been reported in different models of neurodevelopmental
disorders, especially in those associated with an autistic phenotype. In the mouse brain, the OTR is a key
regulator of behaviour and sociality. Moreover, during the first phases of neurodevelopment it contributes to
neuronal circuits formation and shaping. An extensive knowledge of its distribution in the CNS is therefore a
crucial step to design and test new therapeutic approaches for neurodevelopmental disorders. For this reason,
during my PhD | collaborated with Dr. Frangoise Muscatelli’s research group to investigate OTR levels and
distribution in a mouse model of PWS-like syndrome characterized by a high prevalence of ASD, the Magel2-
KO mouse. Magel2 (melanoma-antigen-subfamily-like-2) is part of a large deubiquitinase proteic complex,
involved in the regulation of the most diverse cellular processes: the reason why mutations of this gene lead
to the dramatic increase in ASD cases that is normally observed in SYS compared to PWS patients remains
unknown. However, in this mouse model oxytocin has already been successfully employed to treat ASD-linked
pathological behaviours; therefore, understanding which is the relationship between Magel2 and the
oxytocinergic system in mouse CNS could help to better define the pathogenetic mechanism of autism in SYS
patients.

While the Nanoruler system will provide a new and unique tool to selectively detect OTR homodimers in the
rodent brain (that also seem to have an important role in behaviour; Busnelli et al, 2016), in this work | gathered
reliable data using a “reference” technique, in order to be able to compare them with results obtained through

the Nanoruler once the technique will be ready.

6.1 METHODS CURRENTLY EMPLOYED TO STUDY OTR DISTRIBUTION
Autoradiography. Autoradiography is one of the oldest techniques that can be used to study the distribution
of amolecule of interest, generally a receptor. It allows the detection of radioisotopes through the “impression”
of ionizing radiations (usually B particles) on photographic sheets that contain silver alogenure granules. The
image that results from the reaction between the granules and the emitted radiations is then “developed” using
a developer (Bundy, 2001).

OTR mapping through autoradiography has been made in rodents, in non-human primates and also in humans.
Frozen tissue sections (14-20 um) are collected on cromallumated slides and usually marked with a iodinated
OTR linear antagonist, [*?°1]-d(CH.)°[Tyr(Me).-Tyr-NH2]>-OVT. Non-specific binding is determined
incubating sections in presence of a non-marked (“cold”) oxytocin excess. After rinsing and drying, sections

are exposed on a photographic sheet for one or more days, depending on the expected signal intensity (Fig.1).
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Figure 1: autoradiographic image obtained from murine brain slices incubated with a radiolabelled
receptor antagonist. Darker areas are those with a higher receptor density. Non-specific binding (right
image) was determined incubating slices with an excess of «cold» (non labelled) ligand.
Developed images are then analyzed through ImageJ to quantify the optical density of the obtained signal and
to convert it to mole/mg tissue equivalents (Insel, 1990) or in cpm/mg tissue equivalents (Lukas et al., 2010),
to normalize values depending on the chosen exposure time. Specific binding is calculated as the difference
between total binding (incubation with the iodinated compound only) and non-specific binding (incubation
with the iodinated compound and cold oxytocin in excess).
Despite being one of the most reliable, specific and sensitive techniques to map the OTR, it is indeed not free
from risks and disadvantages. The employment of radioactive material requires adequate safety measures and
a correct waste management; radioactive compounds and photographic sheets are often really expensive, and
despite guaranteeing a high contrast, images have a low spatial resolution. For this reason, cellular and sub-

cellular studies and co-localization studies could not be performed.

In situ hybridization. In situ hybridization is another commonly used technique to detect OTR expression at
the mRNA level. It is a technique that allows the localization of specific DNA or RNA sequences in cells or
tissues, through the employment of tagged complementary probes. Depending on the kind of tag (radioactive
or fluorescent), the detection step occurs through autoradiography or through fluorescence microscopy (Jensen,
2014).

For the OTR, in situ hybridization has already been successfully used in rat brain, with radioactive probes
(Ostrowski, 1998), but also in mouse (Yoshimura et al, 1996; Newmaster et al, 2020), rhesus macaque
(Freeman et al, 2014) and human myometrium (Wathes et al, 1999).

The main disadvantage about this technique, other than the employment of radioactive material, is that often
higher or lower mRNA levels don’t necessarily correspond to a higher or lower protein expression; mRNA
maturation and regulation processes must also be taken into account (Coulton & de Belleroche, 1992;
Ostrowski, 1998).

Fluorescent ligands. The need to develop fluorescent ligands to map the OTR come from an effort to try to

find new, safer and more versatile alternatives to radioligands (McGrath et al, 1996). For the OTR, fluorescent
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ligands can function as powerful pharmacological tools to study not only its distribution, but also its trafficking
at the subcellular level.

Both agonist and antagonist have been developed; most of the retain a cyclic peptidic structure, just like
endogenous oxytocin, but also many linear compounds are available (Innamorati et al, 2001; Lutz et al, 1990;
Mouillac et al, 2008). Fluorescent ligands are usually grouped into “first generation” and “second generation”
depending on the kind of fluorophore linked to the ligand.

For the OTR, first generation ligands were obtained linking a fluorescein with the aminic group of deaminated
OT analogs and putting a Lys in position 4 or 8, or instead linking it with the aminic group on the cysteine in
position 1. However, between these, only the one with the modification in position 8 retained its affinity for
the receptor, while the other two showed a lower activity (Buku et al, 1988; Eggena et al, 1990). Using these
information, Dr. Durroux group worked on OT analogs to synthesize selective fluorescent compounds for the
OTR, all deaminated in position 1 and bearing a Lys or an Orn in position 8 (d[Lys8]VT, d[Orn8]VT).
Conjugation with the fluorophore (fluorescein or rhodamine) usually takes place on the eighth residue
(Terrillon et al, 2002). The most selective of these ligands resulted to be d[Orn8(5/6C-FIu)]VT, that
successfully marked human OTR overexpressed in CHO cells (Terrillon et al, 2002).

As fluorophores of first generation ligands were often not bright enough, new, Alexa fluorophore-linked
ligands have been generated. Second generation analogs are all antagonists with the fluorophore linked in
position 8. Other than Alexa488, Alexa546, Alexa647, also lanthanides have been used.

To maximize signal to noise ratio, “fluorescent turn-ons” systems have also been developed for the OTR: these
ligands are bound to a fluorophore that emits a signal only in an hydrophobic environment (Karpenko et al,
2014), i.e. the hydrophobic binding pocket of the receptor (Rosenbaum et al, 2009; Sridharan et al, 2014).

So far, of all these different experimental approaches the most sensitive and reliable in terms of OTR detection
is autoradiography. So, in parallel with Nanoruler development, | also conducted an extensive autoradiographic
mapping of the OTR in the mouse brain. To identify any possible receptor variation in physiological or
pathological conditions, | included in the analysis both WT mice and belonging to WT or mouse model of
neurodevelopmental disorders, keeping males and females separated to evaluate sex-mediated changes in
receptor levels too. Results obtained through this analysis will not only provide useful information about
changes in OTR distribution and quantity in response to different factors, but it will also allow us to see if the
results obtained with the new technique are coherent with the total amount of oxytocin receptors present in the

brain.
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6.2 OXYTOCINERGIC SYSTEM ALTERATIONS IN MAGEL2-KO, A MOUSE MODEL OF
SCHAAF-YANG SYNDROME

Prader Willi syndrome (PWS, MIM176270) is an imprinting-related neurodevelopmental disorder caused in
most cases by deletions in the paternal chromosomic region 15q11-g13. Among the genes contained in this
region, the most affected by truncating mutations or deletions in PWS are several polypeptide coding genes
located in the so-called “PWS paternal-only expressed region” (MKRN3, MAGEL2, NECDIN, SNURF-SNRPN)
(Cassidy et al, 2012). However, there is no causative gene for PWS, and it has not been possible yet to correlate
single candidate genes to specific phenotypic traits of the disease (Schaaf et al, 2013). PWS is characterized by
infantile hypotonia with poor suckling activity and failure to thrive, childhood obesity (McAllister et al, 2011),
intellectual disability and behavioural defects (Whittington and Holland, 2018). Many of these patients also
manifest autism spectrum disorders (ASD) (Koenig et al, 2004).

One of the genes contained in the Prader-Willi locus is the Melanoma antigen L2, or Magel2 gene. Magel2
belongs to the MAGE family of ubiquitin ligase regulators, and encodes one of the largest MAGE proteins (1249
amino acids in human and 1284 in mouse). It is highly expressed in the CNS during neurodevelopment, and in
the adult brain, high levels of Magel2 mRNA can be found in the suprachiasmatic (SCN), the paraventricular
(PVN) and supraoptic (SON) nuclei of the hypothalamus (Tacer et al, 2017).

The loss of this maternally imprinted, paternally inherited gene causes a Prader Willi-like disease called Schaaf
Yang Syndrome (SYS; OMIM 615547). Despite sharing many pathological phenotypic traits with PWS, such
as neonatal hypotonia, feeding difficulties and hypogonadism, this syndrome also presents peculiar
characteristics, such as joint contractures, the absence of hyperphagia and a higher prevalence of autism
spectrum disorders (up to 75% of affected individuals) (Negishi et al, 2019; Fountain and Schaaf, 2016).

The mouse bearing a truncating mutation of this gene (Magel2-KO) is proving to be a good model to study the
autistic-like symptoms and other behavioural defects in SYS. Male mice with deletion of most of
the Magel2 gene and its promoter showed a 50% mortality rate at birth, suckling defects, and behavioural
deficits in social novelty, novel object exploration, spatial learning and memory (Schaller et al, 2010; Fountain
etal, 2017). At the molecular level, Magel2-KO mice show an hyperactivation of the mTOR pathway (Crutcher
et al, 2019) and a general impairment of the melanocortin pathway (Oncul et al, 2018; Bischof et al, 2016;
Mercer et al, 2013). Interestingly, both pathways are linked to the oxytocinergic system, which is strongly
involved in the control of social behaviour. Magel2-KO mice show a reduction in hypothalamic oxytocin
(Schaller et al, 2010), and a strong suppression of oxytocin neurons activity (Ates et al, 2019). Importantly,
oxytocin-based therapies showed positive effects on specific symptoms of PWS and SYS patients (Tauber et
al, 2017), and an early postnatal oxytocin injection could rescue neonatal lethality, social and learning deficits
in adult Magel2 KO mice (Schaller et al, 2010; Meziane et al, 2015).
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Despite these evidences, little is known about the brain regions mostly affected by OT action in SYS patients,
and detailed information about the distribution of its receptor (oxytocin receptor, OTR) are still missing. For
this reason, in this work we run an extensive mapping of the oxytocin receptor in murine brains. We sampled
brain areas known to be involved in social behaviour and/or social deficits, and compared receptor levels in
Magel2-KO and WT brains to look for a genotype-induced effect on OTR levels and distributions.

There are also growing evidence of how CNS defects and deregulations in mouse models of
neurodevelopmental disorders are sexually dimorphic. However, as most of the current studies on
neurodevelopmental disorders are often conducted on male animals only, while male/female differences are
seldom investigated, we also analyzed males and females separately, to check for possible sexual dimorphisms
in OTR distribution and quantity.

Lastly, to investigate if OT administration at birth has an impact on OTR levels later in life, we included in
the analysis a group of KO animals treated with OT subcutaneous injections (2 pg) at PNO, PN2, PN4 andPN6
(KO + OT), and compared them with KO mice treated only with NaCl (KO + Veh). Our findings demonstrate
that male and female Magel2-KO mice have sex-specific deregulation of OTR levels, and that the effects to an
OT early treatment are also sex-dependent.

6.3 MATERIALS AND METHODS

Animals

Magel2 MM+ (\WT) and Magel2 ™-Mus'- (referred as Magel2-KO) mice were maintained on a C57BL/6J
genetic background and stabulated in standard conditions, with ad-libitum access to food and water. Mice were
handled and cared for in accordance with the Guide for the Care and Use of Laboratory Animals (N.R.C., 1996)
and the European Communities Council Directive of September 22th 2010 (2010/63/EU, 74). Experimental
protocols were approved by the institutional Ethical Committee guidelines for animal research with the
accreditation no. B13-055-19 from the French Ministry of Agriculture.

Each of the three experimental groups (WT + Veh, KO + Veh, KO + OT) contained three males and three
females, for a total of 6 mice/group. Male and female brains were processed together, but kept separated during

data analysis. For this work, a total of 18 animals have been analyzed.

Treatments

Three to five hours after delivery, KO pups were injected with saline or with oxytocin (Phoenix
Pharmaceuticals. Inc., Strasbourg, France; Catalog No0.051-01) dissolved in isotonic saline at a final
concentration of 0.1 pg/pL (20 pL/injection) at PNO, PN2, PN4 and PNG.

85



Brain collection and slices preparation

At three months of age, mice were sacrificed, the brains quickly extracted, fresh-frozen by dipping it in cold
isopentane (-25°C; Sigma Aldrich) and stored at -80°C until processing. 14 UM coronal sections were collected
using a Frigocut-2700 (Reichert-Jung) cryostat on cromallumated Superfrost slides. For each brain, 4 slides

containing the regions of interest were chosen for receptor autoradiography.

Receptor autoradiography and ROI analysis

Quantification of OT binding sites was performed through receptor autoradiography using the iodinated
antagonist [*2IJOVTA (Perkin Elmer). Briefly, slides were washed once with PFA diluted in PBS and once
with PBS for 5 minutes, and then incubated for 2 hours in Binding Buffer 1X (50 mM Tris HCI, 0.025%
bacitracin, 5 mM MgCl,, 0.1% BSA) containing [**IJOVTA 10 pM. Slides used as negative controls were
incubated with Binding Buffer 1X additioned with an excess of OT (2 uM), to displace all the OVTA bound to
OTRs and leave on the slice only the aspecific signal. After incubation, slides were rinsed twice in cold Wash
Buffer (50 mM Tris HCI, 5 mM MgCIl,), once in ice-cold distilled water, and then evenly dried in a cold
environment. Slides were exposed on photographic KODAK films in complete darkness, and after three or five
days of exposure each film was developed and scanned for image analysis.

ROIs were chosen and analyzed with Imagej, using Paxinos’ Mouse Brain Atlas as a reference and quantifying
grey intensity in them. Grey intensity was then converted to nCi/mg tissue equivalent using a calibration curve.
For each region, a at least 4 slices per brain were included in the analysis; results plotted on graphs are the mean

of all the four measurements. Right and left hemispheres separately analyzed.

Statistical analysis

All the graphs have been created with GraphPad Prism 5. For male/female comparisons, data were analyzed
using an unpaired, two-tailed Student t test. Genotype and treatment effects in each area were analyzed via a
One-way ANOVA analysis of the variance, followed by a Bonferroni post-hoc test. In the results graphs, values

are indicated as mean + SEM. The level of significance was set at a p value of p <0.05.

6.4 RESULTS

The autoradiographic analysis was conducted on WT + Veh, KO + Veh and KO + OT mice; each group
contained both males and females. All the mice were treated at birth with a subcutaneous injection of saline
(\Veh) or oxytocin (2 pg) each two days, until PN6. Brains were collected at 3 months of age, in order to
evaluate long-term effects of the treatment on OTR distribution.

To choose the sampling for our mapping we took into consideration several brain areas highly involved in social
behaviour and known to be enriched in OTR: in particular, we focused on the medial part of the anterior

olfactory nucleus (AONm), the anterior, medial and posterior parts of the lateral septum (Ant, Med, Post LS),
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the bed nucleus of the stria terminalis (BNST), the basolateral, medial and central amygdala (BLA, MeA, CeA),
and the dorsal (CA2/CA3) and ventral (CA1/CA2/CA3) hippocampus, as well as the inner dentate gyrus (DG).
OT binding sites in brain slices coming from these areas were quantified through receptor autoradiography
employing the high affinity iodinated antagonist [*2°IJOVTA. All the areas chosen for the analysis are reported
in Figure 1. Results have been divided in such a way to be able to highlight any possible genotype, sex and/or

treatment effect.

+1.98 | 1T
+1.10 ! I | .
t.LS I l+o.25
BNST -1.94
B —
+0.74
—_—
-1.58
-1.94
—e
Post. LS +0.14
-1.58
vCA1/CA2/CA3
-2.70
—

-1.58

CeA
MeA
BLA

Figure 1: Scheme of all the analyzed brain areas. For each coronal plane, the distance from bregma is indicate
over the arrow, and the ROI used for the analysis is traced in red over the brain slice.
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6.4.1 OTR levels are differently modified in males and females Magel2-KO mice

To understand if and how OTR levels are modified in our pathological mouse model, we first considered only

WT and KO mice treated with vehicle. Moreover, to see if there are any physiological differences between

males and females, we analyzed the two groups divided by gender. Results for each area are displayed in Figure

WT KO | WT KO
. 06 ~ 0.6 o8 05
% o8 - % 5 § 05 0.54
'3 044 5 04 e s
AONM 3 o5 =5 SN g o
g1 7 ** BNST =03 03]
2 8 i -
g °# g .l :é, 02 0.2
01 = 04 £
00 . 00— - ool N ;
e N 2o J° N N N N
W e® W o w* e o @ (‘0 o
06+ 0.6 0.4+ 04+
5 o5 5 05 5 5
L 3" 2 03 S 03
3 044 % 0.44 ;:‘.,- o 2
8
Ant. LS g 03] 2 03 MeA 2 02 2 o2
é o a k]
= 024 = 0.2+ = o, | 2
o L] . B
£ g Boag | Boa =
s 01 T 5o g 3 e 3 .
00 0.0 00l — . 00l — .
s s o z, w® ] ] ey
W W W W
06 0.6+ 044 044
5 5 o5 5 5
1 g 3 o3 % 03
g o4 - g 044 3 g
Med.LS g,/ 2 03] CeA g, 2 02
EIn:lz Elnz- 24, 2 o1l __a_‘—
3 0.4 ot = 0.4 3 . 3 .
= g o g | g
0.0 T T 0.0 T T 0.0 T T 00 T
S S S S \55 05 \ﬁi ‘35
W e W e w7 @ W
06 056- 04 0.4+
B 5 5 5
g 04 5 04 % E
@ @ @
Post. LS 2 03] e % 0.3 BLA 8 02 - % 024
8 | = 2 o 2 8
021 %o o 02 T 3 - .
£ £ o £ 04 £ o] a3
B 014 5 01 3 3
c c < M c
00 00 00 00
\e® e % e \e® ? ] o
W W W e® W e®

aCA2/CA3

vCA1/CA2/CA3

aDG

T T
o 5
S 03 S 03
2 Z
H - :
302 go2
£ 0 &
-
g 011 o é’ 0.4
00 T r 0.0 T T
e® e \e% \e®
W W
0.4 0.4
Sos Tos
£ 5
o o
g 8
i 02 o, 202
= ' 1) = _‘3“_
£oa foa
(5] 9]
= 2
0.0 0.0 T T
\8® ° »2 Py
W ® W a®
0.4 04
5 ki
LBos Sos3
o
& &
202 2 02
@ ] L
201 et 204
o . [&]
= 2
0.0 T T 0.0 T
o N o o
W ae® W e®

Figure 2: sex differences in OTR levels in WT and KO mice trated at birth with vehicle. Quantification of
OT binding sites by receptor autoradiography in the AONm, LS, BNST, amygdala and hippocampus of WT
and Magel2-KO male and female mice. OT binding sites levels are expressed as nCi/mg of tissue equivalent.
Histograms report data as mean + SEM. Each plotted spot represents one hemisphere.
In all the regions, WT females have higher receptor levels than males, the only exception being the LS. In
KO animals, this difference is no longer present. Each graph was analyzed with a two-tailed unpaired t-test

(*=p<0.05 **=p<0.01, *** =p<0.001).

88



AONM. In the medial part of the anterior olfactory nucleus, WT females have significantly more receptor than
males (+ 22.8%, p < 0.01). However, given to OTR levels increase in KO males, this difference is completely
lost in KO + Veh mice.

Lateral Septum. In the three portions of the lateral septum that we chose to analyze, OTR levels remain
constant between WT and KO animals; we observe a significant difference only in the medial LS, where
females have 63.6% more OTR than males (p < 0.01). In general, in the most posterior parts we also observe
an increase in data variability: the interquartile range (IQR) of WT and KO females’ posterior LS is almost four
times higher than in the anterior portion (WT, from 0.02 to 0.10; KO, from 0.01 to 0.04;), and two and four
times higher in males (WT, from 0.03 to 0.06; KO, from 0.03 to 0.13).

Amygdala. In all the three amygdala subregions we can observe the same strong differences: WT females have
two or three times more OTR than males (MeA = + 167%, CeA = +200%, BLA = +300%; p < 0.001). In
general, however, WT males have very low OTR levels in all the amygdala. Once more, because of the strong
OTR increase in KO male mice, the differences in OTR quantities we observe in WT animals are completely
lost in KO animals.

Hippocampus. In WT females’ hippocampus, we find the same higher OTR levels we observed in the other
regions (+73% in the dorsal part, p < 0.001; + 84,6% in the ventral part, p < 0.01; +87.5% in the dentate gyrus,
p < 0.001) . Even in these regions, OTR increase in males eliminates the difference that was present in WT
mice, the only exception being the vVCA1/CA2/CA3 (where male levels remain stable and females’ levels
dramatically drop).

Overall, in the most ventral portions we can observe a high variability both in WT males and WT females (IQR;
0.05 and 0.04, respectively). Interestingly, this variability is sensibly reduced in KO males (0.02), but not
females (0.04).

BNST. In the bed nucleus of the stria terminalis of WT mice, females have more than double OTR levels
compared to males (+150%, p < 0.001). Once again, in KO + Veh animals, this difference is no longer present,

because receptor levels increase in males and decrease in females.

6.4.2 An OT treatment in the first week of life has rescuing effects in male, but not female mice
To better understand how OTR levels are affected in SYS, we then directly compared WT and KO animals of
the same sex. Moreover, knowing that a subchronic OT treatment is able to rescue many behavioural deficits
in our mouse model, in this comparison we also included the mice groups treated at birth with OT, to see which

is the long-term impact of this therapy on OTR levels in the brain.

Males.

All results regarding male mice are resumed in Figure 3.
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Figure 3: genotype and treatment effects in male KO + Veh and KO + OT mice. Quantification of OT
binding sites by receptor autoradiography in the AONm, LS, BNST, amygdala and hippocampus of male
Magel2-KO (treated at birth with vehicle or with oxytocin) and WT mice. OT binding sites levels are
expressed as nCi/mg of tissue equivalent. Histograms report data as mean + SEM. Each plotted spot

represents one hemisphere.

In the AONm, BNST, amygdala and hippocampus (aDG and aCA2/aCA3), there is a significant increase in
OTR levels in KO males; subchronic OT treatment during the first week of life is able to normalize this
increase only in the AONm, in the amygdala and in the aDG. Each graph was analyzed with a one-way
ANOVA test, followed by a Bonferroni post-hoc test (*= p < 0.05, ** and $$ = p < 0.01, *** and $$$ = p

< 0.001).
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AONmM. In the medial part of the anterior olfactory nucleus we observe a significant OTR increase (+22.8%, p
< 0.01) in KO mice. Interestingly, this increase is completely rescued by the treatment: in KO + OT mice,
receptor levels return the same as those of WT animals.

Lateral Septum. In the three portions of the LS, OTR levels of KO males are never significantly different from
WT. In the posterior part we can observe a slight decrease in Magel2-KO mice, but the high variability of
plotted data (IQR of KO + OT males: 0.14) progressively makes this graph not easily interpretable.
Amygdala. In all the three subregions of the amygdala we observed the same, strong genotype and treatment
effects. OTR levels are more than doubled in KO mice (+ 100% in MeA, p < 0.001; + 125% in CeA, p < 0.01;
+ 166,7% in BLA, p < 0.001), and decrease back to physiological levels in KO treated with oxytocin at birth.
Hippocampus. In male hippocampus, receptor levels behave differently depending on the subregion. While in
the ventral part we see a non-significant decrease (- 23.5%) in KO mice, in the anterior CA2/CA3 regions and
in the dentate gyrus we observe a marked increase (+100% in aCA2/CA3, +75% in aDG; p < 0.001). However,
OT treatment has a significant rescuing effect only in the aDG, while in aCA2/CA2 OTR levels are still different
from those of WT mice.

BNST. In the BNST of KO + Veh mice, OTR levels undergo a moderate but significant decrease (+27.7%, p
< 0.01). Higher receptor levels are also present in OT-treated KO mice, meaning that such treatment has no

visible effects on receptor expression in this area.

Females

All results regarding female mice are resumed in Figure 4.
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Figure 4: genotype and treatment effects in female KO + Veh and KO + OT mice. Quantification of OT
binding sites by receptor autoradiography in the AONm, LS, BNST, amygdala and hippocampus of female
Magel2-KO (treated at birth with vehicle or with oxytocin) and WT mice. OT binding sites levels are
expressed as nCi/mg of tissue equivalent. Histograms report data as mean + SEM. Each plotted spot
represents one hemisphere.

In all the analyzed areas but not in the AONm, there is a significant decrease in OTR levels in KO females;
subchronic OT treatment during the first week of life has no rescuing effect on this decrease; in the posterior
LS, BLA and in the anterior hippocampus it even “worsens” it. Each graph was analyzed with a one-way
ANOVA test, followed by a Bonferroni post-hoc test (*= p < 0.05, ** and $$ = p < 0.01, *** and $$$ = p
< 0.001).

AONmM. Differently from males, in the AONm OTR levels remain stable throughout all the three groups.

However, in KO females we can notice a slight increase in data variability, and this increase seem to be further
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exasperated by OT treatment (the IQR progressively increases: from 0.03 in WT, to 0.06 in KO + Veh, to 0.17
in KO + OT animals).

Lateral Septum. In the lateral septum receptor levels are constant in the anterior parts, while in the medial and
posterior LS variability becomes stronger (the IQR progressively increases: WT animals, from 0.01 of the
anterior part to 0.04 of the posterior part; KO + Veh animals, from 0.01 to 0.04; KO + OT animals, from 0.02
to 0.09). In all the three portions of this area OTR decreases in KO mice (anterior LS, - 33% p < 0.001; medial
LS, -38%, p < 0.05; posterior LS, -24%, non significant). OT treatment has no visible effects in the anterior and
medial LS parts, but in the most posterior portion it causes a further decrease in receptor levels (-50% compared
to WT mice; p < 0.05).

Amygdala. In the amygdala, receptor levels decrease in all the subregions, although in the CeA this decrease
is not significant (-26.7% in the MeA, p < 0.05; -33.3% in the CeA, non significant, -50% in the BLA, p <
0.001). In the MeA of treated KO animals we do not observe any variation, while in the CeA and in the BLA
OT treatment further reduced receptor levels (-50% in the CeA, -66.7% in the BLA compared to WT mice; p <
0.05).

Hippocampus. In the hippocampus, we observe three different trends depending on the portion: in the
aCA2/CA3 dorsal part, the OTR drops only in treated KO animals, while in KO + Veh animals we can see a
slight (but not significant) increase. In the ventral vCA1/CA2/CA3, OTR levels in KO + Veh mice dramatically
drop (-47.8%, p < 0.001), and remain low after OT treatment. In the aDG there is a significant decrease of
receptor in treated KO mice (-46.7% compared to WT; p < 0.01), but the high variability recorded in the KO +
Veh group (IQR = 0.07) makes difficult to understand if this decrease was already present in this group too (as
it happens in the ventral hippocampus).

BNST. In the BNST of female mice, we get a significant decrease (-28.57%, p < 0.05) in KO + Veh animals;
this decrease, although not significantly, becomes more evident in KO + OT mice (p < 0.01). The high
heterogeneity of values obtained in this area (IQR of 0.09 in both the KO + Veh and KO + OT groups) make

difficult to understand if OT treatment actually lowers receptor levels or not.

6.5 DISCUSSION

Understanding the areas in which the oxytocin receptor modulates social behavior in neurodevelopmental
disorders is one of the crucial points to develop new, safe and targeted oxytocin-based therapies. For this reason,
in this work we performed an extensive mapping of the oxytocin receptor in the mouse brain, focusing our
attention on a model of Schaaf-Yang Syndrome (Magel2-KO). We sampled a set of brain areas known to be
involved in social behaviour, and used receptor autoradiography to compare OT binding sites between WT and
KO animals.

In WT animals, the most prominent phenomenon we observed was a strong sexual dimorphism in OTR

distribution. Males had lower OTR levels in almost every area, equal to those of KO females.
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It is interesting to notice that sexual dimorphisms in the oxytocinergic system are not exclusive of the Magel2-
KO model. In the offspring of C57BL/6 obese mothers, Glendining et al. observed a two-fold upregulation of
oxytocin receptor (Oxtr) mRNA in the hippocampus of male, but not female pups (Glendining et al, 2019).
Using an OTR-Venus mouse, Sharma et al highlighted a strong difference in OTR-positive neurons in the
medial preoptic area (MPOA) between females and males. In particular, in females OTR neurons were
significantly denser in a specific subregion of the MPOA, the anteroventral periventricular nucleus (AVPV),
and their number proved to be highly estrogen-sensitive (Sharma et al, 2019).

Murine models are not the only ones interested by sex differences: a study in WT rats showed a sexual
dimorphism in the distribution of OT binding sites in different forebrain areas and in the spinal cord.
Interestingly, the regions showing these differences are gonadal hormones- sensitive. (Uhl-Bronner et al, 2005).
This could mean that sex steroids play a key role in this peculiar, sexually dimorphic regulation of the
oxytocinergic system. However, other players could be taking part in this deregulation: for example, POMC
hypothalamic neurons, that inhibit food intake, are strongly innervated by OT neurons, and express OTRS too.
In Magel2-KO mice, these neurons have been reported to be insensitive to leptin stimulation (Mercer et al,
2013); moreover, this neuronal population is another example of sexual dimorphism between female and male
brains, because females have a higher number of these neurons in the arcuate nucleus of the hypothalamus
(Wang et al, 2018). Given the well-known interplay that exists between the systems that regulate food intake
and oxytocin, it is very likely that the sexually dimorphic pattern of OTR distribution might have an impact on
POMC functionality, and vice versa.

The oxytocinergic receptor is not the only case of sexual dimorphism reported in Magel2-KO mice. For
example, even if corticosterone levels in this model are higher both in females and males, female animals, but
not males, fail to respond to insulin-induced hypoglycemia, and are slower to restore a normal glycemia level;
this suggests a sexually dimorphic impairment of the hypothalamic counterregulatory response. Moreover,
females are not able to respond to GHRH, suggesting that their GH deficiency has a hypothalamic rather than
pituitary origin (Tennese et al, 2011).

From other studies we already know that Magel2-KO mice have different phenotypes depending on their sex
(Bertoni et al, 2020): in particular, female mice do not develop SYS dysfunctional behaviours. Notably, our
receptor quantification shows that in almost all the chosen areas WT females have at least twice more receptor
than males, and that in KO animals, this difference is completely abolished. Can this higher level of OTR in
female have a “protective” effect on KO females’ phenotype? It is known that sex hormones can indirectly
modulate sexual dimorphic phenotypes in social cognition by influencing OT, AVP and their spatially different
expressed receptors; between the two neuropeptides, OT has a more prominent effect in enhancing relaxation,
social cognition, trust and memory formation (Lu et al, 2019; Dumais et al, 2015). In our case, receptor
downregulation in KO females could be due to an estrogen-dependent protective mechanism towards an
abnormal quantity of oxytocin, a mechanism that could be triggered by the abnormal accumulation of an

intermediate, non-mature form of OT that has been observed in this mouse model (Meziane et al, 2015).
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To understand if the therapeutic effects of oxytocin previously observed in Magel2-KO mice (Meziane et al,
2015; Schaller et al, 2010) modify central OTR levels too, we also compared KO animals treated at birth with
OT with KO mice treated only with NaCl. We highlighted an important OT effect on OTR levels in males only,
where the treatment can revert the OTR increase we had observed in non-treated KO animals. In females, where
we could not observe any pathologic phenotype, the reduction in OTR levels could not be rescued by OT
treatment.

This is not the only example of how OT can modify OTR expression levels in the CNS. A chronic OT treatment
in WT mice is known to alter selected social behaviours, and concomitantly cause a reduction of OTRs
throughout the brain (Huang et al, 2013). Moreover, in a mouse model of autism (Dysbindin™) Ferretti et al
demonstrated that selectively enhancing the oxytocinergic signaling in the CeA through OTR levels increase
rescued the emotion discrimination defect that is typical of this animals (Ferretti et al, 2015).

Other than in the Magel2-KO mouse, oxytocin therapeutic potential has already been demonstrated in different
animal models of neurodevelopmental disorders. Treatments with oxytocin during early development often
improve social deficits in adulthood. In pups prenatally exposed to valproic acid, oxytocin is able to rescue the
decrease in USV (Tsuji et al, 2016); in a Cntnap2 model of autism, a chronic early postnatal treatment with
oxytocin is able to ameliorate social deficits during adulthood (Penagarikano et al, 2015). However, in these
models no OTR mapping has been done yet. It will be interesting to see if the effect of an OT-based therapy on
OTR levels is generalized, or if it occurs only in certain animal models of neurodevelopmental disorder.
Moreover, it will also be crucial to understand if the long-term effects that our subchronic OT therapy has on
OTR levels in the brain start at birth or happen later during postnatal development. To do so, we are now
working to include in the autoradiographic analysis also PN7-PN8 WT and Magel2-KO pups. Some really
interesting results have already started to emerge from a study recently performed by Newmaster and colleagues
on 3D murine brain reconstructions coming from an OTR-Venus model: they imaged OTR expression in
postnatally developing brains at five different time points (P7, P14, P21, P28, and P56), highlighting a
temporally and spatially heterogeneous distribution is several cortical regions. Overall, cortical OTR neurons
density seems to reach a peak around P21, and then progressively decreases; this temporization is also true for
subcortical regions, with the exception of the hypothalamus, where OTR expression increases until adulthood.
Most interestingly, in this reporter transgenic mice they also found two hypothalamic nuclei showing sexual
dimorphisms; however, this difference was not visible before P14 (Newmaster et al, 2020). Different
trajectories in receptor expression in the brain during postnatal development could also be present in the
Magel2-KO model, and could be responsible of the differences we observed in adult mice. Further analyses of

the PN7-PN8 pups will be useful to test this hypothesis.

6.6 CONCLUSIONS AND FUTURE DIRECTIONS
In conclusion, through this extensive mapping of the WT and Magel2-KO mouse we provided new important

insights on when and how the oxytocinergic system changes. We highlighted a strong sexual dimorphism in
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OTR quantities and modification patterns, both in WT and Magel2-KO males and females. These differences
could be due to a different regulation mechanism of OTR expression in the CNS, and will need further analyses
to be understood.

We also demonstrated that an oxytocin treatment at birth can have strong, long-lasting effects not only on the
behavioural phenotype of Magel2-KO mice, but also on their oxytocin receptor levels. Regarding this, it would
be interesting to see if this treatment also has short-term effects on OTR distribution: for this reason, we’re
currently extending the autoradiographic analysis to PN8 Magel2-KO and WT pups.

Understanding how and when the oxytocinergic system modifies its shape in mouse brain will be fundamental

to develop new, spatially and temporally targeted therapies to treat neurodevelopmental disorders.
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/. EVALUATION OF NEONATAL OXYTOCIN ADMINISTRATION ON
HIPPOCAMPAL DEVELOPMENT IN THE MAGEL2 MOUSE MODEL OF
AUTISM

7.1 CONTRIBUTIONS

In this work, | collected brain slices coming from adult WT and Magel2-KO male mice, and performed all the
autoradiographic analysis. The OTR expression data were correlated with behavioural and functional outcomes
of Magel2-KO mice. However,
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ABSTRACT

Several studies on rodent models with an Autism
Spectrum  Disorders-like  (ASD)  phenotype,
notably Magel2-deficient mice, have shown a
rescue of deficits in adult social behavior after
neonatal administration of oxytocin. However, the
neurobiological alterations responsible for the
social deficits and the mechanism by which
oxytocin-administration in infancy has a rescue
effect in adulthood remain unclear.

Here we show that Magel2-deficient adult mice
exhibit a deficit in social memory that is corrected
by neonatal oxytocin administration. We studied
hippocampal regions known to be associated with
social memory engrams involving the OT-system.
At critical stages of development, we characterized
cellular, physiological and biochemical alterations
of these hippocampal regions in Magel2-deficient
mice, alterations present in several ASD models.
Overall we demonstrate a strong impact of
oxytocin-administration at key stages of postnatal
hippocampal neurodevelopment, shedding light on
the role for  oxytocin in  treating
neurodevelopmental disorders characterized by
deficits in social memory.

INTRODUCTION

Oxytocin (OT) and its signaling pathway, the OT-
system, are disrupted in several animal models of
neurodevelopmental disorders characterized with
autism-like phenotypes (1, 2). Indeed, knock-out
mouse models of Ot (3, 4), oxytocin receptor (Oxtr)
(5-7), or ADP-ribosyl cyclase (Cd38) (8, 9) genes
show changes in social behavior. In addition,
several rodent models of autism spectrum disorders
(ASD) endophenotypes due either to the
inactivation of genes such as Fmrl, Cntnap2,
Magel2, Oprm1, or to environmental valproic acid
exposure (VPA), exhibit a disruption of the brain
OT-system (1). Many of these models have in
common at least two constant phenotypes (10).
First, pups isolated from the dam and littermates
present a decrease in the number of ultrasonic
vocalizations (USVs), the earliest behavioral test
that can be performed in mice to measure social
deficits. A second robust phenotype is a social
recognition memory deficit in adulthood.

OT is thought to regulate aspects of social
recognition, social novelty and social memory via
interactions with OT-receptors (OXTR) in a
number of key brain regions (11). With regard to
social memory, a critical role has been ascribed to

hippocampal OXTR expression in the anterior
dentate gyrus (aDG)  hilar and anterior
CA2/CA3distal regions (aCA2/CA3d) (12-15). In
the aCA2/CA3d region, OXTRs are expressed in
glutamatergic pyramidal neurons (which are also
CCK positive) and in GABAergic interneurons,
which account for over 90% of OXTR positive
cells in the hippocampus (16). Notably, both types
of neuron are necessary for the formation of
stronger synapses that mediate LTP and social
memory (12, 13).

Although most studies of OT-dependent social
behaviors have been conducted in adulthood,
compelling data support key roles for OT in
shaping various behaviors and social traits in
infancy (17-21). Genetic mutations and stressful
early-life social environments can impair social
behaviors via changes in the OT-system (22, 23).
On the other way, OT-dependent systems may be
particularly vulnerable around the neonatal period
where OXTR expression is dynamic, with a strong
expression in the first 2 weeks postnatal followed
by a decreased expression thereafter (24, 25), and
involved in critical functions such as the
excitatory-to- inhibitory developmental GABA
switch (26-28), adelay inwhich has beenimplicated
as a driver of several rodent ASD models (27, 29).
It has also been demonstrated that, in mouse pups,
sensory experience influences OT production and
OT shapes neuronal circuits by modulating
spontaneous and evoked activity in the cortex (25,
30, 31). Thus, the modulation of GABAergic
activity throughout life appears to be an important
key factor in the function of OT. In addition, OT
acts also on glutamatergic neurons (32) and drives
dendritic and synaptic refinement in immature
hippocampal  glutamatergic ~ neurons  (33).
Collectively, these studies confirm a role for the
OT-system in early postnatal development of
diverse brain regions involved in sensory
processing, the limbic system, and the generation
of motor output related to social behaviors.
MAGEL?2 is an imprinted gene that is paternally
expressed and is involved in Prader-Willi (34) and
Schaaf-Yang syndromes (35) (PWS and SYS,
respectively). Both of these  genetic
neurodevelopmental disorders present feeding
difficulties and hypotonia in infancy, followed by
alterations in social behavior and deficits in
cognition that persist over the lifespan (36).
Magel2 knock-out mouse models are pertinent
models for both syndromes (36), mimicking a
disturbance in early feeding (poor sucking activity
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(37)), and alterations to social behavior and
learning abilities in adulthood (38, 39). Magel2
mRNA is highly expressed in the developing
hypothalamus until adulthood and

Magel2tM1.IMUs ynock-out neonates display a
deficiency of several hypothalamic neuropeptides,
particularly OT (37). Daily administration of OT
during the first week of life restores normal sucking
activity of Magel2 KO mice and normalizes social
behavior and learning abilities beyond treatment
into adulthood (38). Comparable effects have also
been reported in other genetic rodent models of
ASD, such as the VPA-induced rat model (40), the
Cntnap2 and Fmrl KO mouse (41, 42), and
maternal separation (43). Furthermore, OT-
treatment of human infants with PWS significantly
improves early feeding and “social skills” in early
infancy (44), confirming the translational relevance
of this system. However, the developmental
alterations responsible for social behavior deficits
in these models, and the mechanism by which OT-
treatment exerts its long-lasting beneficial effects,
remain mysterious. Here, we aimed to clarify the
physiological and cellular mechanisms underlying

the loss of social memory in Magel2tm1.1Mus_
deficient mice and those responsible for the long-
term rescue effects of OT.

RESULTS
To overcome the phenotypic heterogeneity of the

heterozygous +m/-p Magel2 tM1.IMUS moyse, due
to the stochastic expression of the maternal Magel2
allele when the paternal allele is deleted (45),

Magel2 tM1.IMUS homozygous (-/-) mice were
used (“Magel2 KO” hereafter). In the following
experiments WT and Magel2 KO pups were naive
or treated for four days (Postnatal day PO, P2, P4
and P6) with one subcutaneous administration of
physiological saline (“vehicle”) or oxytocin (2 ug,
”OT-treatment” or “+OT”) per day.

Deficits in isolation-induced vocalizations in
Magel2 KO pups and social memory in
Magel2 KO adults are differentially rescued
by neonatal OT-treatment.

Mice at suckling age elicit USVs, when separated
from their dam and littermates. We found a
significant reduction of the number of separation-
induced USVs in P8 male and female Magel2 KO
compared to wild-type (WT) pups (Figure 1A-B),
demonstrating altered social behavior in early
infancy. We confirmed that vehicle or OT-

treatment had no effect on vocalization in WT pups
and did not significantly increase the number of
USVs recorded in mutant animals (Figure 1C).
Thus, OT-treatment did not exert immediately
measurable effects on neonatal social behaviors in
Magel2 KO pups.

At adulthood, we focused on social behavior using
the three-chamber test in order to assess social
exploration (sociability), the preference for social
novelty (social discrimination) and social memory
(short-term social memory) (46) (Figure 2A).
Magel2 KO males showed levels of sociability and
social discrimination similar to WT males but
exhibited a significant deficit in social memory
(Figure 2B, Figure 2-figure supplement 1). As
previously reported (47), we observed a failure of
the three-chamber test in revealing sociability in the
cohort of female mice (Figure 2-figure supplement
2); a result reproduced in second cohort of WT
females (data not shown). As a consequence, we
restricted all following studies to male mice.

First, the effects of neonatal vehicle and OT-
treatment were assessed in WT male pups at
adulthood in the three-chamber test. We found that
neither treatment had any measurable effect on
sociability, social discrimination or social memory:
the amount of time spent sniffing in different
compartments was similar to that recorded in
untreated WT males (Figures 2 B-C). Furthermore,
no significant effects of neonatal OT-treatment
were detected on adult performance of novel object
recognition (Figure2-Supplement 3A), open field
(Figure 2- Supplement 3B) or elevated plus maze
tests (Figure2-Supplement 3C). Thus, neonatal
OT- treatment has no significant adverse or
beneficial long-lasting effects on widely used
assays of social behavior, object recognition,
anxiety-like or motor behaviors in WT animals but
a reduction in the distance moved in the open-field
in females.

Unsurprisingly, Magel2 KO-vehicle males
presented with a social memory deficit similar to
untreated Magel2 KO males (Figure 2D-B).
However, this was rescued by neonatal OT-
treatment (Figure 2D). Sociability and social
discrimination indices were not affected by Magel2
deletion or OT-treatment (Figure 2-Supplement 1).
Thus, the loss of Magel2 causes a deficit in USV
calls in pups and a deficit in social memory in male
Magel2 KO adults. While the USV deficit was not
affected by post-natal OT-treatment, the deficit in
social memory was rescued by a neonatal OT-
treatment. Due to the robust effect observed on
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social memory, we focused our subsequent
investigations on the hippocampal region,
previously shown to be specifically involved in
OT-mediated effects on social memory (12, 13).

aDG and aCA2/CA3d regions are activated
by the social memory test in WT and
Magel2 KO mice.

Cells in the aCA2/CA3d and aDG regions have
been previously shown to express OXTRs and are
involved in social memory (12, 13). We therefore
asked whether these cells could be activated by the
social memory test. WT and Magel2 KO mice were
sacrificed 90 min after the end of three-chamber
test (+Sl, for Social Interactions) and their brains
examined for cFos immunolabeling, a marker of
neuronal activity (Figure 3A). We found a
significant increase (83%) in the number of cFos+
cells in the stratum pyramidale of aCA2/CA3d in
tested WT (WT+SI) compared with untested WT
(WT-SI) mice; in Magel2 KO+SI mice we observed
a 25% significant increase of cFos+ cells compared
with WT+SI. In the aDG, a significant increase of
~60% of cFos+ cells compared with WT-SI was
observed in both WT+SI and Magel2 KO+SI,
mainly in the hilus and stratum granulare. Thus,
the activation of c-Fos is significant in both regions
following social memory test in both genotypes
(WT+SI and Magel2 KO+SI mice) with an
increase of cFos activated cells observed in the
aCA2/CA3d region in Magel2 KO+SI. Overall,
these data confirm a strong activation of neurons in
aCA2/CA3d regions in WT and Magel2 KO mice
following social interactions.

Expression profile of Magel2 and Oxtr in
the aDG and aCA2/CA3d regions

Magel2 is known to be highly expressed in
hypothalamus, while its expression in hippocampal
regions is less well characterized. We investigated
the developmental expression of Magel2 and Oxtr
transcripts in the anterior hippocampus using
RNAscope technique at two different time points
(P7 and P21), taking in account the dynamic
expression of OXTRs. At P7 (Figure 4A), we
detected Oxtr and Magel2 mRNAs in the
aCA2/CA3d region with Magel2 more expressed in
the deep layer of the stratum pyramidale, a fainter
expression is also detected all over the layer. At this
stage, Oxtr transcripts were more concentrated in
the CA2 region, compared to Magel2. At P21
(Figure 4), the level of Magel2 transcripts was
reduced but still present in the deep layer of

aCA2/CA3d region and Oxtr transcripts were also
strongly expressed in pyramidal cells. Expression
of Magel2 and Oxtr was also detected in few cells
of the stratum oriens and stratum radiatum where
co-expression can be observed. In the DG, an
expression of Oxtr and Magel2 is detected in the
hilus, some cells presenting a co-localization of
both transcripts.

In adulthood, based on the in-situ hybridization
maps of Allen Brain Atlas, we could confirm
expression of Magel2 in the CA3 deep layer of the
stratum pyramidale (not shown). Then, we
consulted the public Allen brain RNAseq data from
cortex and hippocampal samples
(http://celltypes.brainmap.org/rnaseg/mouse/c
ortex-and-hippocampus) to define the cell types
expressing Magel2 and Oxtr. Oxtr transcripts are
expressed in GABAergic interneurons mainly in
SST and also in parvalbumin (PV) and Calbindin
expressing interneurons. Expression is also
detected in glutamatergic neurons of a CA2-CA3
region co-expressing CCK. Magel2 is faintly
detected in the glutamatergic neurons only. Finally,
from RNAseq data extracted from the atlas of cell
types from Linnarsson Lab.
(http://mousebrain.org/genesearch.html) co-
expression of Oxtr and Magel2 is detected in the
CA3 excitatory neurons of adult mice and also in
several interneuron sub-populations expressing
SST or SST and PV such as the axo-axonic long-
range projections interneurons and the basket
bistratified cells. These sub-populations of
interneurons represent a small number of cells that
have a wide and diverse spectrum of actions. These
data suggest that the lack of Magel2 can alter the
Oxtr expressing excitatory neurons in the
aCA2/CA3d region and also the SST or PV
interneurons.

The quantity of OT-binding sites is
increased in the aCA2/CA3d and aDG
regions of Magel2 KO adult mice and
normalized in the aDG following an OT-
treatment

We then looked at the distribution of OT-binding
sites in Magel2 KO-vehicle or Magel2 KO+OT
compared with WT-vehicle hippocampi by
autoradiography (Figure 5). We observed a
significant increase of OT-binding sites in the
aCA2/CA3 (100%, Figure 5A-B) and aDG (80%,
Figure 5C-D) regions but not in the ventral
CA1/CA2/CA3 region (Figure 5E-F). In Magel2
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KO+OT we observed a normalization of the
guantity of OT-binding sites in the aDG, but not in
the aCA2/CA3 region where OT-binding sites level
was decreased but remained elevated compared to
WT (Figure 5A-B). The binding study indicate
subregions specific modulation of OXTR in the
hippocampus. We then asked if this subregion
specific effect could be linked to specific changes
in neuronal subpopulations in the same regions.

The number of SST+ neurons is increased in
the aCA2/CA3d and aDG regions of Magel?2
KO adult mice and normalized following an
OT-treatment.

In the anterior adult hippocampus OXTRs are
expressed in pyramidal cells and in SSTand/or PV
interneurons of aCA2/CA3d region and in
interneurons of aDG (see above, (12, 16)). In
control mice following social memory test, cFos
expression was detected in 23 or 30% of SST-
immunopositive cells (SST+) and 22 or 28% of
PV+ cells in the aCA2/CA3d or aDG regions
following the social memory test, respectively
(Figure 6-figure supplement 1), suggesting an
involvement of those interneurons in social
memory. Then we quantified the number of SST+
and PV+ cells in Magel2 KO versus WT adult
hippocampi and observed a significant higher
number of SST+ cells in both aCA2/CA3d (1.6 X)
and aDG (1.8 x) regions of Magel2 KO animals
(Figure 6 A-F and M-N). PV+ cells are present in
the same quantity in both genotypes (Figure 6-
figure supplement 2). In contrast, the number of
SST+ cells was significantly decreased in both
aCA2/CA3d (less 12%) and DG regions (less 17%)
in OT-treated Magel2 KO mice compared with
untreated WT mice (Figure 6 G-L and O-P). An
increase of SST+ neurons was observed in anterior
hippocampus of adult Magel2 KO and, conversely,
OT- treatment of Magel2 KO pups was associated
with a slight decrease of SST+ neurons in adult
mutant compared with WT hippocampi. PV+ cells
were equally abundant in both genotypes (Figure
6-figure supplement 2). This change in the quantity
of SST+ cells might have consequences in the
alteration of the excitation/inhibition (E/I) balance.

GABAergic and glutamatergic activities are
altered in Magel2 KO aCA3d pyramidal
neurons and neonatal OT-treatment
normalizes the GABAergic activity but
reduces the glutamatergic activity in WT
mice.

Alterations in GABA/glutamate
(Excitatory/Inhibitory; E/lI) balance is an
electrophysiological feature frequently associated
with multiple neurodevelopmental disorders. In
addition, here, with an alteration of the quantity of
OXTRs and of SST+ cells, we expect an alteration
of the E/I ratio. Hippocampal brain slices of WT,
Magel2 KO, WT+OT and Magel2 KO+OT
juvenile (P25-P30) male mice were analyzed using
whole cell patch clamp to record the activity of
aCA3d pyramidal neurons (Figure 7A).
Spontaneous activities analysis (Figure 7B)
revealed a reduced amplitude of postsynaptic
glutamatergic currents (sGlut-PSCs) in Magel2 KO
as compared to WT mice (Figure 7D), while the
frequency of sGlut-PSCs was not changed (Figure
7C). The same Magel2 KO neurons presented a
significant increase in GABAergic (sGABA-
PSCs) frequency (Figure 7E) while the amplitude
of SGABA-PSCs was similar to that of WT (Figure
7F). Patch clamp recordings of the glutamatergic
and GABAergic miniature currents (mGlut-PSCs
and mMGABA-PSCs, respectively) showed a
significant reduction in amplitude of mGlut-PSCs,
with no change in their frequency, in Magel2 KO
neurons compared to WT (Figure7- figure
supplement1B-C) but no differences in frequencies
and amplitudes of mMGABA-PSCs (Figure7-figure
supplementlD-E).

An abnormal dendritic morphology of the Magel2
KO CA3 pyramidal neurons could be associated
with the alterations of the GABAergic or
glutamatergic  activities. We defined the
morphology of recorded CA3d neurons by adding
biocytin in the recording solution and performing
Neurolucida reconstruction followed by a Sholl
analysis. No differences were revealed in dendritic
morphology between Magel2 KO and WT CA3
pyramidal neurons in juvenile mice (Figure7-figure
supplement?2).

Altogether, those results show that, in Magel2 KO
pyramidal neurons of aCA3d, there is a significant
increase in the GABA/Glutamate ratio with no
change in their neuronal morphology. We next
investigated the effects of OT-treatment on the
GABA/Glutamate balance in WT and Magel2 KO.
Quite unexpectedly, the spontaneous glutamatergic
activity was significantly reduced in WT+OT mice
compared with WT: frequency was considerably
reduced (x 2.7), being even lower than in OT-
treated mutants (Figure 7C) and the amplitude was
reduced (x1.5), being similar to the one observed in
mutant mice (Figure 7D) . These findings indicate
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that OT-treatment reduced strongly the
glutamatergic activity in WT juvenile mice without
any apparent impact on the behavioral outcome
measured (see above). In Magel2 KO, OT-
treatment in the first week of life decreased
significantly the frequency of sGABA-PSCs
restoring a frequency similar to WT (Figure 7E).
There was no effect of OT-treatment on the
amplitude of sSGABA-PSCs (Figure 7F). However,
on the same pyramidal neurons, such treatment in
Magel2 KO+OT reduces significantly the
frequency of sGlut-PSCs (2x) compared with the
frequency recorded in WT or in the Magel2 KO
mice (Figure 7C). The amplitude of sGlut-PSCs
was not changed in Magel2 KO+OT compared with
Magel2 KO, being reduced in the untreated or OT-
treated mutants compared with WT mice (Figure
7D). These results show that OT administration in
the first week of life normalized the frequency of
spontaneous GABAergic activity and reduced
significantly the frequency of spontaneous
glutamatergic activity in Magel2 KO compared
with WT untreated mice. OT-treatment in WT
juvenile mice reduced strongly the glutamatergic
activity (frequency and amplitude).

The excitatory-to-inhibitory developmental
GABA-shift is delayed in Magel2 KO
hippocampal neurons

Because Oxtr and Magel2 are expressed in
aCA2/CA3d hippocampus in infancy, and because
in Oxtr KO mice (28) as in several models (48) of
autism the depolarizing to hyperpolarizing (D-to-
H) developmental GABA switch is delayed, we
investigated the GABA switch timing in Magel2

KO pups. First, we performed calcium (Ca2+)
imaging experiments by measuring the percentage

of neurons showing GABA-induced Ca2*
responses in developing hippocampal neuronal
cultures of Magel2 KO embryos collected at E18.5
(DIVO for days in vitro 0) (Figure 8A-B). At DIV4,
we found a significant two-fold higher proportion

of Magel2 KO neurons increasing Ca2t upon
GABA stimulation compared with WT. At DIV8
and DIV11, the percentage of responsive neurons
was markedly decreased and similar in both

genotypes. We checked that the amplitude of ca2t
responses were similar in both genotypes (Figure
8-figure supplement 1A). Noticeably, comparing

the KCl-induced Ca2* responses between WT and
Magel2 KO, we found no increase and even a
significant reduction at DIV2, DIV4 and DIV8in

Magel2 KO cultures (Figure 8-figure supplement
1B), suggesting that the voltage-operated calcium
channels were not responsible for the significant
higher proportion of Magel2 KO neurons

increasing Ca2* upon GABA stimulation. All
together, these results showed a developmental

delay in GABA-induced Ca2* responses in
cultures of Magel2 KO embryonic hippocampal
neurons and suggest a developmental GABA-shift
delay in Magel2 KO hippocampal neurons.

To further examine whether the action of GABA
was altered in Magel2 KO hippocampal neurons,
cell-attached recordings of single GABAa
channels/receptors were performed in acute brain
slices in order to measure the Driving Force of
GABAAr (DFgasa). DFgasa translates the
differences in the actions of GABAergic synapses
via GABAAa.receptors revealing a hyperpolarizing
or depolarizing response of GABA, associated with
mature or immature neurons, respectively. Thus,
we measured the DFgaa in aCA3 pyramidal
cells (PCs) at postnatal days 1 (P1), 7 (P7) and 15
(P15), on acute brain slices obtained from male
mice (Figure 8C). At P1, both Magel2 KO and WT
mice did not show significant differences in the
DFcaga but a tendency to an increase of DFgaga in
Magel2 KO compared with WT. Significant
difference in the DFcasa Was observed at P7 with a
1.8 fold increase of the DFgaga Value in mutant
neurons, whereas a similar DFgasa Was obtained at
P15. Since Magel2 and Oxtr are expressed in
interneurons (Ins), in which a GABA shift has been
also described (49), we also measured the DFgaga
in INs and observed similar values in CA3
interneurons of mutant and WT mice (Figure 8-
figure supplement 1C). Noticeably, at P7, the
resting membrane potential (Figure 8-figure
supplement 1D), the conductance (Figure 8-figure
supplement 1F) and the capacitance (Figure 8-
figure supplement 1E) did not differ statistically
between WT and Magel2 pyramidal neurons.
Altogether these data suggest a transient higher
GABA depolarizing activity at P7 in CA3
pyramidal neurons of Magel2 KO pups and
consequently a delay in GABA-shift.

Then, at P7, we assessed the effect of the invivo OT-
treatment in Magel2-KO and WT animals
compared with WT untreated pups (Figure 8D).
Both Magel2 KO+OT and WT+OT mice showed a
significant decrease in the DFgasa Values
compared with WT-vehicle. suggesting a reduction
in GABA depolarizing activity following an OT
administration in infancy.
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Post-translational changes in cation-
chloride co-transporter KCC2 in Magel2
KO hippocampus

We then asked if the altered DFcaga Values could
be due to alteration in the expression of the

neuronal transporters of CI~ in Magel2 KO. The

neuronal level of [CI]i and CI- dependent
depolarizing or hyperpolarizing strength of GABA
are determined by complex mechanism involving

primarily CI~ extrusion by potassium/chloride
cotransporter type 2 (KCC2) whose expression
increases progressively during neuronal maturation
(Rivera et al., 1999; Stein et al., 2004). In
developing WT hippocampal neurons, the
emerging activity of KCC2 contributes to

progressive lowering of [CI7]; that at P7 shifts
GABA  action from depolarizing  to
hyperpolarizing. As consequence, the activation of

GABAAR produces neuronal CI™ influx.

The quantitative western blot analysis of the total
KCC2 protein expression in hippocampi of P7
mice did not reveal statistically significant
difference of the amount of KCC2 between WT
and Magel2 KO animals (Figure 9 A-B). The ion-
transport activity of KCC2 and its stability at the
cellular plasma membrane also strongly depend on
posttranslational ~ modifications of multiple
phosphorylation sites (50). We therefore applied in
a next step phospho-site-specific antibodies, as
they were previously shown to quantitatively
monitor changes in KCC2 phosphorylation (51-
53). Currently, a limited number of such phospho-
specific antibody is available. They are directed
against the well-known KCC2’s phospho-sites

Ser940 (54) and Thr1007 (52, 53). Western blot
analysis revealed that the Magel2 KO hippocampi
(as compared to WT) were characterized by
significantly ~ decreased amount of the

phosphorylated form of Ser940 (P-Ser940). The

amount of phosphorylated Thrl007 (P- Thr1007)
was not statistically different, but albeit higher in
Magel2 KO mice (Figure 9A- B). Thus, in Magel?2
KO mice there was significant decrease of P-

Ser940 (inactivation of function lee (54)) and no

change of P- Thrl007 \whose progressive
developmental de-phosphorylation is associated
with increase of KCC2 activity Friedel (52). At P7,

the decreased P-Ser940/p-Thr1007 ratio in Magel?2
KO mice may thus result in predominance of

KCC2 internalization over surface expression. As
a consequence of the decreased amount of surface

expressed molecules, the CI™ extrusion ability of

KCC2 is decreased, causing an increase of [CI7];
and could induce a depolarizing shift of GABA
described above (Figure 8C).

DISCUSSION

Here we show that Magel2 KO mice display two
specific and constant phenotypes that are
stereotypical of other models characterized by a
deficit in  OT-system: isolation-induced
vocalizations in infancy and social memory at
adulthood (10). OT administration in the first week
of life rescued the latter but not the former. To
understand how neonatal OT-treatment drives such
long-term effect in Magel2 KO mice, we studied
the hippocampal regions that contains social
memory engrams, which also involve the OT-
system, and unraveled several and successive
temporal changes in the aDG and aCA2/CA3d
hippocampal regions that might contribute to the
social memory deficit in Magel2 KO mice. We
showed that Magel2 deficiency alters the
GABAergic developmental sequence probably
resulting from post-translational biochemical
modifications of KCC2, modifies the activity of
pyramidal neurons and presents a higher number of
SST-positive interneurons and an increase in the
quantity of OT-binding sites at adulthood.
Interestingly nearly all those changes are rescued
by administration of OT in the first days after birth.

The effect of neonatal OT administration on
Magel2 KO mice

With regard to social behavior, the consequences of
postnatal administration of OT in Magel2 KO mice
are consistent with those described previously (38).
We have shown a rescue of all social deficits
described in adult Magel2 KO mice without an
effect on USVs (here and (38). The “USV test”
measures early communication behavior in rodent
pups with an ASD-like phenotype and in particular
in those with a deficit in the OT-system; however,
the role of OT- system in USV calls remains
unknown. We cannot explain yet why the OT-
administration in the first week of life does not
improve the number of USVs in Magel2 KO pups
(P8).

One surprising finding of the current study is the
relatively mild behavioral phenotype of the
homozygous mutant, which we expected to be
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more profoundly affected than heterozygous
animals, previously reported to exhibit a social
deficit (38). This difference may reflect differences
in behavioral assays used in the two studies (3-
chamber test versus open field) or the fact that
heterozygous mice grew up with WT littermates,
whereas homozygous -/- mutants constitute a
homogeneous population. Indeed, it has been
shown that transgenic mice and their WT
littermates can modify each other's behavior (55).
The behavior of the mother can also be modified in
the presence of one or two genotypes in the same
litter and thus impact the behavior of her offspring
differently. The modulation of the severity of the
social behavior deficits based on the genotype of
the Magel2 KO pups and their environmental
context open a number of interesting translational
opportunities that will need to be deeply
investigated.

Converging evidence suggests that the
neurobiological alterations described here may be
related to a deficiency in the OT-system of Magel2
KO mice. Noticeably, Ates et al. (56) showed, ex
vivo, that lack of Magel2 expression is associated
with significant suppression of the overall activity
of oxytocin neurons, suggesting that dysregulation
of the OT-system goes beyond oxytocin
expression. Furthermore, given the role of
MAGEL?2 in ubiquitination, actin regulation and
endosomal sorting processes (57), the absence of
Magel2 expression could induce a wide range of
post-translational ~ modifications of  various
molecular and cellular processes in OT and OXTR
expressing neurons. Considering The observed
long-lasting OT effects could result from a strong
impact of OT administration in key developmental
hippocampal processes (as discussed below) and
can also be achieved by epigenetic modifications
that impact gene expression such as the Oxtr
expression, as observed in prairie voles following a
maternal OT administration (58). Transcriptomic
and proteomic studies at different developmental
ages would help to understand the life-long effect
of an early OT- treatment in mutant and WT mice.

Hippocampal alterations in Magel2 KO in
relation with the OT-system: causes and
consequences

In vitro, OXTR activation can increase KCC2

phosphorylation (on Ser940) via a PKC -dependent
pathway (28), allowing translocation of KCC2 to
the cell membrane and post-translational
modifications that collectively enhance KCC2

mediated CI™ transport (54, 59), mechanisms which
may also be relevant to control of the GABAergic
developmental sequence in vivo(60). We therefore
hypothesized that the low level of mature OT and/or
the lack of Magel2 in OXTR- positive neurons in
Magel2 KO neonates could induce a deficitin KCC2

Ser940 phosphorylation which, in turn, could
induce a delay in GABA shift. Our findings are
consistent with that hypothesis: we confirm that the
GABAergic developmental sequence is transiently
delayed in Magel2 KO mice during the first week of
life, with GABAa-mediated responses more
depolarizing in Magel2 KO that WT pyramidal
neurons at P7. We furthermore show that this
electrophysiological deficit corresponds well with
decreased functional KCC2 at the cell membrane,

caused by a deficit of Ser940phosphorylation.
Although a delay in the developmental GABA-
shift in Magel2 KO pyramidal neurons were no
longer detectable at P15, there are compelling
reasons to suspect that transient disruption of
GABAergic maturation in the immediate postnatal
period could be enough to permanently alter neural
circuit dynamics. Indeed, P7 is a critical milestone
in the development of GABAergic neurons in the
mouse neocortex and hippocampus, characterized
by major changes in network dynamics (e.g. end of
in vitro giant-depolarizing-potentials (61) and in
vivo early sharp waves (62)), intrinsic membrane
properties (e.g. input resistance) and synaptic
connectivity (63). Altogether those data suggest
that the absence of Magel2 delays neuronal
maturation during this critically vulnerable period
of brain development, resulting in a distinct adult
phenotype. Whether the delay of the GABA-shift
alone is sufficient to derail neurotypical
developmental trajectory remains a key question
for future study: notably, similar or longer GABA-
shift delays have been observed in several models
of autism (64, 65) and in Oxtr KO mouse models
(28). Recently, Kang etal. (66) showed in Disc1 KO
mouse model, that elevated depolarizing GABA
signaling is a precursor for the later E/I imbalance
(in favor of inhibition) and social impairment.
Similarly, we showed that, in a KCC2 mutant
mouse, the GABA shift delay is responsible for the
E/I alteration (60).

Importantly, OT-treatment has a relative
hyperpolarizing effect at P7 in Magel2 KO and WT
pups compared with WT-vehicle animals that
might modify the maturation of the circuitry.
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The E/I ratio and social behavior

Reductions in synaptic signal-to-noise in cortical
and hippocampal pyramidal neurons, driven by a
change in the ratio of dendritic excitatory and
inhibitory synapses, are widely thought to
contribute to reduced efficiency of signal processing
in ASD, a mechanism known as the E/l ratio
hypothesis (67). We confirm E/I imbalance
characterized by increased GABAergic activity and
lower glutamatergic activity in CA3 neurons in
Magel2 KO mice, consistent with observations
made in other ASD models (68-71). Furthermore,
we report that perinatal OT administration restored
normal GABAergic activity in Magerl2 KO mice
without improving glutamatergic transmission.
Unexpectedly, perinatal OT treatment has a
significant impact on the WT neurons inducing a
strong reduction of glutamatergic activity without
affecting GABAergic activity. This is a significant
observation, because it shows that, although the
ASD- like behavior Magel2 KO animals correlated
with a change in E/I ratio, E/l imbalance in OT
treated WT animals was not sufficient to drive
detectable changes in social behavior or cognitive
performance. We therefore conclude that E/I
imbalance characterized by isolated decreased
spontaneous  glutamatergic  transmission  is
unlikely to underlie the ASD traits investigated
here, and suggest that an upper threshold of
GABAergic or glutamatergic activity, but not the
E/l ratio per se, may be important for normal
development.

Role of oxytocin receptors and somatostatin
neurons.

In adult Magel2 KO mice we observed increased
OT-binding in the DG and CA2/CA3d regions of the
anterior hippocampus compared to WT mice. OT
administration in Magel2 KO neonates normalized
hippocampal OT binding sites in adulthood,
suggesting that the increased expression of OXTR
observed in Magel2 KO hippocampus may be a
consequence of the reduced OT production reported
in these animals (37). This observation supports the
idea that life-long OXTR expression is to some
extent determined by early life OT binding,
described as a “hormonal imprinting” effect (58,
72).

Since hippocampal OXTRs are mainly expressed
in PV and SST interneurons, we quantified those
populations and found a significant increase (1.6x
to 1.8x) in the number of aDG and aCA2/CA3d
SST+ neurons in mutant mice, the number of PV+
interneurons was not modified. OT-treatment

normalized the number of SST-expressing neurons
in Magel2 KO pups, revealing a causal link
between the administration of OT in infancy and
the quantity of SST+- neurons. This result may
reflect actual changes in the number of SST+
neurons, or alternatively changes in SST
expression and hence more reliable detection of
SST- synthesizing neurons. Interestingly, OT
modulates the activity of the SST+ neurons,
increasing the excitability of SST interneurons (31)
but no studies report an effect of OT on SST
production.

SST interneurons have recently been shown to play
arole in the modulation of social behavior (73, 74)
and a reduction in the number of PV or SST
interneurons has been reported to be associated
with social deficits or ASD. Noticeably, a link
between altered social memory and an increase in
SST cell number has been recently reported in
LPS-treated female neonates (75). It is tempting to
speculate that OXTR-transmission regulates the
activity of SST hippocampal interneurons and the
production/release of mature SST and impacts
social memory. Further work is needed to fully
characterize the role of OXTRs on SST
interneurons in relation with social memory.

Conclusions

Short-term  OT-treatment in infancy reduced
behavioral traits associated with ASD in adulthood
and permanently rescued functional and cellular
hippocampal alterations that were identified in
Magel2 KO mice. However, we do not know
whether the deficient OT-system observed in
Magel2 KO mice (37, 38) is the only cause of these
alterations since the lack of Magel2 expression may
disrupt neuronal development and circuit formation
via signaling pathways independent of OT. Another
open question is whether developmental alterations
in the Magel2 KO are a consequence of dysfunction
in a single sequential pathway, or whether they
reflect parallel interconnected circuits in the
developing hippocampus. Finally, and surprisingly,
postnatal OT-treatment plays a role in many key
processes, suggesting a pleiotropic action of
oxytocin stimulating the maturation of hippocampal
circuitry involved in social memory and possibly
other behavioral deficits. A significant impact of
such treatment was also observed in WT animals
without any effect on social behavioral as tested.
Overall, we have shown that OT-treatment in
infancy has a significant impact and rescues
permanent specific hippocampal alterations in
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Magel2 KO mice at different developmental ages,
many of these hippocampal alterations have been
described in several models of neurodevelopmental
disorders with ASD (see discussion). In addition,
OT deficit has often been described in rodent
models of ASD (see introduction). Taken together,
our findings reinforce the idea that OT-treatment in
early life may represent a viable therapeutic
strategy for patients with SYS or PWS and possibly
other neurodevelopmental disorders.

MATERIALS AND METHODS

Animals
To perform functional studies, we chose to work

with the Magel2 tM1-IMUs homozygous (-/-) mice,
here named Magel2 KO, in order to have a greater
homogeneity in the values, allowing a better
analysis of the effects of the mutation.

Magel2 tMLIMusyy  (wWT) and Magel2

tm1.IMus_/. (Magel2 KO) mice were maintained
on a C57BL/6J genetic background and stabulated
in standard conditions, with ad-libitum access to
food and water. Mice were handled and cared for in
accordance with the Guide for the Care and Use of
Laboratory Animals (N.R.C., 1996) and the
European Communities Council Directive of
September  22th 2010 (2010/63/EU, 74).
Experimental protocols were approved by the
institutional Ethical Committee guidelines for
animal research with the accreditation no. B13-
055-19 from the French Ministry of Agriculture.
We maintain grouped-house mice (3-5 mice/cage).
All efforts were made to minimize the number of
animals used. Magel2-deficient mice were
generated as previously described (37). Due to the
parental imprinting of Magel2 (paternally
expressed only), to obtain heterozygote mice (+m/-
p), males carrying the mutation on the maternal
allele (-m/+p) were crossed with wild-type
C57BL/6J females.

To obtain homozygote mice, Magel2 KO
homozygote males and females were crossed.
Importantly, we checked that Magel2 KO mothers
had a similar maternal behavior as WT mothers. All
mice were genotyped by PCR starting from DNA
extracted from tail snips (around 3 mm), using the
following couples of primers: MI2ZKO F (5°-
CCCTGGGTTGACTGACTCAT- 3’) and MI2KO
R (5-TCTTCTTCCTGGTGGCTTTG-3") to
discriminate the mutant allele from the WT, 71456
F (5-CACTCGATCACGTATGGCTCCATCA-

3) and 71457 R (5
GATGGCAGGCACTGACTTACATGCTG-3) to
discriminate the  heterozygous from the
homozygous mice.

Oxytocin Treatment

WT pups and Magel2 KO pups were removed from
their mother, placed on a heating pad, given a
subcutaneous (s.c.) injection and quickly returned
to the mother. The solutions injected were isotonic
saline (10 pl) for the control mice and 2 pg of OT
(Phoenix Pharmaceuticals Inc., cat #051-01)
diluted in isotonic saline (10 pl) for the treated mice.
The treatment was performed during the first week
of life every other day (PO, P2, P4, P6).

Behavior

All the behavioral tests were performed by
Phenotype Expertise, Inc. (France). For all tests,
animals were first acclimated to the behavioral
room for 30 minutes.

Ultrasonic vocalization (USVs). Early social
communication was tested by analyzing isolation-
induced ultrasonic vocalizations (USVs) in P8 pups
of both sexes. Briefly, after 30 min of habituation
to the testing room, P8 pups were isolated from the
mother and gently transferred to a new cage on a
heating pad (37°C). After 5 min of separation, each
pup was transferred in an isolation box located
inside an anechoic box (54 x 57 x 41 cm;
Couldbourn instruments, PA, USA). USVs were
recorded for 300 s by an ultrasonic microphone
(Avisoft UltraSoundGate condenser microphone
capsule CMI16/CMPA, Avisoft bioacustic,
Germany) sensitive to frequencies of 10-250 kHz.
Recordings were done using Avisoft recorder
software (version 4.2) with a sampling rate of 250
kHz in 16-bit format. Data were analyzed for the
total number of calls using Avisoft SASLab
software.

Elevated-Plus Maze. The EPM is used to assess
anxiety state of animals. The device consists of a
labyrinth of 4 arms 5 cm wide located 80 cm above
the ground. Two opposite arms are open (without
wall) while the other two arms are closed by side
walls. The light intensity was adjusted to 20 Lux on
the open arms. Mice were initially placed on the
central platform and left free to explore the cross-
shaped labyrinth for 5 minutes. Maze was cleaned
and wiped with H,O and with 70% ethanol between
each mouse. Animal movement was video-tracked
using Ethovision software 11.5 (Noldus). Time
spentin open and closed arms, the number of entries
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in open arms, as well as the distance covered, are
directly measured by the software.

Open-field. Open-field test was performed in a 40
x 40 cm square arena with an indirect illumination
of 60 lux. Mouse movement was video-tracked
using Ethovision software 11.5 (Noldus) for 10
minutes. Total distance traveled and time in center
(exclusion of a 5 cm border arena) are directly
measured by the software. Grooming (time and
events) and rearing were manually counted in live
using manual functions of the software, by an
experimented behaviorist. The open-field arena
was cleaned and wiped with H,O and with 70%
ethanol between each mouse.

New object recognition. The arena used for the
novel object recognition test was the same used for
the open-field test. The arena was cleaned and
wiped with 70% ethanol between each mouse. Two
identical objects (50 ml orange corning tube) were
placed in the opposite corners of the arena, 10 cm
from the side walls. The tested mouse was placed
at the opposite side of the arena and allowed to
explore the arena for 10 min. After 1h, one object
was randomly replaced with another novel object,
which was of similar size but differ in the shape and
color with the previous object (white and blue lego
bricks). Then, the same mouse was placed in the
arena and allowed to explore the two objects (a new
and an "old" familiar object) for 10 min. The
movement of the mice was video-tracked with
Ethovision 11.5 software. Time of exploration of
both objects (nose located in a 2 cm area around
object) was automatically measured by the
software.

Three-chamber social preference test. The test was
performed as described previously (46). The three-
chamber apparatus consisted of a Plexiglas box
(50x25 cm) with removable floor and partitions
dividing the box into three chambers with 5-cm
openings between chambers. The task was carried
out in four trials. The three-chambers apparatus
was cleaned andwiped with 70% ethanol between
each trial and each mouse.

In the first trial (habituation), a test mouse was
placed in the center of the three-chamber unit,
where two empty wire cages were placed in the left
and right chambers to habituate the test mouse to
arena. The mouse was allowed to freely explore
each chamber. The mouse was video-tracked for 5
min using Ethovision software. At the end of the
trial, the animal was gently directed to the central
chamber with doors closed. In the second trial

(social exploration), a 8- weeks old C57BL/6J
mouse (S1) was placed randomly in one of the two
wire cages to avoid a place preference. The second
wire cage remained empty (E). Then, doors
between chambers were opened and the test mouse
was allowed to freely explore the arena for 10 min.
At the end of the trial, animal was gently directed to
the central chamber with doors closed. A second 8-
weeks old C57BL/6J mouse (S2) was placed in the
second wire cage for the third trial (social
discrimination). Thus, the tested mouse had the
choice between a familiar mouse (S1) and a new
stranger mouse (S2) for 10 min. At the end of the
trial, the mouse was returned to home- cage for 30
min. For the fourth trial (short-term social
memory), S2 was replaced by a new stranger
mouse (S3), the familiar mouse (S1) staying the
same. Then tested mouse was allowed to freely
explore the arena for 10 min. Time spent in each
chamber and time of contact with each wire cage
(with a mouse or empty) were calculated using
Ethovision software. The measure of the real social
contact is represented by the time spent in nose-to-
nose interactions with the unfamiliar or familiar
mouse. This test was performed using grouped-
house mice of 4 months old.

Primary hippocampal cultures

Embryonic day 18 dissociated hippocampal
neurons were obtained from wild-type and Magel?2
KO timed pregnant mice as previously described
(76) with slightly modifications here described.
Briefly, the hippocampi of E18 embryos were
dissociated by an enzymatic treatment (0.25%
trypsin for 18 min at 37°C) followed by mechanic
dissociation with a fire-smoothed Pasteur pipette or
p1000ul/p200ul tips. For calcium imaging
experiments, 200 000 cell/well (in MW 6 wells)
were plated on round 26 mm glass coverslips pre-
coated with poly-L-lysine containing Neurobasal
medium (Life Technologies) augmented with B27
supplement (2% v/v; Life Technologies), L-
glutamine (2mM), penicillin/streptomycin
(100U/ml) and 25uM Glutamate. This media was
replaced with glutamate-free media after 5 hours.
Neurons were then maintained at 37°C in
humidified atmosphere (95% air and 5% CO,), and
half of the medium was refreshed twice a week.

Calcium imaging recordings

Calcium imaging experiments were carried out as
previously described (28). Briefly, hippocampal
neurons were loaded with the membrane-
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permeable fluorescent Ca2™* indicator Fura-2/AM
(1 uM; SigmaAldrich) for 40 min at 37°C, 5% CO..
The cells were then placed into the recording
chamber of an inverted microscope (Axiovert 100,
Zeiss), washed with the extracellular recording
solution, KRH buffer, and imaged through a 40x
objective (Zeiss). Fura- 2/AM was excited at 380
nm and at 340 nm through a Polychrom V, (TILL
Photonics GmbH) controlled by the TillVisION
software 4.01. Emitted light was acquired at 505nm
at 1Hz, and images collected with a CCD Imago-
QE camera (TILL Photonics GmbH). The
fluorescence ratio F340/380 (AF340/380) was used

to express Ca2* concentrations in regions of
interest (ROI) corresponding to neuronal cell
bodies. 100uM GABA was administered in the
recording solution and temporal changes in
AF340/380 were followed. Increases in AF340/380
higher than 0.04 units were considered reliable

Ca?™* responses. After wash with KRH buffer and
recover, KCI (50mM) was administered to identify
viable neurons. Responses with a AF340/380
smaller than 0.1 units were excluded from the
analyses. From DIV8 on, 1 uMTTX (Tocris, cat
#1069) was added to this extracellular recording
solution.

Hippocampal slice preparation and
electrophysiological recordings
Brains were removed and immersed into ice-cold
(2-4°C) artificial cerebrospinal fluid (ACSF) with
the following composition (in mM): 126 NacCl, 3.5
KCI, 2 CaCl,, 1.3 MgCl;, 1.2 NaHPO4 25
NaHCOs and 11 glucose, pH 7.4 equilibrated with
95% 0O, and 5% CO,. Hippocampal slices (400 um
thick) were cut with a vibrating microtome (Leica
VT 1000s, Germany) in ice cold oxygenated
choline-replaced ACSF and were allowed to
recover at least 90 min in ACSF at room (25°C)
temperature. Slices were then transferred to a
submerged recording chamber perfused with
oxygenated (95% O, and 5% CO,;) ACSF (3
ml/min) at 34°C.

Whole-cell patch clamp recordings were
performed from P20-P25 CA3 pyramidal neurons
in voltage-clamp mode using an Axopatch 200B
(Axon Instrument, USA). To record the
spontaneous and miniature synaptic activity, the
glass recording electrodes (4-7 M) were filled
with a solution containing (in mM): 100
KGluconate, 13 KCI, 10 HEPES, 1.1 EGTA, 0.1
CaCly, 4 MgATP and 0.3 NaGTP. The pH of the

intracellular solution was adjusted to 7.2 and the

osmolality to 280 mOsmol I"L. The access
resistance ranged between 15 to 30 M. With this
solution, the GABA.  receptor-mediated
postsynaptic current (GABAA-PSCs) reversed at -
70mV. GABA-PSCs and glutamate mediated
synaptic current (Glut-PSCs) were recorded at a
holding potential of -45mV. At this potential
GABA-PSC are outwards and Glut-PSCs are
inwards. Spontaneous synaptic activity was
recorded in control ACSF and miniature synaptic
activity was recorded in ACSF supplemented with
tetrodotoxin (TTX, 1uM). Spontaneous and
miniature  GABA-PSCs and Glut-PSCs were
recorded with Axoscope software version 8.1
(Axon Instruments) and analyzed offline with Mini
Analysis Program version 6.0 (Synaptosoft).

Single GABAa channel recordings were
performed at P1, P7 and P15 visually identified
hippocampal CA3 pyramidal cells in cell-attached
configuration using Axopatch-200A amplifier and
pPCLAMP acquisition software (Axon Instruments,
Union City, CA). Data were low-pass filtered at 2
kHz and acquired at 10 kHz. The glass recording
electrodes (4-7 M) were filled with a solution
containing (in mM) for recordings of single
GABAA channels: NaCl 120, KCI 5, TEA-CI 20, 4-
aminopyridine 5, CaCl, 0.1, MgCl; 10, glucose 10,
Hepes-NaOH 10. The pH of pipette solutions was

adjusted to 7.2 and the osmolality to 280 mOsmol I

1 Analysis of currents trough single channels and
current-voltage relationships were performed using
Clampfit 9.2 (Axon Instruments) as described by
(77).

Morphological analysis

During electrophysiological recordings, biocytin
(0.5%, Sigma, USA) was added to the pipette
solution for post hoc reconstruction. Images were
acquired using a Leica SP5 X confocal microscope,
with a 40x objective and 0,5 um z-step. Neurons
were reconstructed tree- dimensionally using
Neurolucida software version 10 (MBF Bioscience)
from 3D stack images. The digital reconstructions
were analyzed with the software L-Measure to
measure the number of primary branches and the
total number of ramifications of each neuron (78).
Comparisons between groups were done directly in
L-Measure.
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Immunohistochemistry and quantification
WT and mutant mice were deeply anaesthetized
with intraperitoneal injection  of  the
ketamine/xylazine mixture and transcardially
perfused with 0.9% NaCl saline followed by
Antigenfix (Diapath, cat #P0014). Brains were
post-fixed in Antigenfix overnight at 4°C and
included in agar 4%. 50 um-thick coronal sections
were sliced using a vibratom (Zeiss) and stored in
PBS at 4°C. Floating slices (of the hippocampal
region corresponding to slices 68 to 78 on Allan
Brain Atlas) were incubated for 1 hour with
blocking solution containing 0.1% (v/v) Triton X-
100, 10% (v/v) normal goat serum (NGS) in PBS, at
room temperature. Sections were then incubated
with primary antibodies diluted in incubation
solution (0.1% (v/v) Triton X-100, 3% (v/v) NGS,
in PBS), overnight at 4C°. After 3 x 10 min washes
in PBS, brain sections were incubated with
secondary antibodies diluted in the incubation
solution, for 2 hours at RT. Sections were washed
3 x 10 min in PBS and mounted in Flouromount-G
(EMS, cat #17984- 25). Primary antibodies used
were: rabbit polyclonal anti-cFos (1:5000, Santa
Cruz Biotech , cat #ab190289), goat polyclonal
anti-Sst (D20) (1:500, Santa Cruz Biotech, cat #sc-
7819), mouse monoclonal anti-Sst (H-11) (1:500,
Santa Cruz Biotech, cat #sc-74556), goat polyclonal
anti-PV  (1:6000, SWANT, cat #PVG213).
Fluorochrome-conjugated secondary antibodies
used were: goat anti-rabbit Alexa Fluor 647 (1:500,
Invitrogen, cat # A32733), goat anti-rabbit Alexa
Fluor 488 (1:500, Invitrogen, cat #A-31565), goat
anti-mouse Alexa Fluor 488 (1:500, Invitrogen, cat
#A21121), donkey anti-goat Alexa Fluor 488
(1:500, Invitrogen, cat #  A32814).
For c-Fos, PV and SST quantification, images were
acquired using a fluorescence microscope (Zeiss
Axioplan 2 microscope with an Apotome module),
and z stacks of 8 um were performed for each
section. Counting were performed on the right and
left hippocampus for 5-7 sections (cFos) or 7-9
sections (PV, SST) per animal in the hippocampal
regions indicated on the figures and corresponding
to slices 68 to 78 on Allen Brain Atlas.

OT binding assay

Adult WT and mutant mice were sacrificed and
non-perfused mouse brain were frozen in - 25°C
isopenthane and stored at -80°C until cut. 14 um
thick brain slices were cut using a cryostat
(Frigocut-2700, Reichert-Jung) and collected on

chromallume-coated slides and stored at -80°C
until use. Slides were pre-incubated for 5 minutes
in a solution of 0.2% paraformaldehyde in
phosphate-buffered saline (pH 7.4), and rinsed
twice in 50 mM Tris HCI + 0.1% BSA buffer.
Slides were then put in a humid chamber and
covered with 400 pL of incubation medium (50
mM Tris HCI, 0.025% bacitracin, 5 mM MgCI2,
0,1% BSA) containing the radiolabeled I [125]
OVTA (Perkin Elmer), at a concentration of 10 pM.
After a 2h incubation under gentle agitation, the
incubation medium is removed and slides are
rinsed twice in ice- cold incubation medium and a
third time in ice cold distilled water. Each slide is
then dried in a stream of cold air, and placed in a
X-ray cassette in contact with a KODAK film for 3
days.

ROIs were chosen and analyzed through ImageJ,
using Paxinos’ Mouse Brain Atlas as a reference to
find the brain areas of interest. To remove
background noise caused by nonspecific binding,
each slide was compared with its contiguous one,
which had been incubated in presence of an excess
of "cold" oxytocin (2 [1M). Net grey intensity was
guantified and then converted to nCi/mg tissue
equivalent using a calibration curve. For each
region, a minimum of 4 slices per brain were
included in the analysis. Data plotted on graphs are
the differences between the total and the
nonspecific binding. Right and left hemispheres
were kept separate.

Chromogenic In situ Hybridization
Fresh-frozen brains from WT mice at post-natal
days (P)7, P21, and P28 were sectioned in a
cryostat in the coronal plane at 20pum thickness and
mounted on Superfrost Plus slides and stored at -
80°C. RNA detection was performed on tissue
sections using RNAscope 2.5HD Duplex Assay
(Cat #322430, Advanced Cell Diagnostics (ACD),
Hayward, CA). The two probes used are synthetic
oligonucleotide probes complementary to the
nucleotide sequence 1198 — 2221 of Oxtr
(NM_001081147.1) (Oxtr-E4-C2, ACD Cat
#411101-C2) and 3229 — 4220

of Magel2 (NM_013779.2) (Magel2-01, ACD Cat
#535901). Briefly, slides were fixed in 4%
paraformaldehyde in PBS (pH 9.5) on ice for 2
hours and dehydrated in increasing concentrations
of alcohol, then stored in 100% ethanol overnight
at -20°C. The slides were air dried for 10 minutes,
then pretreated in target retrieval solution (ref.
322001, ACD) for 5 minutes while boiling, after
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which, slides were rinsed 2 times in water followed
by 100% ethanol and then air dried. A hydrophobic
barrier pen (ImmEdge) was used to create a barrier
around selected sections. Selected sections were
then incubated with protease plus (ref. 322331,
ACD) for 15 minutes in a HybEZ oven (ACD) at
40°C, followed by water washes. The sections were
then hybridized with the probe mixture at 40°C for
2 hr per slide. Unbound hybridization probes were
removed by washing 2 times in wash buffer. After
hybridization, sections were subjected to signal
amplification using the HD 2.5 detection Kit
following the kit protocol. Hybridization signal
was detected using a mixture of fast-RED solutions
A and B (60:1) for Oxtr-E4-C2 and a mixture of
Fast-GREEN solutions A and B (50:1) for Magel2-
01. The slides were then counterstained with Gill’s
hematoxylin and air-dried in a 60°C oven for 15
min. Slides were cooled and cover-slipped with
Vectamount TM (Vector Laboratories, Inc.
Burlingame, CA). Slides were imaged at 4x and
20x on a bright field microscope (Keyence BZ-
X710, Keyence Corp., Osaka, Japan).
Hippocampal sections were investigated for
colocalization of Oxtr (red) with Magel2 (blue-
green) transcripts.

Western Blot

P7 mice were sacrificed and hippocampi were
dissected and rapidly frozen in liquid nitrogen and
stored at -80°C wuntil protein extraction.
Hippocampi were lysed in lysis buffer (50 mM
Tris/HCI, pH 7.5, 1 mM EGTA, 1 mM EDTA, 50
mM sodium fluoride, 5 mM sodium
pyrophosphate, 1 mM sodium orthovanadate, 1%
(w/v) Triton-100, 0.27 M sucrose, 0.1% (v/v) 2-
mercaptoethanol, and protease inhibitors (complete
protease inhibitor cocktail tablets, Roche, 1 tablet
per 50 mL)) and protein concentrations were
determined following centrifugation of the lysate at
16,000 x g at 4 °C for 20 minutes using the Bradford
method with bovine serum albumin as the standard.
Tissue lysates (15 pg) in SDS sample buffer (1X
NuPAGE LDS sample buffer (Invitrogen),
containing 1% (v/v) 2-mercaptoethanol) were
subjected to electrophoresis on polyacrylamide
gels and transferred to nitrocellulose membranes.
The membranes were incubated for 30 min with
TBS-Tween buffer (TTBS, Tris/HCI, pH 7.5, 0.15
M NaCl and 0.2% (v/v) Tween-20) containing 5%
(w/v) skim milk. The membranes were then
immunoblotted in 5% (w/v) skim milk in TTBS
with the indicated primary antibodies overnight at

4°C. The blots were then washed six times with
TTBS and incubated for 1 hour at room
temperature with secondary HRP-conjugated
antibodies diluted 5000-fold in 5% (w/v) skim milk
in TTBS. After repeating the washing steps, the
signal was detected with the enhanced
chemiluminescence reagent. Immunoblots were
developed using ChemiDoc™ Imaging Systems
(Bio-Rad). Primary antibodies used were: anti-
KCC2 phospho-Ser940 (Thermo Fisher Scientific,
cat #PAb5-95678), anti-KCC2 phospho-Thrl007
(Thermo Fisher Scientific, cat #PA5-95677), anti-
Pan-KCC2, residues 932-1043 of human KCC2
(NeuroMab, cat #73-013), anti(neuronal)-B-
Tubulin Il (Sigma-Aldrich, cat #T8578).
Horseradish peroxidase-coupled (HRP) secondary
antibodies used for immunoblotting were from
Pierce. Figures were generated using Photoshop
and Illustrator (Adobe). The relative intensities of
immunoblot  bands were determined by
densitometry with ImageJ software.

Statistical Analysis

Statistical analyses were performed using
GraphPad Prism (GraphPad Software, Prism 7.0
software, Inc, La Jolla, CA, USA). All statistical
tests were two-tailed and the level of significance
was set at P<0.05. Appropriate tests were
conducted depending on the experiment; tests are
indicated in the figure legends or detailed in
supplementary statistical file. Values are indicated
as Q2 (Q1, Q3), where Q2 is the median, Q1 is the
first quartile and Q3 is the third quartile when non-
parametric tests were performed and scatter dot
plots report Q2 (Q1,Q3) or as mean = SEM when
parametric tests were performed usually in
histograms. N refers to the number of animals or
primary culture preparations, while n refers to the
number of brain sections or hippocampi or cells
recorded.

Mann-Whitney (MW) non-parametric test or t-test
(parametric test) were performed to compare two
matched or unmatched groups. ANOVA or
Kruskal-Wallis tests were performed when the
different groups have been experienced in the same
experimental design only; if this was not the case,
MW or t-test were used. One-way ANOVA
followed by Bonferroni or Dunnett’s or Tukey’s
post-hoc tests were used to compare three or more
independent groups. Two-way ANOVA followed
by Bonferroni post-hoc test was performed to
compare the effect of two factors on unmatched
groups. *: p< 0.05; **: p <0.01; ***: p<0.001,;
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***%. p<0.0001. All the statistical analyses
(corresponding to each figure) are reported in a
specific file.
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Figure 1: Ultrasonic vocalization calls (USVs) in male and female Magel2 KO pups (P8) versus WT pups
and having been OT-treated or vehicle-treated in neonates. (A) Paradigm of the USVs recordings. Number
of total calls, measured during 5 min isolation after pup separation, is indicated in the histograms (B-D). (B)
Comparison of the number of calls recorded in male  (N=14) and female (N=9) Magel2 KO and WT pups
(males N=9; females N=11). (C) Effect of the OT-treatment in WT (males N=11; females N=12; in pink) and
in Magel2 KO pups (males N=24; females N=21; in green) versus vehicle-treated WT (males N=11; females
N=13; in blue) and vehicle-treated Magel2 KO (males N=18; females N=13; in orange). Histograms indicate
the median (Q2) and quartiles (Q1,Q3) with scattered plots that show individual data points. (B) Mann-
Whitney test, (C) One-way ANOVA + Dunnett’s post hoc test. *P<0.05, **P<0.01. Statistical analysis is
reported in Supplemental Table 1.
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behavior in three-chamber test of male Magel2 KO adult versus WT adults and having been OT-treated or
vehicle-treated in neonates. Paradigm of the three-chamber test. Sniffing time between mice is measured in
each test. (B) WT males (N=9) show normal behavior in all the steps of the test; Magel2 KO males (N=9)
show a significant impairment in short term social memory. (C) WT mice were treated in the first week of life
with vehicle or OT and then tested at four months. WT mice treated with vehicle (N=18) or treated with OT
(N=10) have similar profiles with significant differences in each step of the test. (D) Magel2 KO mice were
treated in the first week of life with vehicle or OT and then tested at four months. Magel2 KO-vehicle (N=19)
mice show a significant difference in the social exploration and social discrimination, but, in short term social
memory, they do not show a higher sniffing time with the novel mouse. OT-treated Magel2 KO (N=19) mice
present significant differences in each step of the step. Data represented in histograms report the interaction
time (time of sniffing in seconds) as mean + SEM. Mann-WhitneyTest. *P<0.05, **P<0.01, ***P<0.001.
Statistical analysis is reported in Supplemental Table 2.
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Figure 3: cFos activity in aCA2/CA3d and aDG regions of Magel2 KO and WT male mice following the
social memory task in the three-chamber test. (A)Paradigm of the three-chamber test (+SI) followed 90 min
later by dissection of the brains and immunohistochemis- tery experiments. Control mice (-SI) were not tested
in the three-chamber test. (B-C) cFos-immunolabeling on coronal brain sections in the aCA2/CA3d and aDG
regions as indicated in (B) of WT-SI, WT+SI and Magel2 KO+SI mice (C). (D-E) Quantification of cFos+
cells/section in WT-SI (n=18, N=3), WT+SI (n=24, N=4) and Magel2 KO+SI (n=24, N=4) in the aCA2/CA3d
region (D) and in the aDG region (E). N: number of animals, n: number of sections/hippocampus. Scale bar:
500um (B); 100pum (C). Data represented in box and whisker-plots report the number of cFos + cells by
sections (6 sections/ hippocampus) with the median (Q2) and quartiles (Q1, Q3) for the genotype and
treatment. One-way ANOVA + Dunnett’s post hoc test, ***P<0.001. Statistical analysis is reported in
Supplemental Table 3.
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Expression of Magel2 and Oxytocin receptor (Oxtr) transcripts in hippocampus of wild-type male mice at
P7 and P21. (A) Representative image obtained by RNAscope technology showing the respective localization
of Magel2 (blue) and Oxtr (pink) transcripts in dentate gyrus (DG) and aCA2/CA3d region of hippocampus.
(B) Heatmap of mouse cortex and hippocampus transcriptomic data in Allen Cell types Database (2015 - Allen
Institute) indicating the expression of Magel2, Oxtr, Avprla, Gadl, SIc17A7, Cck, Sst, Pvalb, Calbl and Vip
transcripts. Magel2 and Oxtr are expressed in glutamatergic (Slc17A7+) neurons of the CA3 region. Oxtr
transcripts are also present in GABAergic (Gadl+) interneurons expressing Sst, Pvalb, Calbl. (C)
Representative image obtained by RNAscope technique showing the respective localization of Sst (blue) and
Oxtr (pink) transcripts in the aCA2/CA3 region from hippocampal slices of WT male pups at P10. Arrows
indicate colocalization of both transcripts in the same cell. Scale bar: 100pum.
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Figure 5: Quantification of OT binding sites by brain autoradiography in Magel2 KO male mice treated
with OT or vehicle versus WT-vehicle male mice. (A-C-E) Representative sections of autoradiographic
labeling of OT binding sites displayed in grayscale, showing the regions of interest (ROI) selected for analysis:
(A) anterior CA2/CA3 (aCA2/CA3), (C) dentate gyrus (aDG) and (E) ventral CA1/CA2/CA3 (vCA1/CA2/CA3)
regions of hippocampus. (B-D-F) Quantification of OT binding sites expressed as nCi/mg of tissue equivalent
in (B) anterior CA2/CA3, (D) dentate gyrus and (F) ventral CA1/CA2/CA3 regions of hippocampus.
Histograms report median (Q2) and quartiles (Q1, Q3). OT binding sites in nCi/mg of tissue equivalent. 3 (N)
mice and 6 (n) hippocampi have been analyzed for each group. Data represented in box and whisker-plots
report the quantity of radiolabeling by hippocampus, with scattered plots that show individual data points.
One-way ANOVA + Bonferroni post hoc test, **P<0.01, ****P<0.0001. Scale Bar: 3 mm. Statistical analysis
is reported in Table 5.
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Figure 6: Quantification of somatostatin (SST) immunopositive cells in the anterior hippocampus region
of Magel2 KO adult mice having or not been treated by OT in the first week of life and compared with WT
mice. (A-L) Immunolabeling on coronal hippocampal sections at adulthood in WT (A,C,E) and Magel2 KO
(B,D,F), and in WT (G,1,K) and Magel2 KO+OT (H,J,L) with a magnification in the aCA2/CA3d region (
C,D,1,J) and in the DG region (E,F,K,L) in which the SST+ cells are counted. (M-P) Number of SST+ cells by
section in both aCA2/CA3d (M,0) and aDG (N,P) and comparing WT (N=4, n= 48) with Magel2 KO (N=4,
n=48) animals (M,N) or WT (N=3, n=36) with Magel2 OT+ (N=5, n=56) (O,P) mice. N: number of animals,
n: number of sections/hippocampus. Data represented in whisker-plots report the number of SST+ cells by
section with Q2(Q1, Q3), with scattered plots showing individual data points. Mann-Whitney Test **P<0.01,
***P<(0.001. Scale bar (A-H): 500 um; (C-L): 100um.Statistical analysis is reported in Table 6.
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Figure 7: Spontaneous Glutamatergic and GABAergic synaptic activity of CA3 pyramidal neurons in the
anterior hippocampus region of Magel2 KO mice versus WT juvenile mice and having been OT-treated or
vehicle-treated in neonates. (A) Paradigm of the test. WT or Magel2 KO mice have been or not injected with
OT in the first week of life then neurons are recorded in brain slices at P25. (B) Examples of whole cell
recordings performed at a holding potential of -45 mV for each genotype or treatment. The glutamatergic
synaptic currents are inwards and the GABAergic synaptic currents are outwards (C-D) Values in the different
genotypes and treatment of the Glut-sPSCs frequency

(C) and amplitude (D). (E-F) Values in the different genotypes and treatment of the GABA-sPSCs frequency
(E) and amplitude (F). Magel2 KO (N= 7, n=16), WT (N=7, n=15), Magel2 KO+OT, (N=5, n=21) and
WT+OT (N=4, n=15) have been analyzed, with N: number of mice and n: number of recorded cells. Data
represented in whisker-plots report the different values of recorded cells with mean £SEM, with scattered plots
showing individual data points. One-way ANOVA + Tuckey post hoc test. *P<0.05, **P<0.01. Statistical
analysis is reported in Supplemental Table 7.
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Figure 8. The excitatory-to-inhibitory developmental GABA-shift in Magel2 KO versus WT hippocampi and
the effect on an OT-treatment. (A-B) GABA-induced Ca2+ responses in Magel2 KO developing hippocampal
neuronal cultures versus WT. (A) Percentage of WT and Magel2 KO E18 hippocampal neurons showing
GABA-induced Ca2+ responses at selected in vitro days (DIV). (B) Representative traces of [Ca2+]i
variations (delta F340/380) in DIV4 WT and Magel2 KO neurons upon 100 xM GABA administration. Data
are presented in histograms with mean + SEM; unpaired t test with Welch’s correction: ****P<(.0001.
(C-D) Average values of the driving force for GABA (DFGABA) of aCA3 pyramidal neurons in Magel2 KO
versus WT mice (C) and, following an OT-treatment, with WT+OT and Magel2 KO+OT compared with WT
(D). (C) To reveal a delay of the GABA shift between Magel2 KO versus WT mice, measures were performed
at P1, P7 and P15 using cell-attached recordings of single GABAA channels. Data are presented in histograms
with mean + SEM; unpaired t test with Welch’s correction: *P<0.05. (D) To assess the effect of an OT-
treatment on the GABA- shift delay, measures were performed at P7. N: number of mice and n: number of
recorded cells. One-way ANOVA + Dunnett’s post hoc test: **P<0.01. Statistical analysis is reported in
Supplemental Table 8.
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Figure 9. Abundance and phosphorylation state of KCC2 in WT and Magel2 KO pups (P7). (A) Immunoblot
analysis of WT (N=5) and Magel2 KO (N=6) hippocampi of P7 mice with pan-KCC2 antibody or phos-
phorylation site-specific antibodies recognizing P-Ser940 or P-Thr1007 of KCC2. An antibody recognizing
neuron-specific B3 tubulin was used to normalize the quantity of proteins. Numbers on the left indicate
molecular weight. (B) Boxplots report band intensities from (A) as Q2(Q1,Q3), with scattered plot showing
individual data points. Mann-Whitney test, *P<0.05. (C) A model of KCC2-dependent control of neuronal Cl—
in Magel2 KO pups. At this stage of neuronal develop- ment, the surface expression of KCC2, that determines
its ion-transport activity, depends on the ratio of reciprocal phos- phorylation of its Ser940 and Thr1007
residues. The Ser940 phosphorylation increases KCC2's cell surface stability, whereas the Thr1007
phosphorylation exerts opposite to Ser940 effect and favors internalization (shown with brown arrows).
Compared to WT, the CA3 neurons in hippocampi from Magel2 KO mice are characterized by depolarizing
action of GABA (e.g. activation of GABA generates ClI- efflux) that reflects higher [CI-]i. In Magel2 KO
hippocampi the amount of KCC2’s Ser940 phosphorylation is significantly lower as compared to WT
hippocampi whereas the amount of phosphorylated Thr1007 remains unchanged. Respectively, the decreased
P-Ser940/P-Thr1007 ratio results in predomi- nance of KCC2 internalization over surface expression. As
consequence of the decreased amount of surface expressed molecules, the CI- extrusion ability of KCC2 is
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decreased that causes increase of [Cl-]i and depolarizing shift of GABA. The model includes also important
components that are known to control the level of Ser940 and Thr1007 phosphorylation. The Ser940 is directly
phosphorylated by kinase C (pkC) and dephosphorylated under pathology conditions by protein phosphatase
type 1 (PP1). The Thrl007 is directly phosphorylated by SPAK. It remains to be elucidated whether in Magel2
KO mice the decreased level of Ser940 results from reduction of pkC activity or enhancement of PP1 action.
Statistical analysis is reported in Supplemental Table 9.
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8. GENERAL DISCUSSION AND CONCLUSIONS

My PhD project has been completely focused on the detection, the detailed mapping and the functional

investigation of the oxytocin receptor in the mouse brain. In particular, my aim was to selectively target the
homodimeric component of this receptor population, in order to see in which brain areas are they usually
distributed, and how many they are compared to monomeric OTRs.

The importance of dimeric GPCRs in the development of new therapies resides in their peculiar signaling,
trafficking and desensitization properties, that actually make them a pharmacological entity on their own.
Knowing where they are expressed and to which degree would allow us to “tailor” the therapeutic approach
only in selected brain areas, in order to avoid any possible adverse, non-wanted secondary effect mediated by
monomeric receptors.

To gain a better insight of the localization of dimeric OTRs in the CNS, | started to develop a technique that
would allow dimers detection, and in parallel | employed a universally accepted technique to map the receptor
in all its forms in mouse brain. Moreover, | worked to find new tools to characterize the homodimeric OTR

population also from a functional point of view.

New insights into OTR homodimers functionality

First, I completed the pharmacological characterization of a series of bivalent ligands specifically designed by
our research group to target OTR homodimers. Two of them (dOTK,-C8 and dOTK,-C10) were already known
to behave as superagonists towards the homodimeric portion of OTRs: they can activate a Gg-mediated
pathway at a concentration 1000 lower than that required for their monomeric counterpart (Busnelli et al,
2016).

The data obtained from this work allowed us not only to have a more detailed view of their functionality, but
also to collect novel information about the signaling properties of OTR homodimers. We established that
compared to the monomeric dOTK, all the bivalent ligands we developed are functional selective for the OTR,
because differently from endogenous OT they could only activate Gg, Gi2 and Gi3-mediated signaling
pathways. More interestingly, the fact that all the obtained dose-response curves were monophasic made us
hypothesize that OTR homodimers might not be able to couple to Gi2 and Gi3, while a fraction of them is
actually coupled to Gg. From previous studies, we already knew that this fraction corresponded to
approximately the 30% of the total OTR receptors present in the cell (Busnelli, Mauri et al. 2013); however,
its signaling properties were still unknown. We also observed a peculiar B-arrestin recruiting profile of the
bivalents, intermediate between that of oxytocin and that of the dOTK monomer. In particular, we
hypothesized that the efficiency gain over dOTK (which is especially visible for dOTK,-C8 and dOTK>-C10)
might be due to the fact that OTR homodimers have a facilitated interaction with B-arrestin, and therefore

might be internalized more than monomers.
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In the context of my PhD project, these information will be as useful as those obtained through the mapping
techniques I used to localize OTRs. In fact, while the Nanoruler system and the autoradiography studies will
provide a detailed map of OTR monomers and homodimers in the brain, further studies conducted through
these bivalent ligands will allow a “functional isolation” of the homodimeric population, and in some cases
even a pharmacological dissection of its signaling mechanisms. Both these aspects are fundamental for
translational studies in neurodevelopmental disorders, and both must be taken into account in the design of

new therapeutic molecules.

Strengths and limitations of the Nanoruler system

Other than the functional features of dimeric OTRs, understanding where this population is expressed in the
brain, and on which areas it works to mediate its effects, is equally fundamental for the development of safer
and more targeted therapies.

OTR dimers are already known to be present in endogenous tissues; however, their peculiar pharmacological
properties, together with their exact localization in the brain, are still widely unknown. The main reason for
this is because all the techniques currently used to study receptor oligomers in native tissues require antibodies,
and therefore they are not suitable to be applied on OTRs. Because of their resolution these technigques can
only prove molecular proximity, but not actual dimerization.

For most of my PhD project | worked with Prof. Tommaso Bellini’s group (Complex Fluids and Molecular
biophysics Laboratory, University of Milan) to develop a DNA-based, antibody-free approach to map OTR
homodimeric structures in the rodent brain. We started to develop a DNA “Nanoruler” technology which is
based on an OT analog tagged with two complementary DNA hairpins, Pan and Dis. These two hairpins have
been designed in order to open and hybridize only if two conditions occur at the same time: they must be closer
than 6 nm, and a third oligonucleotidic sequence, called Trigger, must be present in solution. The newly formed
Pan-Dis-Trigger would function as a “primer” for a Hybridization Chain Reaction step, that is needed to
amplify the signal; the implementation of fluorescent probes called H1 and H2 would make the DNA product
resulting from this amplification step visible as a light spot in confocal microscopy. Although quite similar in
concept to Proximity Ligation Assay, our system would allow a much higher resolution, because our DNA
hairpins would be linked to a single 1 kDa molecule, and not to a 100 kDa antibody. Therefore, the steric
hindrance between Pan and Dis would be much lower, and they could interact only if they were at a real
distance of 6 nm. On the contrary, using bulky molecules as antibodies could bring the two DNA strands in
close proximity even when the real distance between two receptors is wider than 16 nm (the actual resolution
for PLA is calculated around 200 nm), generating a false positive result. Moreover, once optimized our
technique would require less steps than PLA, granting a lower risk of aspecific signal generation.

The Nanoruler system has been conceived in response to an increasing need of high resolution, high sensitivity
detection techniques. In this context, the more interesting results are obtained through techniques that employ

fluorescence microscopy. However, often the photostability of the fluorophores used, together with the high
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background noise of the fluorescent signal, make these techniques not suitable to detect small quantities of
target molecules; this is especially true for studies in vivo, but it applies to in vitro systems too. Many attempts
have been made to overcome these issues: most of them aim to reduce the background noise through the use
of gold nanoparticles (AuNPs), that have excellent fluorescence quenching abilities (Swierczewska et al,
2011), or modify FRET protocols in order to obtain a sub-nanometer resolution (Son et al, 2020). An
interesting biosensor developed by Wang and colleagues allows to detect down to 10 fM of DNA using two
probes linked to a PolyA strand anchored to a gold surface (Wang et al, 2019). Even if the technique they
developed has a slightly different aim compared to the Nanoruler, taking advantage of the PolyA strand, that
has a defined nucleotidic length and is strongly anchored to the gold electrode, could allow us to test the
effective resolution of our system. In fact, we still don’t know what happens if Pan and Dis are more than 6
nm apart, because with our in vitro tests the distance between the hairpins couldn’t be controlled. In this sense
it could also be useful to exploit the so-called DNA “Origami” structures, that have already been successfully
used to measure distances between molecular structures (Bian et al, 2019).

Through this set of experiments we’ve had the chance to better understand both strengths and limitations of
our set of sequences. PAGE gels allowed us to confirm that, at least in vitro, our system is highly specific;
instability of the H2 probe was corrected, and a cellular staining protocol is under preparation.

A point that still needs to be addressed is the complexity of the binding kinetics of DNA-tagged ligands.

The superagonism of the two dialyzed DNA-tagged compounds in experiments carried on with the addition of
NaCl could be due to a positive cooperativity phenomenon, mediated by the presence of the DNA itself. Our
current hypothesis is that some unexpected interaction between our DNA strands, mediated by their charges
or by their steric hindrance, might produce an increase in the binding abilities of two OT analogues inside
dimeric OTRs. We could observe a similar phenomenon in the binding curves of two of the bivalent ligands
we previously characterized, where the docking of the first pharmacophore of the bivalent molecule would
constrain the second one in a very reduced volume, increasing de facto its local concentration and drastically
reducing the entropy cost for the binding of the second pharmacophore (Busnelli et al, 2016).

If confirmed, this peculiar behaviour could represent an advantage for the next set of experiments, because it
would allow us to work a very low concentrations and avoid any aspecific result given by binding to other
receptors (i.e., V1aR). However, more experiments will be needed to understand why NaCl addition to the

binding buffer causes such a dramatic modification of the binding curve.

New insights into sexually dimorphic features of the oxytocinergic system

In parallel with the development of the Nanoruler system, | also conducted an extensive autoradiographic
mapping of the murine brain, in physiologic and pathologic environments. As we only have a rough idea of
the results the Nanoruler technique will provide, data obtained with autoradiographic studies will be
fundamental to critically evaluate those obtained with the new approach, in terms of sensitivity and resolution.

Interestingly, this analysis revealed a marked sexual dimorphism in how the oxytocinergic system is distributed
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and in how it reacts to OT treatments. Concerning OTR levels, WT females showed to have two times more
OTR than males in almost every analyzed area. More interestingly, the absence of a functional Magel2 in KO
animals had opposite effects on males and females, resulting in a “flattening” of the differences in OTR levels
observed in WT animals. This opposite effect is clearly visible also in OT-treated mice: while in males OT is
often able to restore physiologic OTR quantities, in females the treatment couldn’t modify in any way receptor
levels. This raises many interesting questions about which might be the regulation mechanisms that works so
differently in males and females. It is also important to notice that all the latest studies over
neurodevelopmental disorders are conducted almost exclusively on male animals. However, our results point
out the importance of including females in these works, because results obtained from observations made in
males only might not be applicable to both sexes.

The autoradiographic quantification of OTR in the hippocampus and dentate gyrus of male mice has also
already provided interesting information about the correlation between OTR variations in the brain and the
long-term behavioural outcomes of a neonatal, subchronic OT treatment at birth. Although the molecular
mechanisms through which the absence of Magel2 affects OTR distribution in the CNS, these results alone
provide useful information for the development of safer and targeted therapies.

Conclusions and future directions

This work has already provided many new important information about the dynamics of OTR distribution in
mouse brain, and has paved the way for the development of new, high-resolution tools for the detection of
OTR monomeric and dimeric population in native tissues. The next steps will include the finalization of the
Nanoruler system project, that now requires to test the whole system in cell cultures and brain slices. Once
ready to be applied on brain slices, the results provided by this innovative technique will be compared with the
extensive autoradiographic analysis we have already performed on mouse brain slices, to see how the
monomeric and dimeric population behave in different physiologic and pathologic situations. We also plan to
implement the Nanoruler protocol with fluorescent ligands staining, in order to distinguish monomers from
dimers even in confocal microscopy. Lastly, to gain a better insight into the mechanism through which the OT
treatment at birth is able to produce long term effects on behavioural phenotypes, we are in the process of

including PN7 mice pups in our autoradiographic panel.
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10. RESUME
10.1 RESUME (FRENCH)

Dans le systeme nerveux central, I'ocytocine (OT) et son récepteur (OTR) sont considérés comme des
régulateurs clés des comportements sociaux et non sociaux. L'ocytocine s'avére donc étre une molécule
thérapeutique prometteuse des troubles neurodéveloppementaux ; cependant, afin de définir son véritable
potentiel en thérapie, nous devons comprendre le fonctionnement du systeme ocytocinergique dans le systéme
nerveux central. En particulier, nous n'avons pas encore une vision claire et globale ni des zones du cerveau
impliguées dans l'activité pharmacologique de I'administration d'ocytocine, ni des voies de signalisation qui
régulent ses effets thérapeutiques. Par conséquent, la compréhension de la localisation et des propriétés de
signalisation de I'OTR dans le cerveau est une étape cruciale pour développer de nouvelles approches
thérapeutiques efficaces et slres.

Le récepteur a I’ocytocine (OTR) est un récepteur couplé a la protéine G qui est capable de former des
complexes homo- ou hétérodimériques ayant des propriétés pharmacologiques distinctes. Cependant,
I’identification de ces complexes dans des environnements endogénes est problématique : les techniques
actuellement utilisées pour les étudier dans les tissus natifs ne peuvent prouver que la proximité moléculaire
entre deux protomeéres, mais pas leur dimérisation réelle. En ce qui concerne I'OTR, aucun anticorps fiable
n'est disponible, et ses faibles niveaux d'expression dans le SNC ; localisation et la quantification précises de
véritables complexes OTR homodimériques sont difficiles a réaliser.

Jai travaillé dans différentes directions pour trouver de nouveaux outils permettant d'étudier le récepteur de
I'ocytocine dans les tissus endogenes, sous des formes monomeéres ou homodimeéres. Les objectifs étaient les

suivants :

1) La caractérisation pharmacologique d'une série de ligands bivalents qui ont été précédemment congus dans
notre laboratoire afin de cibler spécifiquement les homodiméres OTR. Nous avons montré un "agonisme
sélectif fonctionnel" des composés homobivalents "dOTK2-Cn", qui sont des outils pertinents pour étudier les

propriétés de signalisation des homodimeres OTR.

2) Le développement d'une nouvelle approche pour cartographier la présence et la distribution des structures
dimérigues OTR dans le cerveau de la souris. Cette nouvelle approche, la technologie des "nanoroulettes"
d'ADN (collaboration avec le groupe du professeur Tommaso Bellini, Université de Milan) que nous avons
congu fonctionne sur les cultures cellulaires et nous prévoyons de I'appliquer & des tranches de cerveau de

souris.

3) La comparaison de cette nouvelle approche avec une méthodologie plus commune et universellement
acceptée (autoradiographie des récepteurs) afin d'étudier les éventuels changements de distribution des OTR
spécifiques a une région (sous leurs formes monomeéres ou dimeres/oligomeres) dans un modéle de souris
génétiquement modifiée (Magel2-KO) du syndrome de Prader-Willi, une maladie génétique
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neurodéveloppemental (Collaboration Dr. F.Muscatelli, Marseille, France). J'ai révélé des effets importants
sur I'expression des OTRs chez les souris Magel2-KO en comparaison aux souris sauvages. J'ai également
montré que, chez les souris males, un traitement néonatal par injection d’OT, qui est efficace pour soulager les
symptémes autistiques, est capable de modifier les niveaux des OTRs dans plusieurs des régions analysées,

telles que I'hippocampe et I'amygdale.

4) L'évaluation d’un dimorphisme sexuel dans les distributions des OTRs chez les souris sauvage et Magel2-
KO. En comparant les males et les femelles de chaque groupe, grace a ma cartographie autoradigraphique des
OTRs, j'ai effectivement trouvé une modulation des OTRs en fonction du sexe dans toutes les régions
cérébrales incluses dans l'analyse, ce qui suggére que chez les males et les femelles il y a une régulation
différente du systéme ocytocinergique en réponse aux modifications environnementales et génétiques.
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10.2 RESUME (ENGLISH)

In the central nervous system, oxytocin (OT) and its receptor (OTR) are considered key regulators of social
and non-social behaviours. Oxytocin is thus proving to be a promising therapeutic molecule in the field of
neurodevelopmental disorders; however, in order to define its true translational potential we still need to gather
detailed information about the functioning of the oxytocinergic system in the CNS. In many cases we still do
not have a comprehensive view of which are the brain areas involved in the pharmacological activity of
oxytocin administration, and a precise knowledge of which are the signaling pathways that regulate its
therapeutic effects is also missing. Therefore, understanding the localization and the signaling properties of
the OTR in the brain is a crucial step to develop new, effective and safe therapeutic approaches.

The OTR is a G protein coupled receptor, which is able to form homo or heterodimeric complexes with distinct
pharmacological properties. However, targeting GPCRs complexes in endogenous environments is often
problematic: the techniques currently used to study them in native tissues can only prove molecular proximity
between two protomers, not their actual dimerization.

For these reasons, in my project | worked in different directions to find new tools to study the oxytocin receptor

in endogenous tissues, in its monomeric or homodimeric forms. The aims included:

1) The pharmacological characterization of a series of bivalent ligands previously designed in our
laboratory in order to specifically target OTR homodimers. Through this work we provided novel information
about the “functional selective agonism” of these homobivalent compounds, highlighting their potential to

become a unique tool to investigate the signaling properties of OTR homodimers.

2) The development of a new approach to map the presence and distribution of OTR dimers in the mouse
brain. This new approach, called DNA “Nanoruler” technique that we have designed in collaboration with
Prof. Tommaso Bellini’s group (University of Milan), has already been proved to work in vitro; we now plan

to apply it on cellular cultures and on mouse brain slices.

3) The comparison of such new approach with a more common and universally accepted methodology
(receptor autoradiography) in order to investigate possible region-specific changes of OTR distributions (in
their monomeric or dimeric/oligomeric forms) in a mouse model of Prader-Willi Syndrome, the Magel2-KO
mouse (collaboration with Dr. F. Muscatelli, Marseille, France). By comparing WT and KO animals, | found
significant genotype-induced effects on OTR expression in Magel2-KO mice. Moreover, | showed that in male
mice a neonatal OT treatment, which is known to be able to rescue some of the autistic traits of this model, is

also able to modify OTR levels in several analyzed regions, such as the hippocampus and the amygdala.

4) The evaluation of any possible sexual dimorphism in OTR distributions between WT and Magel2-KO
animals, in order to highlight any possible sexual dimorphism in receptor fluctuations in wild type and Magel2-
KO mice. By comparing males and females of each group, through my autoradiographic mapping of the OTR
I found a sex-dependent modulation of the OTR in all the brain areas included in the analysis. These differences
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suggest that in males and females there is a different regulation of the oxytocinergic system in response to

environmental and genetic modifications.
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