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ABSTRACT

Several studies on humans and mice support oxysoie in improving social behaviour, but its
use in pharmacotherapy presents some importantiignfactors. To date, it is emerging a
pharmacological potential for melanocortin 4 receMC4R) agonism in social deficits treatment.
Recently, we demonstrated that the deletion ofNREB1 gene, which encodes the p50 NB-
subunit, causes impairment in social behaviour) wveductions in social interactions in mice. In
this work, we tested the acute effects of THIQelecive melanocortin 4 receptor (MC4R) agonist.
THIQ treatment increased social interactions batlwild type and p5() mice. In particular, after
treatment with THIQ, p50 mice showed a prosocial behaviour analogous toofhizasal WT mice.
Moreover, intranasal treatment with an oxytocinagonist blocked social interactions induced by
THIQ, demonstrating that its prosocial effects arediated by the oxytocin pathway. The data
obtained reinforce using MC4R agonists to amelesaicial impairment in NDDs.
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1. Introduction

Social interaction is a primary and adaptive betwandl component of mammalian species. For
social animals, the interaction is important foe thrganization and stability of societies to define
social hierarchy and for mate choice (Berry andnBaom, 1992). Several neurodevelopmental
disorders (NDDs) such as schizophrenia and autisnalearacterized by social behavioural deficits.
NDDs include developmental brain dysfunction chemazed by neuropsychiatric deficits
generating impairments in motor function, learnimgrbal or non-verbal communication, social, or
occupational functioning. All these phenotypic &teons have neuroanatomical basis. Indeed,
increased cortical layers thickness, an abnormiainmear organization, cortex misconnections are
often associated with NDDs (Innocenti et al., 20B8dday et al., 2015). Recently, we observed
specific neurodevelopmental alterations in a genetbuse model, namely the MNB- p50 knock
out (p50 KO) mouse (Bonini et al., 2016). p50 KQenwere generated by targeted deletion of the
NFKB1 gene that encodes for the precursor of the p5@&BIBubunit. NF«B is involved in many
physiological functions such as immune and inflafamnaresponses, cell survival and death (Grilli
and Memo, 199%Kucharczak et al., 2003), in cell plasticity andrptmlogy remodelling (Mattson,
2005; Gutierrez and Davies, 2011; Bonini et al110This mouse model has been widely used in
studies on inflammation, immunity, metabolic disssaand cancer (de Valle et al., 2016; Minegishi
et al., 2015; Southern et al., 2012). Moreover fouend that adult p50 KO mice display abnormal
columnar organization in the somatosensory cortekatered neurite orientation, associated with
hyperactivity and impairment in social behaviouighva reduction in social interactions (Bonini et
al., 2016). All these cortical and behavioural r@t®ns have also been reported in different NDD
models, including models of autism spectrum dis&a@ASD) and schizophrenia (Casanova et al.,
2006; Casanova et al., 2008; Beasley et al., 26@fher et al., 2014, Gaudissard et al., 2017).

Drugs currently used for NDDs are mainly symptomatid often are ineffective for social deficits
(Ji and Findling, 2016). Therapeutic interventiammenonly aims to reduce psychotic symptoms
and relies on atypical antipsychotics, especiafigaridone, aripiprazole and olanzapine (Lamberti
et al., 2016; Mastinu et al., 2012; Lazzari et 2017). No current medical treatments exist for
prevention of NDDs and for amelioration of sociefidits. Indeed, risperidone treatment in p50 KO
mice resulted in decreased hyperactivity but haéffext on social deficits (Bonini et al., 2016). A
promising compound to rescue social impairmenfdDs is represented by oxytocin (Woolley et
al., 2015; Gordon et al.,, 2013; Kirsch 2015). Ogiytois synthesized in the neurons of the
paraventricular nuclei (PVN) and supraoptic nu¢B®N) of the hypothalamus and released in the
brain or in the blood (Ludwig and Leng, 2006). (xarh exerts several neuroendocrine functions
when released in the peripheral bloodstream andufates social behaviour when released in the
brain. In particular, oxytocin has been reportedincrease social stimuli, to promote parental
nurturing and social bonds in mouse models of ABBriagarikano et al., 2015; Teng et al., 2016).
Furthermore, intranasal oxytocin improved social ficits both in patients
with schizophrenia/schizoaffective disorder (Shdliand Feifel, 2016) and in ASD patients (Andari
et al., 2010; Guastella et al., 2010). Studiesuim&ns support the pharmacological role of oxytocin
in stress, anxiety disorders, social phobia, pogipa depression, and bipolar disorder, with a
positive action on reward in social behaviour anthmunication (MacDonald et al., 2013; Singer
et al., 2008). Lastly, oxytocin is involved alsoperipheral inflammatory responses mediated by
NF-xB, as previously reported (Soloff et al., 2006; Kenal., 2015). In particular, Soloff and



colleagues hypothesize that the NB-p65 subunit interacts with the promoter of theytogin
receptor and down regulates its expression. Ateptethe specific mechanisms of p65 interaction
with the oxytocin receptor promoter remains considy complex.

Despite these encouraging results both in animalatsoand in humans, the use of oxytocin in
pharmacotherapy presents some relevant limitatiemst of all, oxytocin is a peptide therefore it
cannot be used by oral administration. Another esb/déactor is represented by oxytocin’s short
half-life. Indeed, oxytocin degrades very rapidly ibtravenous administration, resulting in short-
lasting effects (Modi et al., 2016). Furthermorts, brain penetrance is uncertain; indeed, some
studies report that only a small fraction can ghesblood brain barrier and enter the brain (Mdns e
al., 1983; Guastella et al., 2013). On the confreee and colleagues demonstrated cerebrospinal
fluid penetrance of exogenous oxytocin administgpedpherally, by intranasal or intravenous
route (Lee et al., 2017). Intranasal delivery resito be the more efficient pathway for oxytocin
compared to intravenous administration, but unfaataly it presented wide variability of both
cerebrospinal fluid and plasma concentrations betwdfferent treated animals (Lee et al., 2017).
Hence, it is not a manageable treatment.

To circumvent these problems, compounds able t@rezehendogenous oxytocin release can be
used. Sabatier et al. (2003) showed thatelanocyte-stimulating hormoneMSH) has a selective
modulatory action on SON oxytocin neurons via metamtin 4 receptor (MC4R) agonism.
Moreover, MC4R agonist treatment increases oxytoelease in the brain (Sabatier et al., 2003)
and promotes partner preference in voles (Modl.e2@15). THIQ is a selective and potent MC4R
agonist; it is an orally active small non-peptid€&R mimetic compound (Grunewald et al., 1999).
In addition, THIQ can penetrate the blood-brairrieafBBB), as previously reported by an in vitro
BBB permeability study (Grunewald et al., 1999).elover, it shows chemical properties of log P
5.65 £ 0.93, calculated using Advanced Chemistrydigpment (ACD/Labs) Software V11.02.
THIQ has already been reported to induce MC4R-ntediarectogenic effects in both mice and
rats with sexual dysfunctions (Martin et al., 2002)

To identify a correlation between social deficitdatme oxytocin pathway in p50 KO mice, we
initially measured the oxytocinergic tone. Then,evaluated the THIQ effect on social deficits and
whether this effect was mediated by oxytocin pathwa

2. Materialsand Methods
2.1. Animals

Experiments were conducted in conformity with thedpean Communities Council Directive of
1986 (86/609/EEC), approved by the Italian Ministfy Health, and the Animal Care and Use
Committee of the University of Brescia. Animals wéroused two-to-three per cage in a 12 hours
light/dark cycle (light phase from 8:00 a.m. to@j@m.) with food and water available ad libitum.
The cage size was 15 cm wide x 35 cm long x 12 eepdTemperature (22 °C) and humidity (50%
+ 10) in the cages were automatically regulatedth®y Sealsafe Aero System by individually
ventilated cages with EPA filters (Tecniplast Grplaly). NF«B p50"~ mice (B6;129P2-Nfkb 1tm

1 Bal/J) and wild-type mice (B6;129PF2) were pusgthfrom The Jackson Laboratories (Bar



Harbor, ME, USA). Stable mating couples were maieta to amplify the colony and the progeny
was used for the experiments. In particular, wjidet (WT) and p50 (p50 KO) age-matched mice
(4-6-month-old mice; weight = 25-35 g) were usetl.the experiments were performed on male
mice.

2.2. Drugs and pharmacological treatment

For pharmacological treatment, melanocortin 4 regepagonist THIQ N-[(1R)-1-[(4-
Chlorophenyl)methyl]-2-[4-cyclohexyl-4-H-1,2,4-trazol-1-ylmethyl)-1-piperidinyl]-2-oxoethyl
1,2,3,4-tetrahydro-3-isoquinolinecarboxamide, T®dBioscience, Bristol, UK) was administered
acutely via intraperitoneal injection 30 min befdhe behavioural tests, according to previously
reported data (Pefagarikano et al., 2015). THIQeslagere 0.5, 1, and 2 mg/kg in a 10 ml/kg
volume, 250 pl for an average 25 g mouse and wewsen on the basis of previous data reporting
Ki, ICso and MC4R activation (Martin et al., 2002; Sebhatak, 2002). Oxytocin receptor
antagonist, L-371,257 (Tocris Bioscience, BristdK) was intranasally administered at a dose of
300 pg/kg; a drop of a 2.5 pL solution was plagethe animal nostril with a P10 pipette to induce
the mouse to aspirate the drop into its nasal gavile mice received L-371,257 15 min before
THIQ administration (Pefiagarikano et al., 2015). ddugs, suspended in 0.9% saline solution,
were prepared daily, sonicated, and administered.

2.3. Radioimmunoassay

To correlate oxytocin levels with THIQ treatmentg weasured hypothalamic oxytocin levels 30
min after intraperitoneal drug administration aparted previously (Pefiagarikano et al., 2015).
Mice (6 for WT and 5 for the p50 KO mice group) eesacrificed and hypothalamus was isolated,
weighted and homogenized with acetic acid (Sigmdrigh, Milano, Italy) 50% v/v. Then, the
tissue homogenate was boiled for 10 minutes at “IDGnd centrifuged at 12000 rpm for 30
minutes at 4 °C. One mL of supernatant was combwddd 1 mL of Buffer A (Phoenix
Pharmaceuticals, Burlingame, CA, USA) and centefligat 12000 x g for 20 minutes, and we
collected the supernatant. After, the samples weateacted onto the C-18 sep column (Phoenix
Pharmaceuticals, Burlingame, CA, USA). The elui@ahgle was frozen at least three hours before
being placed in the lyophilizer. The lyophilizedrgale was reconstituted with one x assay buffer
for RIA detection (Phoenix Pharmaceuticals, Buring, CA, USA). Briefly, the standard peptide,
the antibody, the positive control, and unknown glas were reconstituted, and RIA buffer was
diluted with 150 mL of distilled water. Dilutiond the standard peptide and samples were prepared
and incubated at 4 °C for 16 or 24 hours. Subsetyehe **3-peptide was added and all tubes
were incubated for another 16 or 24 hours at 4A&Mer the addition of antibody, all tubes were
incubated at room temperature, centrifuged apeaunter was used to count the cpm (counts per
minute) of the pellet.



2.4. gRT PCR

Total RNA was isolated from hypothalamic tissue dissected from WT and p50 KO mice brain.
To purify RNA, the RNeasy kit (Qiagen, Milano, IWas used and RNA was digested with the
RNase Free DNase set (Qiagen, Milano, IT), accgrtbrthe manufacturer’'s protocol. RNA quality
of samples was tested by RNA electrophoresis tarenRNA integrity. RNA was quantified by
means of mySpec spectrophotometer (VWR, Milano, One micrograms of total RNA from WT
and KO hypothalamic tissue was transcribed into AD&ing murine leukemia virus reverse
transcriptase (Promega, Milano, IT) and oligo(d%)}-18 as a primer (final volume: 50 uL). Parallel
reactions containing no reverse transcriptase wsee as negative controls to confirm the removal
of all genomic DNA. The following murine-specifiagimers, previously reported in the literature
(Gutkowska et al., 2009), were used: oxytocin foomarimer 5-CCT ACA GCG GAT CTC AGA
CTG A-3, reverse primer 5- TCA GAG CCA GTA AGC QA GCA-3’, oxytocin receptor
forward primer 5’-CGA CTC AGG ACG AAG GTG GAG GA-3and reverse primer 5-AAG
ATG ACC TTC ATC ATT GTT C-3'. Amplification and dettion were performed with the ViiA7
Real Time PCR Detection System (Applied Biosystéonza, IT); the fluorescence signal was
generated by SYBR Green |. Samples were run ifidaigg in a 12 pL reaction mix containing 6 pL
of 2xSYBR Green Master Mix (BIO-RAD Laboratoriesdsate, IT), 6 pmol of each forward and
reverse primer, and 2 pL of diluted cDNA. The SYBReen Master Mix includes ROX for passive
reference. Each PCR experiment included seriatidils of a positive control for the construction
of the calibration curve, a positive and a negaldéA sample, and water blanks. The PCR
program was initiated by 10 min at 95 °C beforecy€les, each one of 1 s at 95 °C and 30 sec at 64
°C. A subsequent dissociation curve analysis \egtifihe product’'s specificity. Gene expression
levels were normalized ® Actin expression (forward primer: 5'-AGC CAT GTAST AGC CAT
CC-3, reverse primer: 5'-CTC TCA GCT GTG GTG GT@®@-8) and data are presented as the
fold change in target gene expression in p50 KOenfgpothalamic tissue normalized to the
internal control gene and relative to WT mice hyyatdmic tissue. The results were estimated;as C
values; the Qvas calculated as the mean of thdd the target gene minus the mean of thé€
the internal control gene. The @presented the mean difference between tlod @50 KO minus
the G of WT mice hypothalamic tissue. Thefold differential expression in the target gengpb0
KO compared to WT mice hypothalamic tissue was esged as2*“'. Data analysis and graphics
were performed using GraphPad Prism 5 softwarerasualts were obtained employing 7-8 mice
per group (WT and p50 KO hypothalamic tissue), aadh sample was run in triplicate for each
gene.

2.5. Reciprocal social interactions

Fine-grained measures of interactions between paasgult mice placed together in standard cages
or arenas provide the most detailed insights ietprocal social interactions (Silverman et al.,

2010). For this behavioural analysis, 6-8 pairg ¢d 6-month-old male age-matched mice for each
genotype were used and a modified version of thesi®nan protocol was applied. In particular,

experimental mice were individually housed duringldys preceding the behavioural test. Both
mice in the pair were treated either with the salmg or with vehicle and used for the test. After a
period of acclimation of 10 min into their cageaimuiet and dim experimental room, subjects were



exposed to an age, sex and strain matched unfamiligect (intruder subject) for 10 min. The 10
min social test was video recorded and later ardlys/ two independent observers on the video
collected with the IC Capture software (Vision LirBremen, DE). Duration of social activities
(that include first contact latency, anogenitalffemg, nose to nose sniffing, wrestling, following,
mounting, and pushing past each other with physicaitact) and non social activities (cage
exploring, self-grooming, and climbing) were measurDuring the test, the operator remained in
an adjacent room, separated with a dark slidingr doon the test room. Specific behaviours
observed during the social test belong to well+odi ethograms used to analyse social interaction
in laboratory mice (Grant and Mackintosh, 1962; iRpdz et al., 2011)Separate values were
obtained for each individual in a pair, but sinbe two values cannot be considered statistically
independent, pair means were used for statisticyais.

2.6. Open Field

The open field test was performed on new batchesicé. After being acclimated to the procedure
room for at least 10 min, each of WT and p50 KOen{@ge-matched adult littermates, 4-6 month
old, 6-8 mice/group) was individually videotapedidg a 5-min exploration session in a 40 cm x
40 cm Plexiglas open field activity box. Mice wgiaced in the center of the arena at the beginning
of the test period. Their movement around the amgaa recorded by a portable video camera
vertically mounted 1.5 meters above and remotehtrotled by the experimenter. The Plexiglas
box was cleaned after each individual test segsigmevent subsequent mice from being influenced
by odors deposited by previous mice. Testing wakpaed under normal room lights, during the
light phase of the circadian cycle, between 09130 5/7:30 h. Locomotor activity was recorded and
total distance travelled, average speed and iatal mobile were analysed and automatically scored
with ANY-maze software.

2.7. Satistical analysis

Unpaired t test with Welch's correction was usedR®A experiments in basal conditions (WT
versus p50 KO mice). Multiple t test corrected rfmultiple comparison using Holm-Sidak method
was used real time PCR experiments. After thertreats, analysis of variance (ANOVA) with two
levels of genotype and four levels of treatmenbeisveen group factors have been performed. In
particular, two-way ANOVA with Sidak multiple comgison tests was performed for RIA, open
field and social interaction test. Statistical gsak were performed by GraphPad Prism 5 software.
Data are presented as the means = S.E.M, withdkistecal significance level set at p<0.05.

3. Results
3.1. Oxytocin pathway in hypothalamus of p50 KO and WT mice

3.1.1. Oxytocin and oxytocin receptor



The OXT gene synthesizes an inactive precursor proteithenSON and PVN that includes the
oxytocin carrier protein neurophysin | (Grinevich &., 2015). Oxytocin, stored in vesicles, is
released by axon terminals into the blood from piteitary gland (Ludwig and Leng 2006).
Moreover, the axon terminals show several connestiwith the mesolimbic area (including
nucleus accumbens) that modulates the reward fwalsoehaviour (Dumais and Veenema, 2016;
Love, 2014). Here, first we analysed the leveldoth oxytocin precursor and oxytocin receptor
MRNA in WT and p50 KO mice. mRNA was obtained fronypothalamic tissue and
retrotranscribed to cDNA; then, specific primers daytocin and oxytocin receptor were used for
the gRT-PCR experiments. From this analysis emetigatiboth oxytocin and oxytocin receptor
MRNA are significantly lower in p50 KO comparedwl mice (Fig. 1) (oxytocin, i, = 2.56, df =
12.0 p<0.05; oxytocin receptorf, = 2.84, df = 13.0, p<0.05). To quantify the newpoijde
content we also measured oxytocin levels in hypathas of p50 KO and WT mice by RIA. We
guantified oxytocin from hypothalamus-extracted pka®. Sample extraction is a technique to
remove the effect of potentially interfering mol&s) useful to concentrate and enrich the analyte
of interest (Szeto et al., 2011). It is still maté debate the importance of sample extractioongef
oxytocin quantification. Several groups measuregtanin levels from “non extracted samples”
(Schneiderman et al., 2012, Feldman et al., 2012jsivan et al., 2012) and this generated
heterogeneous results compared to results obtambdlifferent oxytocin quantification protocols
(McCullough et al., 2013, Leng and Ludwig 2015, §emd Sabatier 2016). According to Leng and
Sabatier, that reported the importance of extractoeliminate interfering factors, we decided to
extract the samples. In line with qRT-PCR resuliasal hypothalamic oxytocin levels were
significantly lower in p50 KO compared to WT micg RIA quantification (t = 4.3, df = 4.4,
p<0.05, Figure 2A), suggesting a hypothalamic des@ein oxytocin activity based on reduced
expression of neurohormone.

3.2. THIQ effect in WT and p50 KO mice
3.2.1. Oxytocin detection after THIQ treatment by RIA

Previous data showed that MC4R agonists improvecéimral oxytocinergic tone (Sabatier et al.
2003). In the present study, an acute treatmemt WHIQ, a MC4R agonist, was executed, and the
neuropeptide content in the total hypothalamus equetified by RIA 30 min after drug injection
(Penagarikano et al., 2015). THIQ treatment induebedncrease in oxytocin level in WT and p50
KO mice (Fteraction (3, 36) = 0.46, p=0.71;Eatment(3, 36) = 10.68, p<0.0001ydFotype (1, 36) =
3.48, p=0.07; Figure 2B). These data confirm ateraction between the oxytocin and
melanocortin pathways and suggest a THIQ-dependergase in oxytocin transit from the SON
and PVN to the pituitary gland or other areas eflihain.

3.2.2. Behavioural effects after THIQ treatment

p50 KO mice are characterized by specific behaalouimpairments, including hyperactivity and
increased exploratory attitude (Bonini et al., 20D&nis-Donini et al., 2008), reduced social
interactions (Bonini et al., 2016) and decreaseuldacy to establish dominant subordinate



relationships among cage mates (Kassed et al.,)20@4modify or even revert some of these
deficits and demonstrate the central role of MC4fdnegsm in increasing the oxytocinergic
response, WT and p50 KO mice were acutely treatdd@®b, 1, or 2 mg/kg THIQ (i.p.) and tested
in the reciprocal social interaction paradigm andthe open field test 30 minutes after drug
administration. To better clarify the sort of sddahaviour performed, a more detailed analysis of
the different behaviours has been done. Social\betas have been classified as follow: “social
investigation”, that include first contact latenaypse to nose sniffing, body sniffing, nose to
anogenital sniffing, following, and “aggressive betours”, that include wrestling, mounting and
pushing past each other with physical contact. &intce analysed spent minimal time in
aggressive behaviours and no significant differemreerged between groups, only social
investigation activities were reported in the graRegarding basal behaviours, as expected and
shown in Figure 3A, p50 KO mice spent significarigs time (expressed in seconds) in social
activities compared to WT mice. Conversely, p50 ke spent more time in non-social activities
compared to WT mice (Figure 3B). Interestingly,atreent with THIQ significantly increased
social attitude both in WT and in p50 KO mice atla¢ doses used [(Social investigatiofiekction

(3, 56) = 1.37, p=0.26; tkatment (3, 56) = 16.87, p<0.0001;4drotype (1, 56) = 41.25, p<0.0001);
(Aggressive behavioursinkracion(3, 56) = 1.37, p=0.26;uEatment(3, 56) = 0.18, p=0.91;gEotype(1,

56) = 0.25, p=0.62); Figure 3A]. Concerning noniabactivity, the time spent in these actions was
significantly decreased in THIQ-treated WT and p8D mice [(Non social behavioursinfraction

(3, 56) = 1.59, p=0.201;Eament (3, 56) = 18.5, p<0.0001;¢&otype (1, 56) = 43.06, p<0.0001);
Figure 3B]. In both WT and p50 KO mice THIQ provdka significant decrease in time spent
doing exploring compared to vehicle treated mités hoteworthy that THIQ treatment did induce
in both WT and KO mice an increase in time spernihglsocial interaction without affecting
“aggressive behaviour”.

Finally, we investigated the mice locomotor and lesaiory activity by the open field test. We
confirmed the increased motor activity of p50 KOCcencompared to WT; indeed, p50 KO mice
presented an increase in distance travelled amehlking speed compared to WT mice [(Distance
travelled: Feraction (3, 45) = 1.23, p=0.31;uEatment(3, 45) = 0.93, p=0.43;gEotype(1, 45) = 13.53,
p=0.0006); (Speed:iferaction(3, 45) = 1.37, p=0.26;uEament(3, 45) = 1.01, p=0.4;gEnotype(1, 45) =
12.0, p=0.001); (Total time mobilej fraction (3, 45) = 2.86, p=0.05;Eatment(3, 45) = 1.98, p=0.13;
Fgenotype (1, 45) = 3.01, p=0.09); Figure 4]. THIQ treatmeid not manifest any significant effect
on exploratory behaviour and motility in both WTdap50 KO mice. Finally, we performed a
separate ANOVA in each dose with genotype as admivsubject factor but it did not reveal any
significant difference. These results suggest thdiQ treatment has a direct effect on social
interaction in p50 KO mice without affecting “aggséve behaviours” or locomotor activity.

3.3. Prosocial effect is mediated by the oxytocin pathway

To establish if the THIQ prosocial effect was meslilaby oxytocin, we took advantage of the
availability of an oxytocin antagonist. The compdun371,257 was administered at the dose of
300 ung/kg via intranasal administration 15 min beféHIQ treatment. For THIQ we used the 0.5
mg/kg dose. As shown in Figure 5A, the antagorimteadid not generate a behavioural response



both in WT and p50 KO mice. On the contrary, wheilcanwere cotreated with L-371,257 and
THIQ, the prosocial effect of the MC4R agonist vaéscked both in WT and p50 KO mice [(Social
investigation: Feraction(3, 62) = 0.83, p=0.48;iEatment(3, 62) = 14.79, p<0.0001 ydrotype(l, 62) =
33.44, p<0.0001); (Aggressive behaviourgiekction (3, 62) = 1.97, p=0.13;1Eatment(3, 62) = 0.74,
P=0.53; Renotype(1, 62) = 0.502, p=0.48); Figure 5A]. In additidT and pS0 KO mice spent more
time in exploration and non social activities whesated with L-371,257-THIQ compared to THIQ
only [Non social behaviours:iferaction (3, 62) = 0.96, p=0.42;Eament(3, 62) = 14.15, p<0.0001;
Fgenotype(1, 62) = 30.24, p<0.0001); Figure 5B]. Based lwese results, acutely administered THIQ
stimulates social interactions, but this behavibeaffect is eliminated when the oxytocin receptor i
blocked by L-371,257. Data obtained suggest that THIQ prosocial effect is mediated by
oxytocin pathway.

4. Discussion

In this work, we studied the effect of an acuteatimeent with THIQ, a selective melanocortin
receptor agonist, on social behaviour and measaxgibcinergic tone in WT and p50 KO mice. In
vertebrates, the oxytocin system innervates bratwaorks that modulate social behaviour and
generates attitudinal trust (Kent et al., 200lhina et al., 2016). Oxytocin has been proven to
modulate the processing of social cues in a prabaliiection by increasing the reward value of
positive social cues while buffering against exgeces of negative emotionality in healthy subjects
(Kanat et al., 2014). It emerged as a potent meoiulaf diverse aspects of interpersonal
relationships (Patin et al., 2017). Interestingtyore than twenty years ago, a link between the
oxytocin pathway and autism spectrum disorders (A&Derged. Indeed, several studies revealed a
deficit of oxytocin/oxytocin receptor in ASD patisrbrain (Jacob et al., 2007; Gregory et al., 2009)
and low plasma oxytocin levels (Modahl et al., 1;988dari et al., 2010). Surprisingly, a single
intranasal dose of oxytocin was able to improveaqeerformance (Andari et al., 2010; Guastella
et al., 2010).

We previously demonstrated that p50 KO mice exhitsthavioural impairments such as
hyperactivity, increased locomotor and exploratagtivities, and reduced social interactions
(Bonini et al., 2016). Considering behavioural @tens found in p50 KO mice, we asked if
hypothalamic oxytocin pathway could be involveg50 KO mice behaviour impairments.

First, we found lower mRNA levels of both oxytocprecursor and oxytocin receptor in the
hypothalamus of p50 KO when compared to WT micehis regard, it has been demonstrated that
p65 NF«B subunit interacts with the oxytocin pathway anaddorates its expression (Soloff et al.,
2006; Kim et al., 2015). Moreover, we previoushakesated p65 protein levels in p50 KO neuronal
cortical cells and we found that p50 KO expressgdifsccantly higher protein levels (+152%)
compared with WT neurons (Bonini et al., 2011). fBfiere, we hypothesize that the low expression
of oxytocin pathway components could be associa@t-+«B pathway alteration.

Central oxytocin is released both axonally and godendritically from the magnocellular and

parvocellular neurons in the PVN and in mesolimhiea such as ventral tegmental area and
nucleus accumbens (Peris et al., 2017). In paadictihe mesolimbic area acts as reinforcement for
many behavioural responses, including social ictemas (Salamone and Correa, 2012). The



reduced expression of hypothalamic oxytocin andtapig receptor could lead to a decreased
mesolimbic response that could explain the poorasbdehaviour in the p50 KO compared to WT
mice. Furthermore, we cannot rule out that the cedwsociality of p50 KO mice generates a down
regulation of the oxytocin. Indeed, the same soicigdraction increases the release of oxytocin,
therefore p50 KO mice might have a social defidiick could lead to oxytocin down-regulation.
These findings are consistent with previous studiesving that the oxytocin pathway modulates
prosocial behaviours and that deficits in the ogiytosystem generate sociability impairments
(Kirsch, 2015). Furthermore, several mouse modeélsenrodevelopmental disorders present an
oxytocin and/or oxytocin receptor dysregulationcfRi2015). Finally, some drug treatments with
oxytocin have been performed both in murine modatsl/or humans to ameliorate social
impairments, but ambiguous results were obtainediedd, despite the central role of the oxytocin
system in prosocial behaviour and promising resabitained with oxytocin by intranasal treatment,
its clinical use presents some important limitagiom particular, only a minimal amount of the
huge quantity of oxytocin applied intranasally feax the cerebrospinal fluid; on the contrary,
intranasal application produce large and prolorigerkases in circulating oxytocin, that can trigger
actions on reproductive organs, the heart, andrgasdstinal tract (Leng and Ludwig, 2016).
Furthermore, intranasal oxytocin administration spré wide variability of response between
individuals, and this can be due to variations matamy and resultant airflow dynamic,
vascularisation, status of blood vessels, mod@aysapplication, etc. (Guastella et al., 2012). Fo
this reason we focused our attention on a smallpeptide molecule with high affinity and
selectivity for the melanocortin 4 receptor (MC4RHIQ (Wikberg and Mutulis, 2008). MC4R is
known to play a central role in food intake andrggeexpenditure (Krashes et al., 2016). Moreover,
several studies demonstrated the involvement of RI@so in neuroinflammation and sexual
activity (Muceniece et al., 2007; Lansdell et 20]10). Recently, Modi and colleagues have found a
link between MC4R activation and behaviours of partpreference associated with the oxytocin
pathway in prairie voles (Modi et al., 2015). IndegMC4R activation interacts with several
mesolimbic pathways such as oxytocin, dopamine aambtonin that modulate behaviours
connected to reward, as mentioned above (Roseleera)., 2015). Melanocortin agonism was
reported to increase prosocial activity and to oedoxytocin release in the brain (Sabatier et al.,
2003). More specifically, MC4R agonists were shawninduce substantial release of oxytocin
from dendrites in isolated hypothalamic supraopticlei (Sabatier et al., 2003). Our results
demonstrated how, after THIQ treatment, oxytocirbath WT and p50 KO mice is significantly
increased over basal values at all tested dosescellave suggest a direct role for THIQ in
increasing oxytocinergic tone by stimulating oxytoelease.

Our behavioural tests showed that 0.5 mg/kg THIQtedreatment is able to improve social
interactions between unfamiliar p50 KO mice. Théedings are consistent with previous data
showing that animals treated with melanocortin #&enexhibit more prosocial behaviours
compared to control group (Pefiagarikano et al.520odi et al., 2015). Indeed, we observed a
strong prosocial effect also in WT mice treatedhwitHlQ compared to basal WT mice.

Although the prosocial response of MC4R agonistdctte explained by an oxytocinergic tone
improvement, some mechanisms need to be bettaredefin fact, some authors did not observe
changes in the oxytocin content in microdialysatainples collected in the somatosensory
hypothalamic area after treatment witMSH analogues in rats (Paiva et al., 2016). Morgove



although Modi and colleagues hypothesized that moé¢éan || @MSH analogue) could increase
hypothalamic concentration of oxytocin and its aske in mesolimbic area, they failed to prove it
experimentally in female prairie voles (Modi et, &015). On the other hand, Pefagarikano and
colleagues (2015) reported a social improvementaamdndogenous oxytocin release after MC4R
agonist in an ASD mouse model. From our resultbeiraviour and RIA, we hypothesize that acute
THIQ treatment could increase hypothalamic oxytdeirel, affecting social behaviour in p50 KO
mice that become more prone to socialize. The tesilitained cotreating mice with the oxytocin
receptor antagonist L-371,257 could validate thypdthesis. Indeed, L-371,257 blocked the
prosocial action of 0.5 mg/kg THIQ both in WT amdp50 KO mice during behavioural testing.
Moreover, mice treated with the oxytocin antagorsBbwed a social behaviour equal to that
observed in basal groups. Overall, these resutiscoatribute to better defining MC4R agonist’s
role in the regulation of social behaviour througdytocin action.

In conclusion, data obtained in this study demeastr that p50 KO mice present an oxytocin
pathway down regulation in the hypothalamus con&eWT mice. Moreover, THIQ treatment
significantly increases social interactions bothWT and p50 KO mice, and this effect could be
mediated by oxytocin since it is counteracted byoawytocin receptor antagonist. At present, the
mechanism by which THIQ affects oxytocin pathwayuiees further insights. Our results
corroborate once again an important role for MC4Rsbcial oxytocin-mediated behaviour.
Moreover, future studies will be needed to betendnstrate the central role of MCR4 agonism to
improve social deficits through the oxytocin patlgwa
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Figure Captions

Fig. 1. mRNA expression of oxytocin and oxytocin receptothie hypothalamus of WT and p50 KO mice.
Both oxytocin (OXY) and oxytocin receptor (OXY-Rdahscripts were significantly lower in p50 KO
compared to WT mice (*p<0.05). Multiple t test aysd¢ and statistical significance determined ushey
Holm-Sidak method. Data are expressed as the m&hB.M. and relative quantification of target geves
expressed as’2“". Target gene expression was normalize@-atin expression.

Fig. 2. Oxytocin detection in WT and p50 KO hypothalamusRif. Under basal conditions, hypothalamic
oxytocin levels were significantly lower in p50 K&®@mpared to WT mice (Af%<0.05 vs WT miceData
are expressed as the mean * S.E.M. Unpaired twigst Welch’s correction was done. After THIQ
administration, an oxytocin increase in both WT &@ mice was observed (B). **p<0.01 vs WT VH,
***n<0.001 vs WT VH, #p<0.05 vs KO VH. Data are erpsed as the mean + S.E.M. Two-way ANOVA
followed by the Sidak's multiple comparisons teaswxecuted.

Fig. 3. Effect of THIQ treatment on social behaviour in VEfd p50 KO mice by the reciprocal social
interaction testThe experimental mice were individually housed gthe 5 days preceding the behavioural



test. Both mice in the pair were treated eithehtie same drug or with vehicle and used for a fOswocial
test. (A) Social investigation includes first carttdatency, nose-nose sniffing, ano-genital sniffibody
sniffing and following. (B) The following non sotiactivities were evaluated: exploring and selfegrong.
*p<0.05 vs WT VH, *p<0.005 vs WT VH, ##p<0.005 ¥ VH, ###p<0.0005 vs KO VH, ####p<0.0001
vs KO VH, §88p<0.0005 vs WT VH. Data are expressednean + S.E.M. Two-way ANOVA followed by
the Sidak’s multiple comparisons test was executed.

Fig. 4. Effect of THIQ treatment on WT and p50 KO mice iyt by Open Field Test. Graphic
representation of data collected in the open fietd by automatically measuring the total distanaeelled
(A), the speed (B) and the total time mobile (Chatd confirmed a higher exploratory behaviour and
locomotor activity in p50 knock out (KO) comparen wild type (WT) mice treated with vehicle (VH).
**p<0.01 by two-way ANOVA followed by the Sidak’suitiple comparison test.

Fig. 5. Effects of L-371,257 treatment on social behaviolMWT and p50 KO miceThe compound L-
371,257 was administered at a dose of 300 pg/kgintranasal administration 15 min before THIQ
treatment; subsequently, social interaction testuag executed. Duration of social activities (Ay aron
social activities (B) were measured. (A) Social estigation includes first contact latency, noseenos
sniffing, ano-genital sniffing, body sniffing andliowing. (B) The following non social activitiesese
evaluated: exploring and self-grooming. *p<0.05W3 VH, **p<0.005 vs WT VH, °°°p<0.0005 vs THIQ
WT, °°°°p<0.0001 vs THIQ WT, #p<0.05 vs KO VH, &p£® vs THIQ KO, &&p<0.005 vs THIQ KO,
£££p<0.001 vs WT VH. Data are expressed as the me&rE.M. Two-way ANOVA followed by the
Sidak’s multiple comparisons test was executed.

References

Andari, E., Duhamel, J.R., Zalla, T., Herbrecht,lEeboyer, M., Sirigu, A., 2010. Promoting sociahlavior
with oxytocin in high-functioning autism spectrunisarders. Proc Natl Acad Sci U S A. ;107, 4389-4394

Beasley, C.L., Honavar, M., Everall, I.P., Cotter, 2009. Two-dimensional assessment of cytoarctuite
in the superior temporal white matter in schizoprag major depressive disorder and bipolar disorder
Schizophr. Res. 115, 156-162.

Berry, R.J., Bronson, F.H., 1992. Life history dideconomy of the house mouse. Biological revieipwhe
Cambridge Philosophical Society 67, 519-550

Bonini, S.A., Ferrari-Toninelli, G., Uberti, D., Minaro, M., Buizza, L., Lanni, C., Grilli, M., Meonp M.,
2011. Nuclear factoxB-dependent neurite remodeling is mediated by Npt&thway. J. Neurosci. 31 (32),
11697-11705.

Bonini, S.A., Mastinu, A., Maccarinelli, G., Mital&., Premoli, M., La Rosa, L.R., Ferrari-Tonine(d.,
Grilli, M., Memo, M., 2016. Cortical structure alédions and social behavior impairment in p50-defit
mice. Cereb. Cortex (26), 2832-2849.

Budday, S., Steinmann, P., Kuhl, E., 2015. Physitalogy of human brain development. Frontiers in
Cellular Neuroscience (9), 257.

Casanova, M.F., Tillquist, C.R., 2008. Encephailirgatemergent properties, and psychiatry: a minicwolar
perspective. Neuroscientist 14, 101-118.



Casanova, M.F., van Kooten, I.A., Switala, A.E.n\@ngeland, H., Heinsen, H., Steinbusch, H.W., Hof,
P.R., Trippe, J., Stone, J., Schmitz, C., 2006.iddlamnar abnormalities in autism. Acta Neuropatht?,
287-303.

de Valle, E., Grigoriadis, G., O'Reilly, L.A., W8l S.N., Maxwell, M.J., Corcoran, L.M., Tsantikds,,
Cornish, J.K., Fairfax, K.A., Vasanthakumar, A.pBmio, M.A., Hibbs, M.L., Pellegrini, M., BanerjeA.,
Hodgkin, P.D., Kallies, A., Mackay, F., Strasser, &erondakis, S., Gugasyan, R., 2016. ¥Ba- is
essential to prevent the development of multiorgatoimmunity by limiting IL-6 production in follidar B
cells. J. Exp. Med. 213 (4), 621-641.

Denis-Donini, S., Dellarole, A., Crociara, P., Frase, M.T., Bortolotto, V., Quadrato, G., Canonied,.,
Orsetti, M., Ghi, P., Memo, M., Bonini, S.A., Fetrdoninelli, G., Grilli, M., 2008. Impaired adult
neurogenesis associated with short-term memoryctefie NF-kappaB p50-deficient mice. J. Neuros8i. 2
3911-3919.

Dumais, K.M., Veenema, A.H., 2016. Vasopressin amgtocin receptor systems in the brain: Sex
differences and sex-specific regulation of soc&ldviour. Front. Neuroendocrinol. 40, 1-23.

Feldman, R., Zagoory-Sharon, O., Weisman, O., Sdhnmaan, ., Gordon, |., Maoz, R., Shalev, I., st
R.P., 2012. Sensitive parenting is associated pliittma oxytocin and polymorphisms in the OXTR and
CD38 genes. Biol Psychiatry. 72, 175-181.

Gaudissard J., Ginger M., Premoli M., Memo M., ki, Pietropaolo S., 2017. Behavioural abnormediti
in the FMR1-KO2 mouse model of Fragile X syndrothe: relevance of early life phases. Autism Research
10, 1584-1596.

Gordon, I., Vander Wyk, B.C., Bennett, R.H., CondeeC., Lucas, M.V., Eilbott, J.A., Zagoory-Shar@hn,
Leckman, J.F., Feldman, R., Pelphrey, K.A., 2018yt@cin enhances brain function in children with
autism. Proc. Natl. Acad. Sci. 110, 20953-20958.

Grant, E.C., Mackintosh J.H., 1963. A comparisontttéd social postures of some common laboratory
rodents. Behaviour. 3, 246-259.

Gregory, S.G., Connelly, J.J., Towers, A.J., Johnsh, Biscocho, D., Markunas, C.A., Lintas, C.,
Abramson, R.K., Wright, H.H., Ellis, P., Langfor@d,F,, Worley, G., Delong, G.R., Murphy, S.K., Cutga
M.L., Persico, A., Pericak-Vance, M.A., 2009. Geiwrand epigenetic evidence for oxytocin receptor
deficiency in autism. BMC Med.7, 62.

Grilli, M., Memo, M., 1999. Nuclear factor-kappaBIRproteins: a point of convergence of signalling
pathways relevant in neuronal function and dysfienctBiochem. Pharmacol. 57, 1-7.

Grinevich, V., Desarménien, M.G., Chini, B., Taubkt., Muscatelli, F., 2015. Ontogenesis of oxytocin
pathways in the mammalian brain: late maturatich@ychosocial disorders. Front. Neuroanat. 20, 164

Grunewald, G.L., Caldwell, T.M., Li, Q., Slavica,.MCriscione, K.R., Borchardt, R.T., Wang, W., 1999
Synthesis and biochemical evaluation of 3-fluordwikel,2,3, 4-tetrahydroisoquinolines as selective
inhibitors of phenylethanolamine N-methyltransferagrsus the alpha(2)-adrenoceptor. J. Med. Ch&m. 4
3588-3601.

Guastella, A.J., Einfeld, S.L., Gray, K.M., Rinethax.J., Tonge, B.J., Lambert, T.J., Hickie, 1.RQ10.
Intranasal oxytocin improves emotion recognitionyfouth with autism spectrum disorders. Biol Psgtiyi
67, 692-694.



Guastella, A.J., Hickie, 1.B., McGuinness, M.M. M., Woods, E.A., Disinger, H.M., Chan, H.K., &%
T.F., Banati, R.B., 2013. Recommendations for ttaadardisation of oxytocin nasal administration and
guidelines for its reporting in human research.cRepeuroendocrinology 38, 612-625.

Gutierrez, H., Davies, A.M., 2011. Regulation ofire process growth, elaboration and structurastjuiy
by NF«B. Trends Neurosci. 34, 316-325.

Gutkowska, J., Broderick, T.L., Bogdan, D., Wang, [Cavoie, J.M., Jankowski, M., 2009. Downregulatio
of oxytocin and natriuretic peptides in diabetessgible implications in cardiomyopathy. J. Phys&87,
4725-4736.

Innocenti, G.M., Ansermet, F., Parnas, J., 2003iZ8phrenia, neurodevelopment and corpus callosum.
Mol. Psychiatry 8 (3), 261-274.

Jacob, S., Brune, C.W., Carter, C.S., Leventhdl,.,B.ord, C., Cook, E.H., 2007. Association of the
oxytocin receptor gene (OXTR) in Caucasian childred adolescents with autism. Neurosci. Lett. 19,

Ji, N.Y., Findling, R.L., 2016. Pharmacotherapy foental health problems in people with intellectual
disability. Curr. Opin. Psychiatry 29 (2), 103-125.

Kanat, M., Heinrichs, M., Domes, G., 2014. Oxyto@nd the social brain: neural mechanisms and
perspectives in human research. Brain Res. 158,160

Kassed, C.A., Herkenham, M., 2004. NF-kappaB p3Si&idat mice show reduced anxiety-like behaviors in
tests of exploratory drive and anxiety. Behav. Br&es. 154, 577-584.

Kent, P., Awadia, A., Zhao, L., Ensan, D., Silva, Dayer, C., James, J.S., Anisman, H., Merali2@16.
Effects of intranasal and peripheral oxytocin ostga-releasing peptide administration on socitgriaction
and corticosterone levels in rats. Psychoneurogimogy 64, 123-130.

Kim, S.H., Macintyre, D.A., Firmino Da Silva, M.,l&ks, A.M., Lee, Y.S., Thornton, S., Bennett, P.R.
Terzidou, V., 2015. Oxytocin activates NB-mediated inflammatory pathways in human gestation
tissues. Mol. Cell. Endocrinol. 403, 64-77.

Kirsch, P., 2015. Oxytocin in the socioemotionadibr implications for psychiatric disorders. Dialeg
Clin. Neurosci. 17 (4), 463-476.

Krashes, M.J., Lowell, B.B., Garfield, A.S., 20Idelanocortin-4 receptor-regulated energy homeastasi
Nat. Neurosci. 19, 206-219.

Kucharczak, J., Simmons, M.J., Fan, Y., Gélinas,2003. To be, or not to be: NF-kappaB is the answe
role of Rel/NF-kappaB in the regulation of apopso§incogene (22), 8961- 8982.

Lamberti, M., Siracusano, R., Italiano, D., N. Alds. Cucinotta, G. Di Rosa, E. Germano, E. Spha,
Gagliano, 2016. Head-to-Head Comparison of Arigipta and Risperidone in the Treatment of ADHD
Symptoms in Children with Autistic Spectrum Disardend ADHD: A Pilot, Open-Label, Randomized
Controlled Study. Paediatr. Drugs 18, 319-329.

Lansdell, M.1., Hepworth, D., Calabrese, A., BrownD., Blagg, J., Burring, D.J., Wilson, P., Fradet,
Brown, T.B., Quinton, F., Mistry, N., Tang, K., Mot N., Stacey, P., Edmunds, N., Adams, C., Galjoard
S., Neal-Morgan, S., Wayman, C., Cole, S., PhigpsLewis, M., Verrier, H., Gillon, V., Feeder, N.,



Heatherington, A., Sultana, S., Haughie, S., Ma&iW., Sudworth, M., Tweedy, S., 2010. Discoveirao
selective small-molecule melanocortin-4 receptamigf with efficacy in a pilot study of sexual dyasttion
in humans. J. Med. Chem. 53, 3183-3197.

Lazzari P., Serra, V., Marcello, S., Pira, M., Mgt A., 2017. Metabolic side effects induced bgraapine
treatment are neutralized by CB1 receptor antagaampounds co-administration in female rats. Eur.
Neuropsychopharmacol. pii: S0924-977X(17)30192-%: #0.1016/j.euroneuro.2017.03.010.

Lee, M.R., Scheidweiler, K.B., Diao, X.X., AkhlaghF., Cummins, A., Huestis, M.A., Leggio, L.,
Averbeck, B.B., 2017. Oxytocin by intranasal antramenous routes reaches the cerebrospinal fluid in
rhesus macaques: determination using a novel oxy&ssay. Mol Psychiatry. Epub ahead of print

Leng, G., Ludwig, M., 2016. Intranasal Oxytocin: ty and Delusions. Biol Psychiatry.79, 243-250.

Leng, G., Sabatier, N., 2016. Measuring Oxytocid ¥asopressin: Bioassays, Immunoassays and Random
Numbers. J Neuroendocrinol. 28, 10.

Love, T.M., 2014. Oxytocin, motivation and the rofedopamine. Pharmacol. Biochem. Behav. 119, 49-60

Ludwig, M., Leng, G., 2006. Dendritic peptide redeaand peptide-dependent behaviours. Nat Rev Nguros
7 (2), 126-136.

MacDonald, K., MacDonald, T.M., Brine, M., Lamb,, KVilson, M.P., Golshan, S. Feifel, D., 2013.
Oxytocin and psychotherapy: a pilot study of itygblogical, behavioral and subjective effects iales
with depression. Psychoneuroendocrinology 38 (@23,1-2843.

Martin, W.J., McGowan, E., Cashen, D.E., Ganter,. LDrisko, J.E., Hom, G.J., Nargund, R., Sebhat,
Howard, A.D., Van der Ploeg, L.H., Macintyre, D.RQ02. Activation of melanocortin MC(4) receptors
increases erectile activity in rats ex copula. HuPharmacol. 454, 71-79.

Mastinu, A., Pira, M., Pani, L., Pinna, G.A., LadzaP., 2012. NESS038C6, a novel selective CB1
antagonist agent with anti-obesity activity and iayed molecular profile. Behav Brain Res. 234, 292-

Mattson, M.P., 2005. NkBin the survival and plasticity of neurons. Neureich Res. 30, 883-893.

McCullough, M.E., Churchland, P.S., Mendez, A.012 Problems with measuring peripheral oxytocin:
can the data on oxytocin and human behavior b&ett@dNeurosci Biobehav Rev. 37, 1485-1492.

Mens, W.B., Witter, A., van Wimersma Greidanus, .T83. Penetration of neurohypophyseal hormones
from plasma into cerebrospinal fluid (CSF): halfitis of disappearanceof these neuropeptides from CSF
Brain Res. 262,143-149.

Minegishi, Y., Haramizu, S., Misawa, K., Shimotopnde, A., Hase, T., Murase, T., 2015. Deletion of
nuclear factonB p50 upregulates fatty acid utilization and cdnites to an anti-obesity and high-endurance
phenotype in mice. Am. J. Physiol. Endocrinol. Meta09 (6), E523-E533.

Modahl, C., Green, L., Fein, D., Morris, M., Wateuse, L., Feinstein, C., Levin, H., 1998. Plasmgaoin
levels in autistic children. Biol Psychiatry. 43,®277.

Modi, M.E., Inoue, K., Barrett, C.E., Kittelbergef.A., Smith, D.G., Landgraf, R., Young, L.J., 2015
Melanocortin Receptor Agonists Facilitate OxytoEiapendent Partner Preference Formation in thei®rair
Vole. Neuropsychopharmacology 40, 1856-1865.



Modi, M.E., Majchrzak, M.J., Fonseca, K.R., Doraxn, Osgood, S., Vanase-Frawley, M., Feyfant, E.,
Mclnnes, H., Darvari, R., Buhl, D.L., Kablaoui, N.M2016. Peripheral Administration of a Long-Acting
Peptide Oxytocin Receptor Agonist Inhibits Feardioeld Freezing. J. Pharmacol. Exp. Ther. 358, 1@4-17

Muceniece, R., Zvejniece, L., Vilskersts, R., Liegh, E., Baumane, L., Kalvinsh, I., Wikberg, J.E.,
Dambrova, M., 2007. Functional evaluation of THEQmMelanocortin 4 receptor agonist, in models ofifoo
intake and inflammation. Basic. Clin. Pharmacolxitol. 101, 416-420.

Nishina, K., Takagishi, H., Inoue-Murayama, M., @hkshi, H., Yamagishi, T., 2015. Polymorphism @f th
Oxytocin Receptor Gene Modulates Behavioral andtuiihal Trust among Men but Not Women. PL0S
One 10, e0137089.

Paiva, L., Sabatier, N., Leng, G., Ludwig, M., 20Effect of Melanotan-1l on Brain Fos Immunoreaitiv
and Oxytocin Neuronal Activity and Secretion in &k Neuroendocrinol. 29 (2).

Patin, A., Scheele, D., Hurlemann, R., 2017. Oxytand Interpersonal Relationships. Curr Top Behav
Neurosci. Epub ahead of print.

Pefiagarikano, O., Lazaro, M.T., Lu, X.H., Gordon, Bong, H., Lam, H.A., Peles, E., Maidment, N.T.,
Murphy, N.P., Yang, X.W., Golshani, P., GeschwiBd{., 2015. Exogenous and evoked oxytocin restores
social behavior in the Cntnap2 mouse model of autici. Transl. Med. 7, 271ra8.

Peris, J., MacFadyen, K., Smith, J.A., de KloeD AWang, L., Krause, E.G., 2017. Oxytocin receptae
expressed on dopamine and glutamate neurons imélse ventraltegmental area that project to nucleus
accumbens and other mesolimbic targets. J. ComroNé&25 (5), 1094-1108.

Rich, M.E., Caldwell, H.K., 2015. A Role for Oxytoc in the Etiology and Treatment of
Schizophrenia. Frontiers in Endocrinology 6, 90.

Roseberry, A.G., Stuhrman, K., Dunigan, A.l., 20R&gulation of the mesocorticolimbic and mesositiat
dopamine systems by-melanocyte stimulating hormone and agouti-relgieatein. Neurosci. Biobehav.
Rev. 56, 15-25.

Sabatier, N., Caquineau, C., Dayanithi, G., Bull,®duglas, A.J., Guan, X.M., Jiang, M., Van deod®, L.,
Leng, G., 2003. Alpha-melanocyte-stimulating horeaatimulates oxytocin release from the dendrites of
hypothalamic neurons while inhibiting oxytocin r@$e from their terminals in the neurohypophysis, J.
Neurosci. 23, 10351-10358.

Salamone, J.D., Correa, M., 2012. The mysteriousvat@dnal functions of mesolimbic dopamine. Neuron
76 (3), 470-485.

Schneiderman, 1., Zagoory-Sharon, O., Leckman, Bétfdman, R. 2012. Oxytocin during the initialgga
of romantic attachment: relations to couples' ext@ve reciprocity. Psychoneuroendocrinology. 377
1285.

Sebhat, I.K., Martin, W.J., Ye, Z., Barakat, K., s$fley, R.T., Johnston, D.B., Bakshi, R., Palucki, B.
Weinberg, D.H., MacNeil, T., Kalyani, R.N., Tang,, Btearns, R.A., Miller, R.R., Tamvakopoulos, C.,
Strack, A.M., McGowan, E., Cashen, D.E., Drisk&.JHom, G.J., Howard, A.D., Macintyre, D.E., vaard
Ploeg, L.H., Patchett, A.A., Nargund, R.P., 2002esign and pharmacology of N-[(3R)-1,2,3,4-
tetrahydroisoquinolinium-3-ylcarbonyl]-(1R)-1-(44ohobenzyl)-2-[4-cyclohexyl-4-(1H-1,2,4-triazol-1-
ylmethyl)piperidin-1-yl]-2-oxoethylamine (1), a jott, selective, melanocortin subtype-4 receptonisgal.
Med. Chem. 45, 4589-4593.



Shilling, P.D., Feifel, D., 2016. Potential of Omgtn in the Treatment of Schizophrenia. CNS Drug$33,
193-208.

Silverman, J.L., Yang, M., Lord, C., Crawley, J.R010. Behavioural phenotyping assays for mousecstaod
of autism. Nat. Rev. Neurosci., 11, 490-502.

Singer, T., Snozzi, R., Bird, G., Petrovic, P.a8i] G., Heinrichs, M., Dolan, R.J., 2008. Effeat®xytocin
and prosocial behavior on brain responses to diettvicariously experienced pain. Emotion 8, 781-7

Soloff, M.S., Izban, M.G., Cook, D.L. Jr, Jeng, .Y Mifflin, R.C., 2006. Interleukin-1-induced NF{paB
recruitment to the oxytocin receptor gene inhiB¥dA polymerase ll-promoter interactions in cultured
human myometrial cells. Mol. Hum. Reprod. 12 (B1)9-24.

Southern, S.L., Collard, T.J., Urban, B.C., Sk&ééR., Smartt, H.J., Hague, A., Oakley, F., Townsdhd\.,
Perkins, N.D., Paraskeva, C., Williams, A.C., 20BAG-1 interacts with the p50-p50 homodimeric NF-
kBcomplex: implications for colorectal carcinogeise§incogene 31 (22), 2761-2772.

Stoner, R., Chow, M.L., Boyle, M.P., Sunkin, S.MMouton, P.R., Roy, S., Wynshaw-Boris, A.,
Colamarino, S.A., Lein, E.S., Courchesne, E. 20atches of disorganization in the neocortex ofdcéi
with autism. N. Engl. J. Med. 370, 1209-1219.

Szeto, A., McCabe, P.M., Nation, D.A., Tabak, BRagssetti, M.A., McCullough, M.E., Schneiderman, N.
Mendez, A.J., 2011. Evaluation of enzyme immunoaasa radioimmunoassay methods for the
measurement of plasma oxytocin. Psychosom Med@393400.

Teng, B.L., Nikolova, V.D., Riddick, N.V., AgsteK.L., Crowley, J.J., Baker, L.K., Koller, B.H., Pagen,
C.A., Jarstfer, M.B., Moy, S.S., 2016. Reversalsotial deficits by subchronic oxytocin in two auatis
mouse models. Neuropharmacology 105, 61-71.

Weisman, O., Zagoory-Sharon, O., SchneidermaGadrdon, |., Feldman, R., 2013. Plasma oxytocin
distributions in a large cohort of women and med #ueir gender-specific associations with anxiety.
Psychoneuroendocrinology. 38, 694-701.

Wikberg, J.E., Mutulis, F., 2008. Targeting melamic receptors: an approach to treat weight disrand
sexual dysfunction. Nat. Rev. Drug. Discov. 7 @)7-323.

Woolley, J.D., Chuang, B., Lam, O., Lai, W., O'Deaq, A., Rankin, K.P., Mathalon, D.H., Vinograd&:,
2014. Oxytocin administration enhances controllextisd cognition in patients with schizophrenia.
Psychoneuroendocrinology 47, 116-125.



OXY-R

oxY

_|

2.5

T
e
o~

. .
© o
- b

('n"e) uoissaidxa aAlje|al YNNW

0.5

0.0



1.0

[THIQ mg/kg]

20

15

JwyBd up03Axo

2.0+

T T
5. 0.

qu/bd upoifxo

0.5+

0.0



>

Social activity time (s)

400 4 0= wr

Il KO

* *%
*
300+ T e T
i
##
200 4
§88
100
0 m;;Ikg 05 nllglkg 1 mélkg 2 mlglkg

Non social activity time (s)

600 - O WwWT

Il KO
§88§
400 z i
T i
* *
*%
200 4
0 T T T T
0 mglkg 0.5 mglkg 1 mglkg 2 mglkg



>

25+ awr
I KO
. 20 *%
E
o
=
= 151
>
E
8
2 104
s
.
=]
5
0 T T T T
0 mglkg 0.5 mglkg 1 mglkg 2 mglkg
0.084
**
0.06 1
@
E
o 0.04
o
o
Q
2]
0.024 ‘ \
0.00 T T T T
0 mglkg 0.5 mglkg 1 mglkg 2 mglkg
3001
*%
-
T T
0
@ 200
3
o
£
o
E
E 100
o
s
0

T T T T
0 mglkg 0.5 mglkg 1 mglkg 2 mglkg



-
o
o

w
o
o

Social activity time (s)
g 2

O Wt

* EE KO
# 000
T
o000
£££ &
88
VH L371 THIQ L371+THIQ

w

Non social activity time (s)

600 - = \'zg
88 |

oooo &
l 000

400 - l

=
*%k
200 -
0 T T T T
VH L371 THIQ L371+THIQ



Highlights:
e p50 KO mice display poor social behavior, with a reduction in social interaction
e p50 KO mice present both oxytocin and oxytocin receptor mRNA levels down-regulation
e MC4-R agonist THIQ is able to improve social interaction between unfamiliar p50 KO mice

o THIQ prosocial effects are mediated by oxytocin pathway



