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Abstract

Currently, there are no established pharmaceutical strategies that effectively treat social deficits in
autism spectrum disorder (ASD). Oxytocin, a neurohormone that plays a role in multiple types of
social behaviors, has been proposed as a possible therapeutic against social impairment and other
symptoms in ASD. However, from the standpoint of pharmacotherapy, oxytocin has several
liabilities as a standard clinical treatment, including rapid metabolism, low brain penetrance, and
activity at the vasopressin (antidiuretic hormone) receptors. The present studies describe findings
from a preclinical screening program to evaluate oxytocin receptor (OXTR) agonists and oxytocin
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metabolites for potential clinical use as more optimal treatments. We first investigated two
synthetic oxytocin analogs, TC-OT-39 and carbetocin, using /n vitro cell-based assays for
pharmacological characterization and behavioral tests in the BALB/cByJ mouse model of ASD-
like social deficits. Although both TC-OT-39 and carbetocin selectively activate the OXTR, neither
synthetic agonist had prosocial efficacy in the BALB/cByJ model. We next evaluated two oxytocin
metabolites: OT(4-9) and OT(5-9). While OT(5-9) failed to affect social deficits, the metabolite
OT(4-9) led to significant social preference in the BALB/cByJ model, in a dose-dependent
manner. The increased sociability was observed at both 24 hr and 12 days following the end of a
subchronic regimen with OT(4-9) (2.0 mg/kg). Overall, these results suggest that the prosocial
effects of oxytocin could be mediated by downstream activity of oxytocin metabolites, raising the
possibility of new pathways to target for drug discovery relevant to ASD.

1.

Introduction

The cyclic nonapeptide hormone oxytocin was first recognized for its role in the control of
uterine contractions during parturition and was later shown to be important for mother-infant
bonding (Gimpl and Fahrenholz, 2001). An ever-growing body of work demonstrates that
oxytocin also has complex roles in controlling a wide range of socially relevant behaviors
and that disruption of oxytocinergic systems may contribute to neuropsychiatric disorders
with social impairment, including autism spectrum disorder (ASD), schizophrenia (Romano
et al., 2015), and anxiety disorders (Neumann and Slattery, 2016). The roles of oxytocin in
controlling neural processes, specifically those related to sociability, have led to the
investigation of its clinical utility in treating mental health conditions (Bowen and Neumann,
2017; Feifel et al., 2016; Martinetz and Neumann, 2016; Neumann and Slattery, 2016; Rich
and Caldwell, 2015). The strong interest in the therapeutic potential of oxytocin is
highlighted by numerous clinical studies examining the effects of single use and extended
exposure to oxytocin on social deficits in ASD, schizophrenia, and other disorders.

The initial reports of oxytocin’s clinical effects on ASD symptoms demonstrated that
intravenous infusion of oxytocin reduced repetitive behaviors and improved social cognition
in adult ASD subjects (Hollander et al., 2007; Hollander et al., 2003). More recent studies
have utilized the less invasive route of intranasal administration for oxytocin treatment. An
overview of randomized controlled trials of intranasal oxytocin in ASD shows the most
notable benefits include increased emotion recognition, enhanced social cognition, and
greater social direction of eye gaze (Preti et al., 2014). Studies with ASD subjects have
correlated improvements following acute, single-dose oxytocin treatment with increased
neuronal activity in the prefrontal cortex (Aoki et al., 2015; Watanabe et al., 2014) and the
right anterior insular cortex (Aoki et al., 2014). Similar behavioral and functional effects
have also been observed after five- and six-week oxytocin regimens (Watanabe et al., 2015;
Yatawara et al., 2016). In addition to ASD, oxytocin has been shown to have therapeutic
efficacy in schizophrenia (Feifel et al., 2010; Gibson et al., 2014; Guastella et al., 2015;
Pedersen et al., 2011), and is being evaluated as a possible intervention in several other
disorders (Cochran et al., 2013). However, across these published clinical studies, oxytocin
treatment generally has small-to-moderate effect sizes and occasionally fails to exert any
positive benefits (Bakermans-Kranenburg and van 1Jzendoorn, 2013). One explanation for

Neuropharmacology. Author manuscript; available in PMC 2020 July 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moy et al.

Page 3

the equivocal results may be the patient population. For example, in a recent report, children
with ASD with the lowest pretreatment oxytocin levels had the greatest response to oxytocin
treatment (Parker et al., 2017). Overall, the results from these initial clinical studies make it
clear that further research is required to realize oxytocin’s unique potential as a treatment for
social deficits and other symptoms associated with neuropsychiatric disorders.

One major limitation concerning the use of oxytocin as an intervention is its poor
pharmacokinetic properties. Since oxytocin is not orally available, clinical studies have
typically used intravenous or intranasal routes of administration. Independent of
administration route, oxytocin is metabolically unstable and appears to follow a two-
compartment disposition model, with the predominant component exhibiting a very short,
5-15 min half-life in humans and rodents (Gonser, 1995; Kang and Park, 2000; Mens et al.,
1983; Morin et al., 2008; Nielsen et al., 2017; Seitchik et al., 1984; Tanaka et al., 2018).
Although intranasal administration can lead to peak CSF and plasma oxytocin levels of two-
to-five fold over basal levels, this route can have delivery-dependent effects (Dal Monte et
al., 2014; Kirkpatrick et al., 2014; Modi et al., 2014), such as activation of only a limited,
regionally-specific subset of oxytocin receptors (OXTRS) (Ferris et al., 2015). Thus, it is
unclear if the maximum effects of targeting the oxytocinergic pathway are being realized
with current strategies. Further, oxytocin can have significant activity at the arginine
vasopressin receptors, indicating a potential for unwanted effects, including
vasoconstriction. Small-molecule compounds and oxytocin derivatives have the potential to
overcome the pharmacokinetic and selectivity limitations, and one class of non-peptide,
drug-like small molecules that function as OXTR agonists has been reported (Pitt et al.,
2004). It is notable that the rapid enzymatic degradation associated with oxytocin leads to
biologically-active fragments of the nonapeptide (Burbach et al. 1983). Ring and colleagues
(2010) have proposed that these oxytocin metabolites might also have beneficial effects,
exerted through mechanisms independent from action at the OXTR, raising the intriguing
possibility of an alternate mechanism of oxytocin’s effects and an additional signaling
pathway to target for drug discovery.

Mouse models of ASD-like behavior can be utilized as preclinical screens to identify new
pharmaceutical agents with prosocial efficacy. Previously, our research group demonstrated
that peripheral administration of oxytocin reduced social deficits in two inbred mouse strains
(BALB/cByJ and C58/J) and one genetically-engineered line (Grinl knockdown) (Teng et
al., 2016; Teng et al., 2013) that model ASD-like phenotypes. In these studies, a subchronic
regimen of oxytocin led to increased sociability up to two weeks following the end of
treatment, with effects observed in both adolescent and adult mice, and in both sexes (Teng
etal., 2016; Teng et al., 2013). Interestingly, in the Cninap2 knockout mouse model of
autism, daily intranasal administration of oxytocin to preweaning mice (postnatal days 7
through 21) can lead to higher levels of sociability several days after the final treatment
(Penagarikano et al., 2015). Overall, these findings show that oxytocin has prosocial efficacy
in mouse models with divergent genetic and behavioral profiles, suggesting the possibility of
therapeutic benefits generalizable across a spectrum of developmental disorders.

In the present study, we evaluated two synthetic OXTR agonists, TC-OT-39 (Pitt et al., 2004)
and carbetocin (Gimpl et al., 2005; Manning et al., 2008), in cell-based assays for
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pharmacological action and specificity. These compounds were then further examined for
behavioral efficacy in the BALB/cByJ mouse model. The OXTR agonists were first screened
for acute effects in a marble-burying assay. Next, we determined whether these synthetic
OXTR agonists enhanced social behavior following subchronic administration in the ASD
mouse model. In addition, In addition, as mentioned above, there is evidence that oxytocin, a
nonapeptide (i.e. OT(1-9)), is a precursor to smaller neuropeptides that are active in brain
(Burbach et al., 1983; Burbach et al., 1980; de Wied et al., 1987). there is evidence that
oxytocin, a nonapeptide (i.e. OT(1-9)), is a precursor to smaller neuropeptides that are active
in brain (Burbach et al., 1983; Burbach et al., 1980; de Wied et al., 1987). In particular, the
fragments OT(4-9) and OT(5-9) have been found following proteolytic conversion in
synaptic membranes from rat forebrain and midbrain (Burbach and Lebouille, 1983). These
same oxytocin fragments had greater potency than oxytocin itself on specific aspects of
avoidance learning in rats (de Wied et al., 1987). Further, in a comparison of several
oxytocin-derived peptides, OT(4-9) had oxytocin-like effects on social recognition in rats,
dependent on dose (Popik et al., 1996). Thus, we also evaluated the OT(4-9) and OT(5-9)
metabolites for efficacy against social deficits in BALB/cByJ mice.

2. Methods and materials

2.1. Materials for cell-based assays

All reagents were ACS reagent grade and used without further purification. Oxytocin
(Bachem, Torrance, CA), vasopressin (Sigma), and carbetocin (Bachem) were purchased in
the powder form. (2S)-N-[[4-[(4,10-Dihydro-1-methylpyrazolo[3,4-b]
[1,5]benzodiazepin-5(1H)-yl)carbonyl]-2-methylphenyl]methyl]-2-[(hexahydro-4-
methyl-1H-1,4-diazepin-1-yl)thioxomethyl]-1-pyrrolidinecarboxamide (Pitt et al., 2004)
(TC-0T-39) was synthesized by the Center for Integrative Chemical Biology and Drug
Discovery at UNC-CH. Screen Quest™ Fluo-8 No Wash Calcium Assay Kit was purchased
from ABD Bioquest (Sunnyvale, CA). CHO cells stably transfected with the human
oxytocin receptor (CHO-OXTR), human vasopressin Avprla receptor (CHO-V1,), human
vasopressin Avprlb receptor (CHO-Vp), or human vasopressin Avpr2 receptor (CHO-V5),
and CHO wild type cells were kindly provided by the NIMH Psychoactive Drug Screening
Program at UNC-CH. Reagents used for cell culture were purchased from Gibco-Invitrogen.
The PathHunter™ CHO-K1 OXTR B-Arrestin Cell Line, PathHunter™ Detection Kit, and
the PathHunter™ eXpress B-Arrestin GPCR Assays were kindly provided by DiscoveRx
(Fremont, CA). CHO-OXTR and CHO-V1aR were grown in Hams F-12 media
supplemented with 400 ug/ml geneticin sulfate (G-418), 10% calf serum, 15 mM HEPES,
and 50 U of penicillin/ 50 pg of streptomycin. CHO-V1bR and CHO-V2R cells were grown
in Hams F-12, 150 pg/ml zeocine, 10% calf serum, 15 mM HEPES, and 50 U of penicillin/
50 ug of streptomycin. Wild-type CHO cells were grown in DMEM supplemented with 10%
fetal bovine serum, and 50 U of penicillin/50 g of streptomycin.

2.2. IP3zaccumulation assay

A scintillation proximity assay was used to measure [3H]-inositol phosphate accumulation.
CHO-OXTR cells were plated (30,000 cells/well) in uncoated 96-well clear-bottom black-
walled microplates and incubated for 24 h in 100 pl of media. On day 2, media was replaced
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by 100 pl of inositol-free basal medium eagle (BME) (supplemented with 5% dialyzed FBS
and 50 U of penicillin/ 50 pg of streptomycin) and incubated for 1.5 h at 37 °C. Medium was
removed and 100 pl of inositol-free BME containing 5% dialyzed FBS and 0.01 uCi/pl [3H]-
myo-inositol was added and cells were incubated for an additional 18 h at 37 °C. The
inositol-free BME was aspirated from the cells, replaced with 100 ul of varying
concentrations of either TC-OT-39 or oxytocin diluted in working buffer (HBSS, 11 mM
dextrose, 35 mM LiCl, and 0.2% sodium bicarbonate), and incubated for 1 h at 37 °C. The
assay was terminated by aspiration of the drug solutions from the cells and addition of 30 pl
of 50 mM formic acid followed by incubation for 1 h at room temperature. RNA binding
YSi SPA beads (Amersham, CA) were diluted to 2.67 mg/ml in cold H,O and 75 pl of the
bead slurry was dispensed to the wells of a new plate and kept on ice. The formic acid
supernatant (30 pl) was added to the bead-containing plate followed by agitation at 4 °C for
30 min. The beads were allowed to settle at 4 °C for 4 h and then counted in a Wallac Micro
Beta Trilux scintillation counter (Perkin Elmer, Waltham, MA). Data were analyzed as
described for the calcium mobilization assay (below).

2.3. Fluorescence-based intracellular calcium mobilization assay

2.3.1. Dye preparation—Screen Quest ™ Fluo-8 No Wash Calcium Assay Kit (Fluo8-
NW) dye-loading solution was prepared according to the manufacturer’s instructions. The
Fluo-8 NW stock solution was made by adding 200 pl DMSO into component A
(Fluo-8NW) and mixing well. The 1x assay buffer consisted of 10 ml of 10x Pluronic acid,
F127 Plus (component B), 90 ml of 1X HBSS and 1ml of Tryptan red dye. The Fluo-8 NW
dye-loading solution for one cell plate was made by adding 20 pl of DMSO reconstituted
Fluo-8 NW stock solution into 10 ml of 1x assay buffer, mixing them well. This work
solution was stable for at least 2 h at RT avoiding light.

2.3.2. Calcium mobilization assay—A FLIPRTETRA® gystem (Molecular Devices,
Sunnyvale, CA) was used to read fluorescence (excitation wavelength: 470-495 nm,
emission wavelength: 515-575 nm) in each well every 1 s for 30 s, to establish a baseline
reading. After this period, the FLIPRTETRA® transferred 10 pl of the 5x compound solution
from the drug plate to the cell plate. Readings were made every 1 s for 5 min. Data was
collected using ScreenWorks™ 2.0.0.22 software (Molecular Devices) and analyzed using
Graph Pad Prism 5 for Windows. Each kinetic trace was normalized to the initial
fluorescence intensity to correct for loading of the cells, and it was reported as % normalized
activation. This parameter was calculated as (sample value — negative control value) / (OT
max control value — negative control value).

2.4. Chemiluminescence-based intracellular enzyme fragment complementation assay

The PathHunter CHO-K1 OXTR B-Arrestin cell line was grown in media that consisted of
Hams F-12, 300 pg/ml hygromycin, 800 pg/ml geneticin sulfate (G418), 10% fetal bovine
serum, and 1x penicillin/streptomycin/glutamine, following the manufacturer’s instructions.
Cells were seeded at 20,000 cells/ well in 90 ul of complete medium in white-walled, clear-
bottomed, 96-well plates and incubated overnight at 37 °C and 5% CO,. The cells provided
in the PathHunter™ eXpress p-Arrestin GPCR Kit were handled as described in the kit
instructions. For the assay, cells were incubated with 10 ul per well of the compounds for 90
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min at 37 °C. Detection reagent (50 ul) was added to each well to incubate at RT for 60 min.
Cell plates were read on an Envision standard luminescence plate reader (PerkinElmer,
Boston, MA). For the dose-response curves, oxytocin, TC-OT-39, carbetocin, and
vasopressin were dissolved in DMSO to a concentration of 1 mM. A dose response curve of
12 points was run for each compound with concentrations starting at 50 uM; each
concentration was prepared as a 10x solution using 1x HBSS as vehicle. Data were analyzed
using Graph Pad Prism 5 for Windows. Each kinetic trace was normalized to the initial
chemiluminescent intensity to correct for loading of the cells, and reported as % normalized
activation. This parameter was calculated as (sample value — negative control value) /
(oxytocin max control value — negative control value).

2.5. Animals

Male BALB/cByJ mice (3-5 weeks old) were purchased from Jackson Laboratory (JAX;
Bar Harbor, ME). An additional 32 C57BL/6J mice (16 males and 16 females; JAX) were
used to investigate oxytocin effects on marble-burying. Mice were maintained in groups of
2-4 animals per polycarbonate mouse cage, in a room under a 12-hr light/dark cycle (lights
off at 7 pm). All animal care and procedures were conducted in strict compliance with the
animal welfare policies set by the National Institutes of Health and by the University of
North Carolina at Chapel Hill (UNC), and were approved by the UNC Institutional Animal
Care and Use Committee.

2.6. Compounds for in vivo testing

Oxytocin (Bachem, Torrance, CA) and the two oxytocin metabolites, [pGlu?,Cyt]OT(4-9)
(pGlu-Asn-Cyt-Pro-Leu-Gly-NH,) and [Cyt®]OT(5-9) (Asn-Cyt-Pro-Leu-Gly-NH,)
(Biomatik, Wilmington, DE), were dissolved in saline containing 0.002% glacial acetic acid.
TC-0T-39 (synthesized by the UNC Center for Integrative Chemical Biology and Drug
Discovery) was dissolved in 12% DMSO and 4% Tween-20 in saline. Carbetocin (Bachem)
was dissolved in saline. All injections were administered IP (intraperitoneal) in a volume of
10.0 ml/kg. Experimenters conducting the behavioral tests were blind to drug treatments.

2.7. Treatment and behavior regimens to evaluate prosocial efficacy

2.7.1. Subchronic treatment regimen—Separate sets of male BALB/cByJ mice
(6-12 per treatment/dose group) were used to test each compound for effects on sociability
in a 3-chamber choice test (described below). The subchronic regimen was initiated when
mice were age 5-6 weeks. Mice were given 4 IP injections of vehicle or drug across 8-9
days, with at least 48 hr between each injection (i.e. mice were injected on sequential
weekdays WFMW or WFTTh). Prosocial drug effects were evaluated in the 3-chamber
choice test up to 14 days following the end of the subchronic regimen, with a maximum of 2
tests per mouse.

2.7.2. Three-chamber social choice test—Social approach was assessed in a 3-
chamber Plexiglas box (procedure modified from (Moy et al., 2007)). The test started with a
10-min habituation phase, with free exploration of the empty test box, followed by a 10-min
test for sociability. During the sociability phase, the test mouse was given a choice between
an unfamiliar stranger mouse (a male C57BL/6J adult), contained in a cage placed in one
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side chamber, or an empty cage in the opposite side chamber. Measures were taken of the
time spent in each chamber and number of entries into each chamber, either by photobeam
counts or by an image tracking system (Ethovision, Noldus Information Technology,
Wageningen, the Netherlands). Measures were also taken of either time spent sniffing each
cage (coded by a human observer) or time spent in 5 cm proximity to each cage (by the
image tracking system).

2.8. Behavioral screen for acute drug effects on marble-burying

2.8.1. Acute treatment regimen—Separate sets of mice (age 7-9 weeks at the start of
testing) were used to test each compound for acute effects on marble burying. Compounds
were administered 50 min before the start of each test. This pretreatment time was selected
on the basis of pilot testing with oxytocin. A repeated-test design was used, with 1 test per
week. Order of treatment (vehicle and dose of the selected compound) was balanced across
tests.

2.8.2. Marble-burying assay—Mice were placed in individual polycarbonate mouse
cages, set inside sound-attenuating chambers with a ceiling light and fan. The cages
contained 5 cm deep clean corncob bedding, with 20 black glass marbles (14 mm diameter)
arranged in an equidistant 5 x 4 array on top of the bedding. Measures were taken of the
number of marbles covered 2/3 or more by the bedding after a 30 min test.

2.9. Open field test for activity and exploration

2.9.1. Acute treatment regimen—BALB/cByJ male mice (age 6-7 weeks at the start
of testing) were used to determine the time course of oxytocin (1.0 mg/kg) and OT(4-9) (2.0
mg/kg) effects on activity in an open field. Doses were selected as having comparable
efficacy on sociability in the 3-chamber choice test. Compounds were administered
immediately before the start of each test, in order to examine the onset and duration of
effects across 2 hr. A repeated-test design was used, with each mouse receiving 3 tests, 1 test
per week. Order of treatment (vehicle, oxytocin, or OT(4-9)) was balanced across tests.

2.9.2. Open field procedure—Activity was assessed in photocell-equipped automated
open fields (41 cm x 41 cm x 30 cm; Versamax System, AccuScan Instruments, Columbus,
OH), located inside sound-attenuating chambers with a ceiling light and fan. Measures were
taken of total distance traveled, rearing movements, and time spent in the center region of
the chamber, for each 2-hr test.

2.10. Statistical analysis for in vivo assays

Data were analyzed with one-way or repeated measures analysis of variance (ANOVA), with
factors treatment or dose (dependent on experiment), using Statview software (SAS, Cary,
NC). Repeated measures were side of social test box or treatment (for marble-burying or
open field measures). Within-treatment repeated measures ANOVAs were used to determine
social preference. Fisher's protected least-significant difference (PLSD) tests were used for
comparing group means only when a significant F value was determined by ANOVA.
Significance was set at p<0.05.
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3. Results

3.1. Comparative pharmacology of oxytocin and TC-OT-39

TC-0T-39 is representative of one class of small-molecule agonists of OXTR. TC-OT-39 is
reported to exhibit modest selectivity for activation of OXTR (ECgq = 33 nM, full agonist in
a gene reporter assay; ECsg = 667 nM, partial agonist in IP3 accumulation) when compared
to other members of the oxytocin/vasopressin receptor subtypes (Pitt et al., 2004).
Additionally, TC-OT-39 is reported to be an antagonist of the Avprla vasopressin receptor
(K;=330 nM (Frantz et al., 2010)). To confirm these previous reports, we determined that
TC-OT-39 is a moderately potent full agonist at the human OXTR (ECsq 180 + 45 nM)
compared to 0.4 + 0.2 nM for OT in a fluorescence-based intracellular calcium mobilization
assay (Table 1) with equivalent maximal efficacy (97 + 3%) as oxytocin. In addition, TC-
OT-39 was selective (24-fold) for the human OXTR versus the human Avprlb vasopressin
receptor (ECgg = 4300 = 70 nM) but with reduced efficacy (74 + 2%) compared to
vasopressin. TC-OT-39 did not activate the human Avprla or Avpr2 receptors, and appears
to be an inverse agonist at Avprla (Supplemental Fig. 1), consistent with reported activity.
Exposure of wild-type CHO cells did not induce any response, indicating that TC-OT-39 is
not a non-specific Ca2*- releasing agent (Supplemental Fig. 2).

To confirm activation of the human OXTR, we measured the release of 1Pz, which is a
specific downstream second messenger of the Gq coupled pathway. Oxytocin and TC-OT-39
demonstrated ECgq values of 4 £ 1 nM and 890 + 90 nM, respectively in IP3 accumulation
assay, and the maximum efficacy of TC-OT-39 compared to oxytocin was 67 + 4%. Further
investigation of the pharmacology of TC-OT-39, involving a broad screen for receptor
binding utilizing the complete set of GPCRs available through the NIMH PDSP, showed
modest (K; > 1 uM) binding to muscarinic acetylcholine receptors M2, M3, M4, and M5 and
no significant binding to other human receptors.

Because GPCRs can signal through both the canonical G-protein and B-arrestin pathways
(Whalen et al., 2011), we also determined the ability of OXTR ligands TC-OT-39,
carbetocin and vasopressin to recruit f-arrestin to OXTR using an intracellular enzyme
fragment complementation assay. Representative concentration-dependent curves were
obtained using the FLIPRTETRA® pjatform for Gq signaling and the PathHunter™ eXpress
B-Arrestin GPCR Kit for p-arrestin signaling (Fig. 1 and Table 1). The dose-response curves
showed significant differences among the OXTR agonists, as only oxytocin was a full
agonist of B-arrestin recruitment. Together, these data provide evidence that TC-OT-39 and
carbetocin are moderately selective OXTR agonists with efficacy comparable to that of
oxytocin for Gq signaling but reduced efficacy for p-arrestin recruitment. The Gq selectivity
observed for carbetocin is consistent with another report (Passoni et al., 2016), though lower
[B-arrestin activity was observed for carbetocin in the previously reported BRET-sensor assay
for B-arrestin recruitment than in the enzyme fragment complementation assay reported
here.
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3.2. Confirmation of persistent prosocial oxytocin effects in the BALB/cByJ model

Our research group has previously shown that a subchronic regimen with oxytocin (1 mg/kg)
leads to significantly enhanced sociability in BALB/cByJ mice 24 hr after the final injection
(Teng et al., 2013). The present study investigated whether prosocial effects from subchronic
oxytocin were still evident 48 hr post-treatment. The results indicated that vehicle-treated
BALB/cByJ mice failed to demonstrate social preference in the 3-chamber test (Fig. 2A). In
contrast, BALB/cByJ mice given oxytocin spent significantly more time in the side of the
social test box containing the stranger mouse, versus the empty cage side. A repeated
measures ANOVA on time spent in each side chamber revealed a significant main effect of
treatment [F(1,14)=6.19, p=0.0261], side [F(1,14)=5.02, p=0.0418], and a treatment x side
interaction [F(1,14)=4.84, p=0.0452]. In addition, the oxytocin-treated group, but not the
vehicle-treated group, also showed significant preference for immediate proximity to the
cage containing the stranger mouse (Fig. 2B) [within-treatment comparisons following
significant main effect of treatment, F(1,14)=7.14, p=0.0182; and side, F(1,14)=8.69,
p=0.0106]. Oxytocin did not alter number of entries during the test (Fig. 2C).

3.3.  Acute oxytocin and TC-OT-39 effects on marble burying

One issue with screening synthetic oxytocin agonists and other compounds for possible
prosocial efficacy was the selection of appropriate dosage. We evaluated the marble-burying
assay as a quick screen for OXTR agonists. Our first study used C57BL/6J mice, a strain
that often serves as a background for genetic mouse models. As shown in Fig. 3A, acute
treatment with oxytocin (50 min before the test) led to significant decreases in number of
buried marbles in C57BL/6J mice, but only at a relatively high dose (5.0 mg/kg)
[F(1,26)=9.33, p=0.0051]. BALB/cByYJ proved to be more sensitive to the effects of acute
oxytocin treatment (Fig. 3B), with significant decreases in marble-burying at doses of 1.0
mg/kg [F(1,14)=6.57, p=0.0225] and 2.0 mg/kg [F(1,14)=14.27, p=0.002]. TC-OT-39 led to
comparable decreases in marble burying at 50 mg/kg (Fig. 3C) [F(1,14)=6.18, p=0.0261]. A
higher dose of TC-OT-39 (75 mg/kg) was found to have overt sedative-like effects, and was
not further tested.

3.4. Subchronic TC-OT-39 effects on sociability

Based on the results from the marble-burying assay, a subchronic treatment regimen with
TC-0T-39 (50 mg/kg) was evaluated for effects on social approach. A lower dose (30
mg/kg) was also included, to provide additional dose-response information. Mice were
tested in the 3-chamber test at 2 time points, 24 hr and 14 days, after the final injection,
since we had previously observed significant prosocial effects of oxytocin 2 weeks after a
subchronic regimen in C58/J, another mouse model of ASD-like phenotypes (Teng et al.,
2016; Teng et al., 2013). The results showed that subchronic treatment with TC-OT-39 did
not have any significant effects on social approach (Fig. 4), and there was no evidence for
the emergence of increased sociability at the 14-day time point.

3.5. Effects of carbetocin and two oxytocin metabolites on marble burying

In addition to TC-OT-39, we screened another selective OXTR agonist, carbetocin, and two
oxytocin metabolites, OT(4-9) and OT(5-9), for oxytocin-like effects on digging behavior.
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Although carbetocin and TC-OT-39 exhibited similar activity profiles at the OXTR in cell-
based assays, the two compounds had divergent effects in the marble-burying assay. We
found that carbetocin, across several doses (3, 6, 10, 15, and 20 mg/kg), failed to alter the
number of marbles buried (Supplemental Fig. 3A). Similarly, neither OT(4-9) nor OT(5-9)
altered digging responses in the marble-burying assay (Supplemental Fig. 3B, C).

3.6. Effects of subchronic carbetocin and oxytocin metabolites on sociability

3.6.1. Lack of efficacy for carbetocin and OT(5-9)—Carbetocin resembled TC-
OT-39 in the lack of effects on sociability in the 3-chamber choice test. Mice were evaluated
24 hr and 12 days following a subchronic regimen with carbetocin (6, 10, or 20 mg/kg).
Even at the highest dose, carbetocin failed to have significant effects on social approach or
number of side entries in the BALB/cByJ mice (Supplemental Fig. 4A-C). A similar result
was found after subchronic treatment with OT(5-9), 1 mg/kg, which failed to reverse social
deficits in the BALB/cByJ model (Supplemental Fig. 4D, E). However, the mice treated with
OT(5-9) demonstrated a significant preference for making entries into the side with the
stranger, versus the empty cage side, suggesting the possible emergence of prosocial effects
[within-treatment comparisons following significant main effect of side, F(1,22)=9.29,
p=0.0059] (Supplemental Fig. 4F). Further testing with a higher dose, 2.0 mg/kg, failed to
reveal prosocial efficacy for the OT(5-9) metabolite (Supplemental Fig. 5).

3.6.2. Dose-dependent increases in sociability following treatment with
OT(4-9)—Subchronic treatment with the OT(4-9) metabolite, at a dose of 1.0 mg/kg, led to
significant social preference for proximity to the stranger mouse [within-treatment
comparisons following significant main effect of side, F(1,14)=6.84, p=0.0204] (Fig. 5),
without changing entries during the test. Remarkably, at a higher dose (2.0 mg/kg), the
prosocial effects of OT(4-9) could be observed both 24 hr and 12 days after the end of the
subchronic regimen (Fig. 6). Mice given the higher dose of OT(4-9) demonstrated
significant preference for spending more time in the side with the stranger mouse at both
time points [within-treatment comparisons following significant main effect of side in the
24-hr test, F(1,21)=7.3, p=0.0133; and 12-day test, F(1,21)=4.85, p=0.039]. The OT(4-9)
high-dose group also had significant preference for proximity to the stranger mouse 12 days
following the final injection [within-treatment comparisons following significant main effect
of side, F(1,21)=7.02, p=0.015].

3.7. Effects of acute oxytocin and OT(4-9) on open field activity

The previous results showed that a subchronic regimen of OT(4-9) (2.0 mg/kg) had prosocial
efficacy similar to oxytocin (1.0 mg/kg), in contrast to the different profiles following acute
administration in the marble-burying test. To further explore the divergent effects of acute
treatment, we compared oxytocin and OT(4-9) in the open field test, at doses that led to
increased social preference in the 3-chamber test. BALB/cByJ mice were injected
immediately before placement into open field chambers, in order to determine a time course
for drug effects. The results showed that acute oxytocin, but not OT(4-9), led to decreased
activity across the 2-hour test (Fig. 7). The significant effects of acute oxytocin were found
for measures of distance traveled [repeated measures ANOVA, main effect of treatment,
F(2,16)=37.9, p<0.0001], vertical rearing movements [main effect of treatment,
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F(2,16)=21.0, p<0.0001], and time spent in the center region [main effect of treatment,
F(2,16)=40.13, p<0.0001]. In contrast, OT(4-9), in comparison to vehicle, had no significant
effects on activity or exploration in the open field, similar to the lack of effects in the
marble-burying task following acute administration.

4. Discussion

4.1.

Deficits in social behavior, a core symptom of ASD, have severe consequences for
individuals with autism, their families, and society in general. Although there are no
standard treatments for social impairment, oxytocin has been proposed as a therapeutic agent
with unique prosocial efficacy, and is currently under evaluation in numerous clinical studies
(for example, the multi-site SOARS-B clinical trial in children with ASD, http://
autismcenter.duke.edu/research/study-oxytocin-autism-reciprocal-social-behaviors-soars-b).
However, the pharmacological and pharmacokinetic properties of oxytocin (activity at the
vasopressin receptor, limited bioavailability, and rapid metabolism) are problematic for its
clinical usage. In the present study, we used a combination of cell-based and mouse
phenotyping assays to study peptide and non-peptide OXTR agonists that might have
prosocial efficacy. We found that TC-OT-39, a synthetic OXTR agonist (Pitt et al., 2004),
had oxytocin-like effects in a marble-burying test, but did not rescue social deficits in an
ASD mouse model. However, a metabolite of oxytocin, OT(4-9), had a different efficacy
profile, including rescue of social deficits in a dose-dependent manner and lack of effects on
marble burying or open field activity, indicating a dissociation between the acute
oxytocinergic activity and effects from repeated exposures across an 8-9 day regimen. Two
other compounds evaluated in these studies, the synthetic oxytocin agonist carbetocin and
the metabolite OT(5-9), failed to show oxytocin-like effects in either the marble-burying
assay or social approach test. Overall, these results suggest that persistent prosocial efficacy
requires highly-specific pharmacological activity not broadly found across oxytocinergic
compounds.

Marble-burying assay for acute oxytocin-like effects

The marble-burying assay has been used as an index of anxiety-like behavior and
perseverative responses (Borsini et al., 2002; Njung'e and Handley, 1991; Thomas et al.,
2009), and to evaluate drug effects in mouse models of neurodevelopmental disorders
(Aguilar-Valles et al., 2015; Veeraragavan et al., 2011). A recent study (Sanathara et al.,
2017) used a marble-burying test to demonstrate the effects of centrally administered
oxytocin on repetitive digging responses in mice. We investigated whether the marble-
burying assay would serve as a quick screen for oxytocin-like effects on behavior,
informative for selecting appropriate drug doses for further testing in subchronic regimens.
The initial results were promising: acute oxytocin significantly decreased marble burying in
the BALB/cByJ model for ASD-like phenotypes at doses with no effects in the control
C57BL/6J mouse strain. Importantly, the reduced marble burying in BALB/cByJ was
observed at a dose (1.0 mg/kg) that led to enhanced sociability 24 hr (Teng et al., 2013) and
48 hr (present studies) following the end of subchronic treatment, with the caveat that this
same dose had sedative-like effects in the open field test. However, our findings with the
synthetic oxytocinergic compounds failed to support the utility of this assay as a screen for
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prosocial activity: a dose of TC-OT-39 that decreased marble burying did not have prosocial
efficacy following a subchronic regimen, and carbetocin had no effects across a range of
doses. Remarkably, doses of OT(4-9) that showed no activity in the marble-burying test had
persistent effects, similar to oxytocin, on social approach. These results demonstrate the
separate pharmacology underlying acute effects from single treatment and more long-term
effects from subchronic treatment of oxytocinergic compounds.

It is notable that the lack of behavioral effects from acute carbetocin was unexpected.
Previous work has shown that peripheral administration of carbetocin can have anxiolytic
and antidepressant-like activity, including effects in rodent models of drug withdrawal or
repeated stress exposure (Chaviaras et al., 2010; Klenerova et al., 2010; Zanos et al., 2014).
At the same time, not all reports have been consistent (Feifel et al., 2012; Mak et al., 2012),
and a range of different doses, pretreatment times, and behavioral tests have been utilized,
making direct comparisons between studies difficult. In the present study, both oxytocin and
carbetocin were administered 50 min before the start of the marble-burying assay. Since
carbetocin was engineered to have an increased half-life, in comparison to oxytocin, the lack
of carbetocin effects was likely not a result of the 50 min pretreatment time. However,
although carbetocin has been shown to be selective for the OXTR, one study reported that
carbetocin has a very different molecular profile than oxytocin, including an absence of -
arrestin recruitment to the OXTR following binding (similar to our observations), as well as
action as an antagonist at the vasopressin Avprla and Avprlb receptors (Passoni et al.,
2016). In our studies, carbetocin functioned as a partial agonist for B-arrestin recruitment,
whereas Passoni et al. did not observe any p-arrestin recruitment activity following
carbetocin exposure. Possible explanations for this difference include the varying techniques
for characterizing carbetocin: the present study utilized a fragment complementation
strategy, while Passoni et al. employed a BRET assay. In addition, our studies had different
cell lines: we used CHO cells and Passoni et al. used KEK293 cells. Despite the differences,
it is clear that carbetocin has lower B-arrestin recruitment activity than oxytocin. Further
studies with cells that naturally express OXTR and p-arrestin would be useful in determining
the functional differences between these ligands. Overall, the divergent molecular and
pharmacological characteristics found between TC-OT-39, carbetocin, and oxytocin in /in
vitro assays could explain the differential effects on behavior observed in the present studies,
although differences in pharmacokinetics and biodistribution may also be important.

4.2 Prosocial efficacy of the OT(4-9) metabolite

Our research group has previously shown that a subchronic regimen with oxytocin can lead
to persistent increases in sociability in mouse models of ASD-like behavior (Teng et al.,
2016; Teng et al., 2013). This same oxytocin regimen has also been reported to increase
sociability in C57BL/6J mice (Sobota et al., 2015). The present studies extended these
findings by demonstrating that the oxytocin metabolite OT(4-9) had prosocial efficacy
similar to oxytocin itself, with significant social preference still evident 12 days following
the cessation of a subchronic treatment regimen. These effects of OT(4-9) were dose-
dependent, with only the higher doses (1.0 and 2.0 mg/kg) leading to increased sociability.
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The results also showed that neither oxytocin nor OT(4-9) led to alterations in entries during
the 3-chamber test, indicating the prosocial effects were not due to changes in exploration or
activity. In contrast, Sobota et al., 2015 found that subchronic oxytocin increased time spent
exploring the center region of an open field, suggesting mice had lower levels of anxiety
after oxytocin treatment. Other reports have described anxiolytic effects of acute oxytocin in
the open field, light-dark preference test, and elevated zero maze (Bale et al., 2001; Blume et
al., 2008; Ring et al., 2006; Yoshida et al., 2009). These findings raise the possibility that a
subchronic regimen of oxytocin allows an accretion of anxiolytic effects across time, leading
to adaptations in neural circuitry mediating social anxiety. Notably, long-term changes in
anxiety and alcohol consumption, as well as sociability, have been reported in rats following
a subchronic oxytocin regimen during adolescence (Bowen et al., 2011). However, in the
present study, acute OT(4-9) lacked anxiolytic effects in the marble-burying assay and open
field tests, providing evidence that increased sociability cannot simply be attributed to
alterations in anxiety.

4.3. Mechanisms for oxytocin effects

OXTR is a G protein-coupled receptor (GPCR) with complex pharmacology, including
signaling through different G protein and B-arrestin pathways (Busnelli et al., 2012;
Grotegut et al., 2011). Our cell-based analysis of oxytocinergic compounds, combined with
that of Ring et al. (2010) and Loyens et al. (2013), provides clues for possible molecular
mechanisms underlying its divergent effects on behavior. In the present study, both oxytocin
and TC-OT-39 led to comparable reductions in the marble-burying assay. Similarly, Ring
and colleagues (2006, 2010) demonstrated that both oxytocin and WAY-267464, a non-
peptide OXTR agonist similar to TC-OT-39, have comparable anxiolytic-like effects in
rodent assays. These findings suggest that oxytocin, TC-OT-39, and WAY-267464 activate
the same signaling pathway to modulate anxiety-like behaviors. In our cell-assays, TC-
OT-39 was only a partial agonist of p-arrestin recruitment, suggesting that these acute effects
were mediated by Gg/11-dependent signaling.

Neither of the OXTR agonists, TC-OT-39 or carbetocin, had prosocial efficacy, providing
evidence that not all oxytocin effects are exerted through activation of the OXTR. In line
with these findings, a previous study reported that a subchronic regimen of oxytocin, but not
TGOT, a selective agonist of OXTR Gq and p-arrestin coupling, led to persistent increases in
sociability in rats (Suraev et al., 2014). Other evidence for non-OXTR effects of oxytocin
have been observed in tests for depression-like behavior. For example, Ring et al. (2010)
reported that oxytocin, but not the OXTR agonist WAY-267464, could alleviate immobility
during a tail-suspension test in mice (Ring et al., 2010). Further, the oxytocin effects were
not blocked by pretreatment with an OXTR antagonist, leading the researchers to postulate
that one of the oxytocin metabolites, working through a non-OXTR mechanism, might be
the agent for the antidepressant activity. Notably, the antidepressant-like effects of oxytocin
can be prevented by using pharmacological or genetic manipulations that prevent oxytocin
metabolism and the subsequent formation of metabolites (Arletti and Bertolini, 1987; Gard
et al., 2007; Loyens et al., 2013). An intriguing question is whether the OT(4-9) metabolite
might play a role in the antidepressant action of oxytocin, in line with our findings of
prosocial efficacy in the three-chamber test.
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4.4 Study limitations

While our results provide evidence for differential behavioral profiles between the selected
oxytocinergic probes, it is important to emphasize these are only preliminary
characterizations. In particular, interpretation of these findings would be greatly enhanced by
additional pharmacokinetic data on metabolism and biodistribution. In fact, a concern for
these studies is whether the test compounds cross the blood-brain barrier, which is assumed
to be necessary for oxytocin’s prosocial effects. Neumann et al. (2013) have provided
evidence for increased oxytocin levels in brain following IP administration in mice. Further,
in the present study, the observation of behavioral changes following peripheral
administration of TC-OT-39, OT(4-9), and oxytocin itself suggests these agents are reaching
brain. In contrast, carbetocin showed no effects in our hands, suggesting it may not cross the
blood-brain barrier at high enough levels for a prosocial effect. In previous studies,
intracerebroventricular administration of carbetocin was required for anxiolytic effects in a
rat model (Chaviaras et al., 2010), but IP administration (6.4 mg/kg) did restore sociability
in an opioid withdrawal mouse model (Zanos et al., 2014). A final limitation is that our
studies were initiated with an OXTR-centric view, and there is evidence that vasopressin
receptors, particularly Avprla and Avprlb, also contribute to the regulation of social
behavior (Bowen and McGregor, 2014; Caldwell, 2017; Ramos et al., 2013; Sala et al.,
2011) and, perhaps, to the effects we observed. Overall, the studies reveal the need for
further pharmacological analysis of underlying mechanisms for prosocial effects, including
downstream signaling pathways following receptor activation and sites of action for the
OT(4-9) metabolite, and the development of better chemical probes.

5. Conclusion

Overall, these results offer surprising insights into two pharmacodynamically distinct effects
of oxytocin, allowing us to speculate that acute effects are mediated by activation of the
OXTR Gq coupling, whereas separate, persistent effects on sociability require metabolic
activation to OT(4-9). While future studies will help confirm these preliminary observations,
the studies highlight the complexity of oxytocin effects on behavior and provide additional
preclinical evidence for oxytocin-related compounds as promising new treatments for social
deficits. Further investigation is needed to reveal the molecular mechanisms of oxytocin,
including the OT(4-9) prosocial effect.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Increased sociability was observed 48 hr after a subchronic oxytocin regimen
. Oxytocin and a partially Gg-selective OXTR agonist decreased marble
burying
. Oxytocin metabolite OT(4-9) increased sociability in an ASD mouse model

. The metabolite OT(4-9) did not have oxytocin-like effects on marble burying

. Two synthetic oxytocin receptor agonists failed to show prosocial effects
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Figure 1. Dose response curves for oxytocin, vasopressin, carbetocin, and TC-OT-39 in Ca2*
release and B-arrestin recruitment assays.

A) Activity of agonists in a Gg-coupled Ca2* release assay using CHO cells stably
expressing hOXTR. B) Activity of agonists in the PathHunter™ eXpress p-Arrestin GPCR
Kit using the PathHunter™ OTR eXpress cell line.
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Figure 2. Persistent prosocial effects of oxytocin in the BALB/cByJ model.
The subchronic regimen consisted of 4 treatments with either vehicle or oxytocin (1.0

mg/Kkg) across an 8-9 day period. Mice were tested for sociability 48 hr after the final
treatment. Data are means (+SEM) from 8 mice per group. *p<0.05.

Neuropharmacology. Author manuscript; available in PMC 2020 July 27.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnue Joyiny

Moy et al.

Marbles Buried

A) Oxytocin, B6

Il Vehicle
[l Oxytocin

20

15-

10+

1.0 2.0
Dose (mg/kg)

*

. |

3.0

Marbles Buried

B) Oxytocin, BALB

N
i

-
i

=Y
o

(3]
1

Il Vehicle @ Oxytocin
*
* \

1.0 2.0
Dose (mg/kg)

Marbles Buried

C)

n
bt

Y
@

-
el

3]
1

Page 23

TC-OT-39, BALB
Il Vehicle [] TC-OT-39

*

V—‘

50.0
Dose (mg/kg)

Figure 3. The marble-burying assay as a screen for acute oxytocin agonist effects.
Compounds were administered 50 min before the test. C57BL/6J (B6) or BALB/cByJ

(BALB) mice were given one test per week, with up to 4 tests per subject. Separate sets of
BALB mice were used for oxytocin and TC-OT-39. A) Data from male and female B6 mice
were combined for analysis, since overall ANOVAs at each dose did not indicate significant
effects of sex. Data are means (+SEM) from 8-16 mice per group. *p<0.05.
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Figure 4. Lack of TC-OT-39 effects on sociability in BALB/cByJ.
The subchronic regimen consisted of 4 treatments with either vehicle or TC-OT-39 across an

8-9 day period. Mice were tested for social approach 24 hr and 14 days following the final
treatment. Data are means (+SEM) from 6-12 mice per treatment group.
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Figure 5. Prosocial effects of OT(4-9) on time spent in proximity to each cage.
Subchronic treatment with 1.0 mg/kg led to significant preference for spending time in

proximity to a stranger mouse. N=8 mice per treatment group. *p<0.05.
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Figure 6. Persistent prosocial effects of OT(4-9).
The subchronic regimen consisted of 4 treatments with either vehicle or OT(4-9) across an

8-9 day period. Mice were tested 24 hr (upper panels) and 12 days (lower panels) following
the final treatment. N=8 mice per treatment group. *p<0.05.
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Figure 7. Decreased activity following acute treatment with oxytocin, but not OT(4-9).
Oxytocin (1.0 mg/kg), OT(4-9) (2 mg/kg), or vehicle was administered immediately before

each 2-hr test in an open field. Doses were selected based on prosocial efficacy in a 3-
chamber choice test. Data are means (£ SEM) from 9 mice, given one test per week.
*p<0.05, comparison between vehicle and oxytocin.
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Table 1.

Oxytocin receptor activity of TC-OT-39 and carbetocin.

FLIPRTETRA® DiscoveRx DiscoveRx Express
Ca?* Release B-Arrestin B-Arrestin
ECso ("M)?
Oxytocin 0.30 £ 0.09 23+22 44.7
TC-OT-39 51 310 £ 260 480
Carbetocin 3x1 5£2 5.3
Vasopressin 5£2 1600 + 900 2680
Efficacy (% OXT Response)b
TC-OT-39 102 51+6 48
Carbetocin 92 325 32
Vasopressin 105 41+6 38

a . _— . . . .
Potencies and efficacies of the DiscoveRx Express cell lines were run as single points only.
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Efficacies were calculated considering the oxytocin response as 100%. The DiscoveRx Express refers to the PathHunter™ eXpress p-Arrestin

GPCR Kits using the assay-ready, frozen PathHunter™ eXpress cells available through the manufacturer.
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