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Abstract

Deficits in social behavioural domains such as interpersonal communication and

emotion recognition are a symptom of many neuropsychiatric conditions, includ-

ing autism spectrum disorder, schizophrenia and social anxiety disorder. Often,

these symptoms are intractable, profoundly affecting patient quality of life. Current

therapeutic interventions do not target core social deficits and display considerable

adverse effect profiles, thus, novel approaches are urgently needed to address the

medical needs of this patient population.

The hypothalamic peptides oxytocin (OT) and vasopressin (AVP) have emerged as

key regulators of social behaviour in vertebrates, with converging evidence indicat-

ing that OT signalling exerts broadly prosocial effects in animal studies and human

cohorts. Consequently, the oxytocin receptor (OTR) has been identified as a poten-

tial therapeutic target for improving social behavioural deficits. The use of OT in

this context is complicated by rapid metabolism and poor CNS penetration of the

peptide, low receptor selectivity between the OTR and vasopressin receptors (V1AR,

V1BR, V2R), and desensitisation of the OTR with chronic administration.

This thesis sought to identify OTR agonists which mitigate limitations inherent

to the native peptide. Drug candidates were screened from a library of (A) pyra-

zolobenzodiazepine small molecules and (B) peptide ligands derived from endoge-

nous metabolites of OT. Although the small-molecule discovery program did not

identify novel OTR agonists, two selective V1AR ligands (4a, 5f) were characterised,

which may have alternate therapeutic applications. In contrast, the peptide discov-

ery program identified biologically active fragments of OT (9a, 9b). Structural

modification of these metabolites produced selective OTR agonists (11c, 12c) with

enhanced receptor affinity and signalling efficacy. Relative to OT, these modified

peptides displayed a bias toward activation of G-protein signalling, and away from

β-arrestin recruitment – factors which may prolong therapeutic efficacy in vivo. The

lower molecular weight and reduced polarity of 11c and 12c relative to OT may

also facilitate greater CNS penetration, positioning them as superior candidates for

further development as oxytocinergic therapeutics.
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Chapter 1: Introduction

1.1 Neuropeptide Regulation of Social

Behaviour

1.1.1 Mammalian Social Behaviour

Social behaviour is an evolutionary strategy that promotes the survival of a species

[1]. Successful interaction between individual members within a group is the cor-

nerstone of cooperativity, reproduction, and avoidance of conflict and predation [2].

As no living organism exists in isolation, but rather within a vast and contiguous

network of other lifeforms, all organisms must engage in social behaviour to a greater

or lesser extent.

Cooperative prosocial behaviours such as resource sharing and parental care provide

a collective benefit to a species and are the dominant form of social behaviour in

stable groups [3]. In contrast, negative social behaviours such as aggression may

promote individual or in-group survival, but can be detrimental to the species as

a whole [4]. Prosocial behaviours are thus advantageous from an evolutionary per-

spective and are highly conserved through natural selection across all taxa of life,

from prokaryotes to placental mammals [5]. Species that express strong prosocial

behaviours, including primates, rodents, cetaceans, and insects of the Hymenoptera

order (ants, bees and wasps) often exist in highly organised, mutually beneficial

group structures that provide greater resilience to environmental stressors and ad-

vantages in resource acquisition [6].

Humans rank amongst the most social animals, and the breadth and complexity of

our social structures are a testament to our essentially cooperative nature. Sociality

is a core element of the human experience, and the emotional drivers of prosocial

behaviour - altruism, empathy, and love - often form the basis of our most rewarding

interactions. Socioemotional skills are a key predictor of success in adulthood, while

impaired social behaviour is a hallmark feature of some of the most debilitating

psychiatric disorders, including autism spectrum disorder (ASD), major depression,

post-traumatic stress disorder (PTSD), schizophrenia and social anxiety disorder

(SAD) [7, 8]. The presence of a strong social support network is now known to

be a key factor in the maintenance of long-term human physical and psychological

health, whilst the lack of a support network is associated with increases in over-

all morbidity and mortality [9]. Taken together, these findings highlight the vital

importance of positive social behaviour in our lives, and the impact that dysreg-

ulated social behaviour can have on both wellbeing and longevity. Moreover, the
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possibility of enhancing prosocial behaviour through pharmacotherapy represents

an attractive potential strategy to improve health outcomes for vulnerable popula-

tions such as those living with chronic psychiatric disorders or without strong social

support networks [9].

1.1.2 Oxytocin and Vasopressin: Social Neuropeptides

Sociobehavioural characteristics emerge from biology, and to realise the goal of de-

veloping therapeutics that can enhance prosocial behaviour, the neurobiological

pathways that underpin this behaviour must first be understood from a mecha-

nistic perspective. However, deciphering the nuance and complexity inherent in

human interactions has so far proven a daunting task for the research community.

Although much is still unknown about the human social psyche, recent advances

in animal behavioural research alongside pioneering studies in humans have now

vastly expanded our understanding of how these behaviours are regulated. From

these studies, hypothalamic neuropeptides have emerged as key regulators of social

behaviour in mammals, reptiles and birds [10]. Although manifestations of social

behaviour in these animals differ markedly, the molecules that drive it are highly

conserved, indicating a common origin and an evolution in function over time [10].

Among the most widely studied of these neuropeptides are the hypothalamic hor-

mones oxytocin (OT) and arginine-vasopressin (AVP), and a compelling body of ev-

idence now suggests that alongside their physiological endocrine functions, which in-

clude facilitation of reproduction (OT) and maintenance of fluid homeostasis (AVP),

these neuropeptides also play pivotal roles in the regulation of social behaviour by

acting within the central nervous system (CNS) [11]. OT signalling in the CNS

has been implicated in pair-bonding, sexual behaviour and maternal care in ani-

mal behavioural studies [12–14], and trust, emotional perceptivity, and empathy in

human cohorts [15–17]. In contrast, AVP signalling in the CNS is associated with

increased avoidance behaviour, arousal and anxiogenic effects in animals [18, 19],

and ruthlessness, decreased emotional perceptivity and aggression in humans [20–

23]. Overall, OT signalling appears to exert anxiolytic and rewarding effects which

reinforce affiliative behaviour, whereas AVP signalling drives behaviour that arises

from increased arousal, anxiety and vigilance [24]. In many species the influence of

these neuropeptides is sexually dimorphic, with OT signalling generally playing a

more dominant role in female social behaviour, and AVP playing a greater role in

male social behaviour [25]. Nonetheless, converging lines of evidence indicate that

activation of the OT signalling network facilitates prosocial behaviour in both sexes
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by acting on the neural substrates of reward, attention and fear [26, 27].

OT is a polypeptide comprised of nine amino acids, differing from AVP by only

two substitutions at position 3 and 8 of the amino acid sequence (see Figure 1.1).

Both neuropeptides contain a cyclic motif formed by a disulfide bridge between

residues 1-6, a linear tripeptide tail, and an amidated C-terminal. Orthologues

of these neuropeptides are present in all vertebrates, including placental mammals

(OT/AVP), bony fish (isotocin/vasotocin), amphibians, reptiles and birds (meso-

tocin/vasotocin), as well as some insects (inotocin) [28, 29].

Figure 1.1: Amino acid sequence and structure of oxytocin and arginine-vasopressin.

The OT/AVP family is thought to have evolved via a gain-of-function gene duplica-

tion from the ancestral vasotocin peptide of jawed vertebrates at least 600 million

years ago [30]. The highly conserved nature of these neuropeptides across species

implies a fundamentally important role in the maintenance of life. Broadly speaking,

the contrasting effects of OT and AVP on physiology and behaviour can be under-

stood through a homeostasis model, whereby OT regulates processes that facilitate

survival of the species, whilst AVP regulates behaviours that promote the survival

of the individual.

4



Chapter 1: Introduction

1.1.3 The Effects of Oxytocin and Vasopressin in Animal

Behavioural Studies

Our current understanding of OT and AVP neurobiology has emerged from an ex-

tensive body of animal research investigating the influence of hypothalamic peptides

on behaviour since the 1970s. The earliest studies in this field focused on character-

ising the behavioural effects of intracranially administered OT or AVP in rodents,

identifying a role for these peptides in regulating reproduction, locomotion, satiety,

maternal behaviour, aggression and avoidance [31, 32]. The development of autora-

diography tracers [125I]-ornithine vasotocin (125I-OVTA) and [125I]-linear vasopressin

(125I-LVA) during the 1980s facilitated the identification of the endogenous rodent

OT/AVP receptor family and their distribution within the brain, mapping them

to functional networks involved in social behaviour centred on the limbic system

[33–35]. The OT/AVP receptor family, comprised of the oxytocin receptor (OTR)

and three closely related AVP receptor subtypes (V1AR, V1BR, V2R), was found

to be shared between rodents and humans. Due to structural similarities between

the OT/AVP receptor family and their endogenous ligands, OT and AVP bind to

all receptors of the family with varying degrees of affinity, an effect which is more

pronounced in the human OT/AVP receptors [36].

At this time, pioneering research into the neurobiological processes that underlie

pair-bonding and monogamy in the prairie vole (Microtus ochrogaster) elucidated a

regulatory role for OT and AVP in the expression of these social behaviours. The

process of pair-bonding was found to depend on interactions between OT, AVP and

dopaminergic signalling networks in the limbic system, providing robust evidence of

a neurobiological mechanism through which neuropeptides exert their behavioural

effects [37]. This keystone finding led to the establishment of the prairie vole as

a model organism for studying how the expression of OT, AVP and their cognate

receptors influences social behavioural phenotypes, and mapping changes in peptide

release and receptor expression related to age, sex and reproductive phases [38, 39].

With the delineation of the receptor family for OT and AVP and the advent of

advanced genetic engineering techniques during the 1990s, manipulation of gene

sequences in living organisms became feasible. Subsequently, a plethora of stud-

ies targeting the OT system in rodents demonstrated pervasive social deficits in

OXTR-/- and OXT-/- knockout animals, including impaired maternal nurturing, in-

creased aversive behaviour, increased aggression and autistic-like phenotypes [40].

In comparison, AVPR1A-/- and AVPR1B-/- knockout lines were found to exhibit

reduced aggression, although the phenotypic changes were modest in comparison to
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OXTR-/- knockout models, positioning the OTR as a more viable target for thera-

peutic interventions to improve social behavioural symptoms [41, 42].

As a consequence of the prosocial behavioural outcomes associated with OTR sig-

nalling in murine models, recent efforts have focused on elucidating OT-mediated be-

haviours in non-human primates. OT signalling influences attraction and monogamy

in marmosets [43], food sharing in chimpanzees [44], as well as social stress and sta-

tus in rhesus macaques [45, 46]. Although the peptide sequence of OT is highly

conserved in primates, variations have been observed in New World monkey species

of the Cebidae family, which display a high incidence of social monogamy and com-

munal infant rearing [47]. These OT analogues induce parental care behaviour when

administered to male rats, suggesting they may have evolved to facilitate greater

induction of the OT signalling pathways that control social behaviour in males [48].

Taken together, these findings in primates highlight the synonymous role of OT and

analogous peptides in mammalian social behaviour across species and represent a

critical milestone in translating the findings of animal behavioural research to the

pathophysiology of human neuropsychiatric disorders.

1.1.4 The Effects of Oxytocin and Vasopressin in Healthy

Human Cohorts

In humans, research on the behavioural effects of OT has been hindered by a lack

of selective, CNS-penetrant ligands for the OTR that can be used to examine OT

signalling in the human brain. OT itself is metabolically unstable and does not

cross the blood-brain barrier in physiologically relevant concentrations, precluding

the use of peripheral drug delivery routes in clinical studies of OT administration in

humans [49]. Intranasal administration of aerosolised OT has been widely adopted

as a strategy in investigative trials to overcome this constraint. Although the effi-

cacy of this approach has been questioned [49], preliminary evidence indicates that

exogenous OT reinforces prosocial behaviour in humans, just as is in other species.

In healthy subjects, a single-dose of intranasal OT (40 IU) increased the willingness

to accept social risks (the possibility of betrayal) in a trust-based financial game [15].

Visual information is a key component of human social interactions, and in a visual

stimulus task with healthy subjects, 40 IU intranasal OT increases the emotional

empathic response to images which depict negative scenarios, but only for those

images with a social context [16]. A meta-analysis of studies utilising facial emotion

recognition tasks also demonstrated that OT enhances emotional perceptivity or
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the ability to accurately infer emotional states from images of human faces [17].

These behavioural findings are further supported by functional magnetic resonance

imaging (fMRI) studies in healthy subjects, which have found that intranasally-

administered OT increases functional connectivity between brain regions associated

with assigning salience to visual stimuli, as well as decreased reactivity in regions

associated with anxiety, providing a correlation between neurobiological processes

and prosocial behavioural outcomes [50, 51].

Although there has been less of a focus on examining the role of AVP in human

social behavioural research, the reported effects of AVP support earlier findings in

animal models, namely that AVP signalling is associated with vigilance, aggression

and decreased emotional perception, particularly in males. The concentration of

endogenous AVP in the cerebrospinal fluid (CSF) is positively correlated with the

aggressive life histories in individuals with personality-disorder [23]. Single dose,

intranasally-administered AVP stimulates agonistic facial motor patterns and de-

creases friendliness ratings to same-sex facial expressions in men [20, 52], and has

been shown to decrease the accuracy in inferring emotions from eyes of others in a

visual recognition task [22].

1.1.5 Dysregulation of Oxytocin Signalling in

Neuropsychiatric Conditions

Based on preliminary findings in animal behavioural models and healthy human

cohorts, dysregulation of the OT system has been suggested as a putative patho-

physiology contributing to social behavioural deficits in neuropsychiatric disorders.

On a fundamental level, dysregulation of the OT system means alterations in OT

release or OTR expression patterns in the CNS, which are subject to strict spa-

tiotemporal control but highly variable between individuals [53, 54]. The expression

of social behaviour represents a convergence of predisposing genetic factors and en-

vironmental influences through social conditioning. Together, these factors influence

the patterns of OT synthesis and OTR expression in the CNS. Single nucleotide poly-

morphisms (SNPs) in the OXTR gene have been associated with social impairments

in the general population, and ASD symptom severity in different ethnic populations

[55–59]. The majority of OXTR SNPs correlated with behavioural deficits in hu-

man populations are intronic, and thus influence OXTR gene splicing, transcription

factor binding and mRNA degradation, factors which alter the expression patterns

of the OTR, rather than the signalling or ligand binding properties of the translated

receptor. This suggests that heritable OXTR SNP mutations may contribute to
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individual differences in human social functioning, including the severe social im-

pairments which characterise ASD. OT synthesis and OTR expression variability

are also subject to epigenetic mechanisms, such as DNA methylation, which act as

a secondary layer of genetic regulation, influencing gene expression levels without

changing underlying DNA sequences [60]. Epigenetic states of genes are sensitive to

a variety of external factors, particularly during development, and are thus viewed

as a key biological mechanism linking environmental influences with behaviour [60].

There is evidence to suggest that epigenetic regulation of the OT system is dis-

rupted in neuropsychiatric disorders. On a transcriptional level, OXTR promoter

hypermethylation is inversely correlated with OXTR mRNA levels in human and

murine myometrium cells, as well as murine hypothalamic, olfactory bulb, centro-

medial amygdala and cortical tissues [61, 62]. High levels of OXT methylation in

human salivary samples (presumed to indicate lower levels of OT peptide produc-

tion) have been linked to insecure attachment styles and reduced ability to rec-

ognize emotional facial expressions [63]. Changes in OXTR methylation patterns

from human plasma and salivary samples have also been associated with a range of

social-cognitive deficits, including callous-unemotional traits in youth [64], anxiety

and severity of social symptoms in ASD [65], postnatal depression in women [66],

anhedonia in schizophrenia [67] and interestingly, prenatal and early life stress –

risk factors for the development of mental illness and addiction in adulthood [68]. It

should be stressed that it is not yet clear whether OXTR methylation patterns from

peripheral tissue samples are an accurate predictor of methylation patterns in the

CNS. Nonetheless, fMRI studies have recently correlated altered OXTR methylation

patterns in blood samples to changes in functional coupling between limbic-cortical

networks, as well as the reactivity of regions associated with visual stimulus process-

ing during social-cognitive tasks – providing preliminary evidence that peripheral

OXTR methylation patterns correlate with altered social cognition in brain regions

that express the OTR [63, 69].

Over forty years of pioneering behavioural research has confirmed the regulatory

role of OT and AVP in rodent and primate social behaviour, and there is accumu-

lating evidence for a synonymous role in humans. Overall, OT signalling appears to

facilitate social interaction, highlighting the therapeutic potential of targeting the

OTR for drug development. There is also evidence that the epigenetic regulation of

the OT system may be disrupted in neuropsychiatric disorders, providing a putative

link between dysfunctional OT signalling and pathophysiology. Extending this body

of research, the neurobiological aspects of OT signalling are now being elucidated

with ever greater detail, consolidating our understanding of how social behaviour

is regulated and providing further support for the development of OTR-targeting
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therapeutics to treat social impairments in neuropsychiatric disorders.

1.2 Neurobiology of the Oxytocin System

1.2.1 The Oxytocin Signalling Network in the Central

Nervous System

OT and AVP are synthesised in the supraoptic nucleus (SON) and paraventricular

nucleus (PVN) of the hypothalamus by spatially discrete magnocellular neuron pop-

ulations. Synthesis of both neuropeptides occurs through enzymatic cleavage of an

inactive precursor neurophysin protein, followed by packaging into dense-core vesi-

cles that are transported to axon terminals for depolarisation-coupled release [53].

Hypothalamic neurons innervate the posterior lobe of the pituitary gland as well as

numerous structures in the CNS that express the OTR and V1aR (see Figure 1.2)

[70–73]. Pituitary OT and AVP are released into peripheral circulation to exert their

endocrine effects [74], whereas centrally released neuropeptides modulate signalling

networks in the limbic system that are associated with fear, reward and attention

[53]. The distribution of OT signalling networks in the CNS reflect the primary

mode of social communication used by that particular species [75]. Accordingly,

OT-containing neurons and OTR expression in rodents is concentrated heavily in

regions associated with auditory and olfactory processing, whereas in primates the

receptor density and innervation from the hypothalamus is highest in brain regions

involved in visual processing and attention [75].

In rodents, social interactions are driven by chemical communication through scent-

marking and sniffing. Social recognition of offspring, kin, potential mates and un-

known individuals is based on olfactory processing of major urinary proteins [84].

With this context in mind, receptor autoradiography studies have revealed that in

the rodent CNS, OTR expression is localised to the olfactory bulb and accessory

olfactory nucleus, as well as downstream limbic regions that receive projections from

this primary sensory area, including the amygdala, which is associated with fear-

processing and emotion regulation, and the bed nucleus of the stria terminalis, an

integrative centre for limbic information [75, 85].

Outside of the olfactory pathway, OTR expression has been detected in other lim-

bic structures including the hypothalamus, where OT is synthesised, as well as the

ventral tegmental area (VTA) and nucleus accumbens (NAcc). OTR-expressing
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Figure 1.2: Overview of the oxytocin signalling network in the central nervous system. Abbre-
viations: OTR; oxytocin receptor, HPA-axis; hypothalamic-pituitary-adrenal axis. Based on [53,
70–83].

dopaminergic neurons projecting from the VTA to the NAcc comprise the mesolim-

bic reward pathway, which regulates motivation, reinforcement and reward-related

motor function learning [72, 76]. In rodents, high levels of OXTR mRNA have been

detected in limbic structures such as the hypothalamus, amygdala and VTA along-

side the olfactory pathway, suggesting a correlation between receptor mRNA and

the spatial distribution of the OTR identified through autoradiography studies [86].

Furthermore, increasing or decreasing OXTR mRNA concentrations in the NAcc

modulates partner preference formation in the monogamous prairie vole, indicating

a correspondence between OXTR mRNA distribution patterns and social behaviour

[87, 88].

In humans and non-human primates, mapping the OT signalling network has been
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historically complicated by the non-selectivity of available autoradiography ligands

and immunohistochemical antibodies, arising from a high sequence similarity be-

tween the primate OTR and V1AR [89]. This hurdle has been recently overcome

through the development of high-affinity radiotracers for the OTR and improved

autoradiography protocols, facilitating the identification of OTR populations in the

primate brain [77]. With these techniques, high OTR expression has been detected

in a conserved network of limbic structures including the hypothalamus and amyg-

dala, as well as regions that regulate attention and processing of visual stimuli in

primates, such as the nucleus basalis in the basal forebrain, and the superior col-

liculus in the midbrain [77–79].

Gene expression maps of OXTR mRNA in the human brain have recently been con-

structed using the Allen Human Brain Atlas [80, 90]. Under this approach, OXTR

mRNA expression patterns mirror the distribution of OTR-binding sites identified

in non-human primate autoradiography studies, with high expression in the limbic

system and basal forebrain [80]. Within these brain regions, interactions between

OTR signalling and other neurotransmission systems provide a complex network

through which OT is able to influence discrete neurobiological processes. There is

robust evidence for a physiological relationship between OT and dopaminergic [81],

cholinergic [80], 5-HT [82] and opioid [83] neurotransmission systems. Disruptions in

these neurotransmission networks have been identified in ASD, schizophrenia, SAD

and major depression [91–97], indicating that OTR-targeting therapeutics may be

able to normalise pathophysiological states in multiple signalling networks.

Multiple lines of evidence support the existence of a highly conserved OT signalling

network in the mammalian brain, with OTR expression heavily concentrated in

sensory processing pathways and limbic structures that regulate attention, reward

and fear. These findings provide a neurobiological context for the behavioural ef-

fects elicited by OT in animal studies and highlight the domains of behaviour where

OTR targeting therapeutics may be effective in ameliorating symptoms. In addi-

tion, information on the distribution of the OTR has elucidated the regions where

OT signalling interacts with other neurotransmission systems that regulate social

behaviour, deepening our understanding of how pathophysiological states may arise.
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1.2.2 Oxytocin in the Basal Forebrain: Reward, Attention

and Dopaminergic Signalling

Alterations in dopaminergic reward signalling are thought to contribute to the social

deficits and stereotyped behaviours in ASD, social-cognitive deficits and anhedonia

in schizophrenia, as well as the development and reinforcement of addiction, a fre-

quent comorbidity of neuropsychiatric disorders [81, 91–93]. Converging evidence

indicates that the OT and dopaminergic systems interact synergistically within the

mesolimbic reward pathway to motivate social interaction (see Figure 1.3). Hy-

pothalamic OT neurons innervate the VTA and NAcc, key components of the re-

ward system, where OT influences dopamine release from OTR-expressing neurons

directly [98].

The OTR and dopamine 2 receptor (D2R) are co-expressed within the NAcc, and

concerted activation of NAcc OT and dopaminergic signalling is required to elicit

maternal behaviour and pair-bonding in animal models [31, 99]. Recent findings

suggest that the OTR and D2R may form heteromers that enhance dopaminergic

neurotransmission in the NAcc, indicating an additional mechanism for facilitative

interactions between these systems [100]. NAcc dopaminergic fibres project to the

SON of the hypothalamus and stimulate OT release directly through activation of

the D2R expressed on OT-containing neurons, providing evidence for a bi-directional

positive feedback relationship between OT and dopaminergic systems [14, 101, 102].

Decreased mesolimbic OTR and D2R expression has been identified in ASD and

schizophrenic cohorts [103, 104], highlighting the possibility that social-reward sig-

nalling is disrupted in these conditions.

The NAcc may also act as a central hub for OT interactions with other neuro-

transmission systems. In animal models, reinforcement of social learning requires

coordinated OT and 5-HT signalling in the NAcc core [70]. OT release in the NAcc

also drives endocannabinoid signalling via cannabinoid receptor type 1 (CB1) re-

ceptors, which is linked to anxiolysis and inhibition of the stress response [105].

Dopaminergic neurons of the NAcc innervate the nucleus basalis, a basal forebrain

structure involved in visual attention and the main cholinergic output to cortical

regions associated with cognition [106]. The OTR is highly expressed in the nucleus

basalis of humans and non-human primates [77–79], and may influence social cogni-

tion and the salience of visual stimuli by modulating cholinergic neurotransmission

in the nucleus basalis [83]. Altered cholinergic signalling is associated with cognitive

deficits in schizophrenia, and relieves social deficits and cognitive rigidity in mouse

models of ASD [94, 95, 107], Furthermore, OTR expression in the nucleus basalis
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is low in post-mortem brain tissue from ASD subjects [103], indicating a neurobio-

logical link between the OT system, cholinergic neurotransmission and behavioural

deficits related to cognition and visual attention.

Figure 1.3: Overview of oxytocinergic interactions with dopamine neurotransmission in the
mesolimbic reward pathway. Abbreviations: D2R, dopamine 2 receptor; NAcc, nucleus accum-
bens; OTR, oxytocin receptor; SON, supraoptic nuclei of the hypothalamus; VTA, ventral tegmen-
tal area. Based on [31, 98, 99, 101, 102, 108].

Taken together, these findings indicate that OT influences motivation and reward

signalling through facilitative interactions with dopamine, 5-HT and endocannabi-

noids in the mesolimbic pathway. There is also evidence that OT regulates visual at-

tention in primates through an interaction with cholinergic neurotransmission in the

basal forebrain. Reduced OTR expression has been observed in these regions in ASD

and schizophrenic cohorts, highlighting a possible deficit in OT-mediated reward sig-

nalling and cholinergic neurotransmission that may contribute to the behavioural

symptoms of schizophrenia and ASD such as reduced motivation, social-cognitive

deficits, impaired eye gaze and facial emotion recognition. The development of OTR-

targeting therapeutics thus represents an untapped pathway to treat the intractable

core symptoms of ASD and schizophrenia, by enhancing social reward and attention

to visual social cues.
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1.2.3 Oxytocin in the Amygdala: Anxiolysis and 5-HT

Signalling

Considerable neurobiological overlap also exists between the OT and 5-HT signalling

networks, suggesting an interface between these two systems in the regulation of so-

cial behaviour. 5-HT neurotransmission regulates the expression of harm-avoidance

behaviours, and has been consistently linked to the pathophysiology of mood and

anxiety disorders [96]. Comparatively, OT produces anxiolysis and inhibits reactiv-

ity in the amygdala - the integrative centre for fear conditioning and a major hub

of 5-HT neurotransmission in the limbic system [109]. There is robust evidence for

a bidirectional relationship between OT and 5-HT signalling systems (see Figure

1.4). 5-HT neurons originating in the dorsal raphe nucleus (DRN) - the main site of

5-HT synthesis in the brain – project to the SON of the hypothalamus and regulate

the release of OT from magnocellular neurons, which express a number of 5-HT re-

ceptor subtypes [110, 111]. Similarly, OT neurons originating in the hypothalamus

innervate the DRN and influence 5-HT release patterns from neurons expressing

the OTR [27, 82]. Hypothalamic and DRN neuronal projections also localise in the

amygdala, suggesting that bi-directional influences between OT and 5-HT signalling

systems may contribute to the expression of fear-associated behaviours [71, 112].

Activation of inhibitory 5-HT signalling is a putative mechanism through which OT

may exert its anxiolytic effects. Based on the high density of 5-HT1A and 5-HT1B

receptors in the limbic system, these subtypes are considered to be two of the major

inhibitory 5-HT receptors involved in regulating emotion and aversive behaviour in

the human brain [113, 114]. Within the DRN, serotonergic neurons express soma-

todendritic 5-HT1A autoreceptors that suppress 5-HT synthesis, 5-HT turnover and

5-HT release in projection areas [27, 115, 116]. By contrast, 5-HT1A and 5-HT1B

heteroreceptors are expressed post-synaptically in the hypothalamus, where they

modulate neuropeptide release in response to 5-HT [111, 117, 118] and in the amyg-

dala, where they exert a hyperpolarising effect on GABAergic interneurons following

activation [116]. Thus, OT release in the DRN may lead to greater activation of 5-

HT1A and 5-HT1B autoreceptor populations, enhancing the inhibitory tone of 5-HT

signalling in the amygdala and hypothalamus.

Diminished 5-HT1A and 5-HT1B autoreceptor expression in the DRN has been re-

ported in post-mortem studies of SAD and major depression, and is a predictor of

amygdala reactivity [116, 119–121]. In fMRI studies, amygdala reactivity increases

in response to fearful or negative stimuli in mood and anxiety disorders [122], sug-

gesting a functional link between reduced 5-HT inhibitory tone in the DRN and
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Figure 1.4: Overview of oxytocinergic interactions with 5-HT neurotransmission in the limbic
system. Abbreviations: DRN, dorsal raphe nucleus; OTR, oxytocin receptor; SON, supraoptic
nuclei of the hypothalamus; 5-HT1AR, serotonin type 1A receptor; 5-HT1BR, serotonin type 1B
receptor. Based on [27, 82, 110, 111, 115–118].

atypical emotion processing. OT has been reported to increase the non-displaceable

binding potential of a 5-HT1A receptor antagonist, [18F]MPPF in the DRN, indicat-

ing 5-HT1A autoreceptor expression increases following OT exposure in humans [27].

This supports the hypothesis that OT mediates anxiolytic effects through inhibitory

5-HT signalling, but also highlights the possibility that deficient OT production

could reduce 5-HT autoreceptor inhibition in the DRN, leading to anxiogenesis in

mood and anxiety disorders. Decreased 5-HT1A and 5-HT1B autoreceptor inhibi-

tion in the DRN could also drive 5-HT release into the hypothalamus, subsequently

inhibiting OT release via 5-HT1A and 5-HT1B heteroreceptors. In support of this

concept, plasma OT levels in major depression, SAD and ASD are reduced when

compared with healthy controls, suggesting the presence of inhibitory influences on

OT production [123, 124]. Electroconvulsive-shock therapy, a mainstay treatment

for major depression, downregulates 5-HT1A and 5-HT1B receptor expression in the

hypothalamus and concurrently increases plasma OT levels [117]. In addition, ad-

ministration of a selective 5-HT1B agonist induces autistic-like social and attention

deficits in mice, which are rescued by OT administration [125].

In summary, OT release in the amygdala and DRN exerts an anxiolytic effect that

may be mediated through inhibitory 5-HT signalling. The tone of 5-HT inhibition

is disrupted in mood and anxiety disorders, which may negatively influence OT pro-

duction. Supporting this hypothesis, circulating plasma OT concentrations are low

in a range of neuropsychiatric disorders associated with 5-HT signalling, indicating
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a deficit in OT production or secretion. From a therapeutic perspective, the finding

that exogenous OT exposure increases expression of 5-HT1A and 5-HT1B autore-

ceptors in the DRN positions OTR ligands as a novel drug development pipeline

for anxiety disorders, one which ameliorates anxious behaviour by restoring the

inhibitory tone of 5-HT signalling networks in the limbic system.

1.2.4 Oxytocin in the Hypothalamus: Stress Inhibition

and Opioid Signalling

Alongside focal release in extra-hypothalamic projection areas, OT is also released

somatodendritically within the hypothalamus itself. Somatodendritic OT stimulates

OTR autoreceptors in the SON, which increases the excitation of OT-containing

neurons via Ca2+ signalling, priming the system for further OT release in a positive

feedback loop [126, 127]. Somatodendritic OT in the SON also diffuses locally within

the hypothalamus, acting on neuropeptide-secreting neurons in the adjacent PVN,

which form part of the hypothalamic-pituitary-adrenal (HPA) axis involved in the

stress response (see Figure 1.5) [128].

Stress typically activates corticotrophin-releasing hormone (CRH) neurons in the

PVN, inducing the secretion of CRH, which in turn releases adrenocorticotropic

hormone (ACTH) into the bloodstream from corticotropic cells in the anterior pi-

tuitary [129]. Circulating ACTH stimulates the synthesis and secretion of cortisol

from the adrenal glands, which mediates physiological effects associated with sym-

pathetic nervous system activation. During chronic stress, CRH-synthesising cells

in the PVN co-synthesise and co-secrete AVP with CRH into the portal circula-

tion, where it interacts with AVP receptors in the anterior pituitary to facilitate

CRH-induced ACTH secretion and potentiate the stress response [130].

Dysregulation of the HPA-axis is a pathophysiological symptom that decreases

stress-resilience in many neuropsychiatric conditions. Exposure to mild stressors

early in life has been shown to enhance HPA-axis regulation and promote lifelong

stress tolerance [136]. In contrast, prolonged or extreme trauma can induce HPA-

axis hyperactivity that persists into adulthood, and is a developmental risk factor

for psychological disorders during later life [137, 138]. Children with ASD display

elevated plasma and serum cortisol concentrations following exposure to stress when

compared with healthy controls, indicating stress-induced HPA-axis hyperactivity

[139]. In adulthood, chronic elevation of circulating cortisol and HPA-axis activa-

tion is associated with persistent depressive symptoms [140], while patients with

16



Chapter 1: Introduction

Figure 1.5: Overview of oxytocinergic interactions with the µ-opioid system and the
hypothalamic-pituitary-adrenal axis. Oxytocin receptor signalling activates interneurons in the
paraventricular nucleas that inhibit the release of pituitary and adrenal stress hormones, a regu-
latory mechanism inhibited by µ-opioid receptor activation in the hypothalamus. Abbreviations:
ACTH, adrenocorticotropic hormone; CRH, corticotrophin releasing hormone; OTR, oxytocin re-
ceptor; PVN, paraventricular nucleus of the hypothalamus; SON, supraoptic nucleus of the hy-
pothalamus; µR, µ-opioid receptor. Based on [126–135]

SAD show greater HPA hyperactivity and cortisol release in response to visually

presented social threat cues (angry faces) than healthy controls, associated with a

concomitant increase in avoidance behaviour [141].

OT inhibits the basal and stress-induced activity of the HPA-axis [131–133]. This is

achieved through inhibitory regulation of AVP- and CRH-releasing neurons in the

PVN by magnocellular OT neurons in the SON (see Figure 1.5) [134, 135]. As such,

deficits in endogenous OT production or release can reduce the inhibitory tone that

OT exerts on the HPA-axis, producing abnormal stress responses. Pathophysiolog-

ical inhibition of OT production could arise from a range of sources - the hypotha-

lamus receives multiple inputs from limbic brain regions, and intra-hypothalamic

OT release is differentially regulated by dopamine, 5-HT, acetylcholine and opioid

neurotransmission systems [83, 142].

µ-opioid receptors have been studied in relation to reward, emotion, and behavior

in the social domain [143], are strongly expressed in reward-related regions of the

primate brain [144] and exert a powerful regulatory influence on OT release [83].

Endogenous opioids directly inhibit OT release from axon terminals in the poste-

rior pituitary, and reduce the functional activity and somatodendritic release of OT
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from magnocellular OT neurons in the hypothalamus [145, 146]. Chronic admin-

istration of morphine, a µ-opioid receptor agonist, inhibits OT synthesis, reduces

OT secretion and delays the onset of labour [145, 147]. Supporting this functional

association, endogenous opioid inhibition triggers central OT release [148], while

the high-affinity µ-opioid receptor antagonist naloxone drives OT release from the

posterior pituitary and SON [146, 149]. Excessive opioid activity in the brain has

been proposed as a hypothesis to explain the aetiology of ASD [97], and µ-opioid

receptor antagonists have shown promise in ameliorating social symptoms of ASD

in clinical trials [150]. In addition, a recent report found that mothers prescribed

opioids during early pregnancy were 2.5-fold more likely to have a child born with

ASD, or other developmental disabilities with autistic symptoms [151].

In summary, OT released in the hypothalamus binds to OTR autoreceptors, facili-

tating further OT release. Hypothalamic OT also diffuses locally to other structures

in the hypothalamus, including the PVN, where it exerts an inhibitory, anti-stressor

effect on the HPA-axis. Excessive HPA-axis activation has been identified in multiple

neuropsychiatric disorders and may contribute to maladaptive stress responses that

precipitate adverse health outcomes. The µ-opioid system inhibits somatodendritic

OT release in the hypothalamus, and there is evidence that OT production may

be reduced in some neuropsychiatric conditions as a consequence of excessive opi-

oid signalling, producing HPA-axis hyperactivity. From a therapeutic perspective,

exogenous OTR ligands in this context could supplement endogenous OT produc-

tion, mitigating the effects of excessive µ-opioid receptor inhibition and restoring

HPA-axis regulation.

1.3 Receptor Pharmacology

1.3.1 Oxytocin Receptor Structure

The OTR and V1AR are typical members of the class-A (rhodopsin-like) family of

G-protein coupled receptors (GPCRs). The high homology between OT and AVP is

reflected in their corresponding receptors, which co-evolved alongside the endogenous

ligands through duplication of a single ancestral receptor gene during the Cambrian

Era, producing receptors with new properties and functionality [152]. As a result

of this early evolution, orthologous receptors for OT and AVP are widely conserved

and have been identified in all vertebrates studied to date [152]. In humans, the

OTR and V1AR share approximately 50% overall sequence homology, and share
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80% homology in the extracellular loops and transmembrane domains of the receptor

[153]. Common structural features in these regions are critical for ligand recognition

and binding, which gives rise to a low ligand-selectivity profile between the OTR

and AVP receptor subtypes [154]. The lowest homology between receptors is found

in the intracellular loops, which may be the basis for differences in OTR and V1AR

coupling to intracellular signalling pathways [154].

Evidence from computational modelling and site-directed mutagenesis studies in-

dicate that OT and AVP bind to their cognate receptors through a multimodal

interaction with transmembrane domains (TMs), extracellular loops (ECLs) and

the flexible N-terminal domain. The crystal structure of a peptide ligand-bound

OTR has recently been solved, confirming the existence of a deep binding cavity

formed by α-helices of TM2 - 7, which accommodates peptide ligands, cholesterol

and Mg2+, with the latter two acting as positive allosteric modulators of OTR

signalling [155]. In the rat V1AR, substitution of highly conserved glutamine and

lysine residues localised within this binding pocket decreased affinity for OT, AVP

and the evolutionarily related peptide vasotocin. Because these residues are highly

conserved between receptors, the TM2 - 7 binding pocket is shared by all subtypes

of the OT/AVP receptor family, and may contribute to the low ligand selectivity

profile of the OTR [156, 157]. Small-molecule ligands are also thought to bind to

the OTR via this transmembrane cavity, although direct experimental evidence of

this interaction is lacking [154]. In contrast, epitopes in ECL1 have been found to

be crucial determinants of peptide ligand selectivity in the human OTR, V1AR and

V2R. When tyrosine115 in ECL1 of the V1AR is substituted with an asparagine or

phenylalanine residue (the corresponding residues in the OTR and V2R), the lig-

and selectivity profile switches accordingly. This modification produces a 19-fold

increase in OT affinity at the mutant V1AR relative to the native receptor [158].

Overcoming the low ligand-selectivity of the OTR is an ongoing challenge for both

social behavioural research and oxytocinergic drug design. Non-selective binding of

autoradiography ligands has hindered the accurate mapping of OTR distribution in

functional networks of the brain implicated in social behaviour. Crosstalk between

OT and AVP signalling pathways also complicates the interpretation of behavioural

studies and limits our understanding of the respective roles OT and AVP play in

social behaviour. The AVP receptor subtypes are widely distributed in the body

and regulate stress hormone release from the anterior pituitary (V1BR), fluid home-

ostasis in the kidney (V2R) and vasoconstriction in cardiac tissues (V1AR) [159].

Non-selective activation of these receptors could produce wide-ranging and poten-

tially severe side effects that may stall or entirely preclude the development of novel

oxytocinergic therapeutics. Thus, engineering receptor selectivity is a critical factor
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in the design of ligands that target the OTR.

1.3.2 Intracellular Signalling Pathways Coupled to the

Oxytocin Receptor

As a class-A GPCR, the OTR couples with trimeric G-protein complexes, com-

prised of Gα and Gβγ subunits. Ligand binding initiates separation of the G-protein

complex and activation of Gα and Gβγ associated intracellular signalling cascades.

Investigations in myometrium and neuronal cell systems have shown that the OTR

can exert different sub-cellular effects depending on the tissue-specific expression of

G-protein subtypes. In these heterologous expression systems, the OTR can func-

tionally associate with Gαq, Gαs and Gαi/o proteins (see Figure 1.6), although acti-

vation of the Gαs pathway has been detected primarily in myometrial tissues [160,

161], and activation of Gαi/o associated pathways requires at least tenfold higher

concentrations of OT than Gαq/11 [162].

Gαq proteins are expressed ubiquitously in all tissues, although Gαq expression in the

CNS is particularly abundant throughout the limbic system, overlapping with OTR

distribution in regions associated with emotion regulation [163]. Genetic knockout of

Gαq and downstream signalling proteins in the rodent limbic system produces anx-

ious phenotypes and deficits in maternal behaviour, domains commonly associated

with OT signalling [164, 165]. On a cellular level, OTR-Gαq signalling promotes

the release of Ca2+ from intracellular stores and influx through Ca2+-selective ion

channels [166, 167]. In hypothalamic neurons, OTR-Ca2+ signalling recruits cyclic

ADP hydrolase (CD38) and transient receptor potential vallinoid type-2 channels

(TRPV2), which further amplify Ca2+ signalling cascades, promoting somatoden-

dritic and axonal OT secretion [126, 127].

In addition to inducing OT release, Ca2+ signalling also promotes the release of

other neurotransmitters from neurons expressing the OTR, providing a mechanism

through which OT is able to modulate other neurotransmission networks in the

limbic system and mesolimbic reward pathway (see Figure 1.6: 1) [168]. OTR-Ca2+

signalling in the hypothalamus also activates the mitogen-activated protein kinase

(MAPK) pathway, which is necessary for social memory and OT-induced anxiolysis

in vivo (see Figure 1.6: 2) [127, 169]. Taken together, these findings indicate that the

OTR-Gαq signalling pathway has a fundamental role in facilitating OT release from

hypothalamic neurons and mediating the social behavioural outcomes associated

with OT.
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Figure 1.6: An overview of major signalling pathways and functional outcomes associated with
the oxytocin receptor in neurons. (1) Gαq-signalling mobilises Ca2+ stores, leading to neurotrans-
mitter release. (2) Gαi/o-signalling activates inwardly rectifying ion channels, producing mem-
brane hyperpolarisation. (3) Gαq-signalling activates kinase signalling cascades which alter gene
transcription. (4) Acute exposure to oxytocin leads to rapid internalisation and recycling of the
oxytocin receptor. (5) Chronic exposure to oxytocin leads to downregulation of the oxytocin recep-
tor. Abbreviations: ADPR; ADP-ribose, DAG ; diacylglycerol, cADPR; cyclic ADP-ribose, CD38 ;
cyclic ADP ribose hydrolase, ER; endoplasmic reticulum, GIRK ; G-protein-coupled inwardly rec-
tifying potassium channel, GRK ; G-protein coupled receptor kinase, InsP3R; inositol triphosphate
receptor, IP3; inositol triphosphate, MAPK ; mitogen-activated protein kinase, MEK1/2 ; mitogen-
activated protein kinase kinase 1/2, OT ; oxytocin, OTR, oxytocin receptor; P ; phosphate, PIP2;
phosphatidylinositol 4,5-bisphosphate, PLC ; phospholipase C, Ras; Ras GTPase, Raf ; Raf kinase,
RTK ; receptor tyrosine kinase, TRPM2 ; Transient receptor potential cation channel, subfamily
M, member 2. Based on REF
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The Gαi/o family is heterogeneously distributed throughout the CNS and periphery,

and expression of each subtype varies over time, suggesting changing roles for Gαi/o

signalling over the course of development [170]. OTR-Gαi/o signalling is also known

to have a crucial role in neurodevelopment, although the signalling cascades involved

are poorly characterised [163]. In vitro, OTR-Gαi/o signalling inhibits cell prolifer-

ation and drives expression of cytokines known to be associated with the onset of

labour, indicating a potential role for OTR-Gαi/o signalling in neuronal migration

and facilitating reproduction [171, 172].

In immortalised GN11 olfactory neurons, OT differentially regulates membrane ex-

citability in a dose-dependent manner [162]. High concentrations of OT activate

OTR-Gαi/o signalling, which stimulates inwardly rectifying potassium currents (see

Figure 1.6: 3). By contrast, low concentrations of OT activate OTR-Gαq signalling,

which inhibits inwardly-rectifying currents [173]. This dose dependent relationship

extends to cultured hypothalamic neurons, where low concentrations of OT (<100

nM) reduce, and high concentrations (>500 nM) promote OT secretion and oxy-

tocinergic neuron burst firing, by inhibiting OTR-expressing GABAergic interneu-

rons that control OT release [174]. This preliminary evidence suggests that OTR-

Gαi/o signalling constitutes an important regulatory pathway, and that the high-

threshold for activation of Gαi/o signalling may act as an excitatory switch in oxy-

tocinergic positive feedback loops which is only activated during periods of greater

OT release, such as early development or during the female reproductive cycle [175,

176].

Following agonist stimulation, the COOH-terminus of the OTR is phosphorylated

by GPCR kinase (GRK), which recruits β-arrestin scaffold proteins to the receptor

[177].

β-arrestin complexing inhibits further G-protein signalling – a process known as

desensitisation. Receptor-bound β-arrestin acts as a scaffold for clathrin, a pro-

tein which initiates endocytosis and receptor internalisation [178, 179]. Depending

on the cellular context, internalised receptors are targeted to different intracellular

compartments, where they may be recycled to the plasma membrane (resensitisa-

tion) or transported to lysosomes for degradation (downregulation) (see Figure 1.6:

4,5) The fate of the OTR appears to be linked to the duration of agonist stimu-

lation. Following acute OT exposure in cultured human myocytes, OTR-arrestin

complexes are transported to vesicles expressing Rab4/5 GTPases, markers of the

‘short cycle’, which rapidly recycle the OTR to the plasma membrane [180]. In

contrast, prolonged OT exposure in human myometrium desensitizes the OTR, re-

duces Ca2+-signalling response and leads to a reduction in OXTR mRNA, indicating
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receptor downregulation [181, 182].

In vivo, acute and chronic OT exposure elicit divergent effects on rodent social be-

haviour, with acute administration increasing social exploration of novel opposite-

sex stimuli and chronic administration decreasing this behaviour, alongside a con-

comitant decrease in OTR expression throughout the brain [183]. This finding is

of particular relevance to oxytocinergic drug development, as it suggests that the

efficacy of OTR-targeted therapeutics that recruit β-arrestin may be compromised

in the majority of neuropsychiatric disorders that require long-term drug treatment

regimes. A potential strategy to mitigate β-arrestin induced OTR downregulation

may lie in so-called ‘biased ligands’, which exhibit preferential signalling via G-

protein pathways over β-arrestin pathways. The OT variants found in the highly

social Cebidae family of New World Monkeys exhibit selectivity for Gαq over β-

arrestin signalling [48]. Gαq signalling bias in these peptides may have evolved as a

strategy to maintain non-desensitising OTR signalling in the brain, thus increasing

the tone of OTR neuromodulation and the expression of prosocial behaviour.

1.4 The State of Therapeutic Development for

the Oxytocin Receptor

1.4.1 Intranasal Oxytocin

The robust preclinical evidence supporting a role for OT in social behaviour has

led to immense interest in exploring the therapeutic applications of OT in humans.

As such, the last two decades have seen a growing body of randomised controlled

trials (RCTs) investigating OT as a primary or adjunct therapy in neuropsychiatric

disorders. The rapid metabolism and extremely poor oral absorption and distribu-

tion of OT has necessitated the use of intranasal administration of aerosolised OT,

although the efficacy of this approach has not been firmly established. The outcome

of OT intervention RCTs have yielded inconclusive results in a number of different

conditions, with generally weak effect sizes and issues with replicability. A recent

meta-analysis of OT RCT studies in schizophrenia (n=238) found no improvement

in negative symptoms following acute intranasal OT administration [184]. Similarly,

a meta-analysis of intranasal OT RCTs in anxiety disorders found no improvements

in self-reported mood or anxiety scores following acute intranasal OT administration

(n=228) [185]. The therapeutic outcome of OT in ASD has been more promising,

with a meta-analysis (n=101) finding that a regimen of intranasal OT as primary or
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adjunct therapy can lead to moderate improvements in ASD core symptoms includ-

ing repetitive behaviour, eye gaze and emotion recognition. However, symptomatic

improvements were not maintained beyond 6 weeks of treatment, indicating a poten-

tial issue with the long-term clinical efficacy of intranasal OT [186]. Taken together,

the viability of using intranasal OT as a therapeutic intervention in neuropsychiatric

disorders is far from certain.

Intranasally delivered drugs are hypothesized to passively diffuse along perineuronal

channels associated with the olfactory and trigeminal nerve pathways innervating

the nasal cavity, thus providing a direct link to the CNS that bypasses the blood-

brain barrier and first-pass metabolism [187]. Studies in rodents and non-human

primates have demonstrated that intranasal administered OT can lead to a modest

increase in peptide concentrations in the CSF [188], although this increase often cor-

responds to minute fractions of the total administered dose (as little as 0.002%) [49].

The limited efficacy of intranasal OT administration necessitates the use of supra-

physiological doses in human studies, a practice that leads to sustained elevations

of OT in systemic circulation [189]. Although the physiological consequences of this

process are not well characterised, it can be reasonably argued that high levels of

OT in circulation may induce prolonged activation of OTRs in peripheral tissues,

increasing the risk of adverse events associated with disrupted endocrine signalling,

while also confounding the interpretation of behavioural outcomes in clinical trials

that seek to study a target population of OTRs in the CNS.

In addition, many of the trials investigating intranasal OT over the past decade

have been considerably underpowered, with small patient cohorts and effect sizes,

large variations in dosing regimens (10–7000 IU) and heterogeneous behavioural

readouts further complicating the interpretation of study data [190]. The use of

preclinical findings in the design of human studies has been rendered difficult by

the limited construct validity of animal social behaviour models, which often use

monogenic knockout strains to investigate neuropsychiatric disorders with complex

genetics, and show diverse manifestations of social behaviour that may not always

be representative of the human condition [191]. A further obstacle lies in the partial

agonist activity of OT at the vasopressin receptor subtypes V1AR, V1BR and V2R.

Although the binding affinity of OT at these receptors is 10-100 fold lower than at

the OTR [89], large doses of exogenous OT could drive AVP signalling, which may

mask the prosocial effects of OT mediated through the OTR.

Increasingly, the therapeutic shortfalls associated with intranasal OT, as well as a

lack of patentability have driven interest in developing alternative ligands for the

OTR. Two schools of thought have emerged in this field, which utilise different
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strategies to develop novel drug candidates. Small-molecule based approaches at-

tempt to develop novel OTR ligands by utilising an OTR-active benzodiazepine

pharmacophore previously identified from high-throughput screening of V1AR and

V1BR antagonist libraries by the pharmaceutical industry [192]. In comparison,

peptide-based approaches attempt to produce OT analogues with improved metabolic

stability and pharmacodynamic characteristics by optimising functional moieties in

the OT scaffold itself. Both approaches have yielded promising lead candidates for

OTR drug development, but the majority of these candidates remain in the early

preclinical stages of the development pipeline, with questions of dosage, safety and

efficacy in human cohorts still to be answered.

1.4.2 Small-Molecule Oxytocin Receptor Agonists: The

Benzodiazepine Pharmacophore

Relative to peptides, small-molecule GPCR ligands often display more favourable

drug-like properties, such as improved metabolic stability and CNS distribution,

and are more easily synthesized, providing inherent advantages over peptide-based

drugs. However, developing small-molecule agonists for neuropeptide receptors such

as the OTR presents a unique set of challenges. Neuropeptide ligands are large

and structurally complex, interacting with their receptors across multiple spatially

separated domains [154]. Small-molecule agonists cannot replicate this property;

thus, it is difficult to rival the exquisite potency displayed by endogenous peptides.

Perhaps reflecting this limitation, most small-molecule ligands for the OTR reported

in the literature are antagonists [193].

Examination of small-molecule agonists reported for the OTR, V1AR, V1BR and

V2R over the past decade reveals the existence of a pyrazolobenzodiazepine mo-

tif shared by many compounds with high affinity at one or more of these receptors.

WAY-267,474 (see Figure 1.7), developed by Wyeth, displays low-nanomolar affinity

at the human OTR and produces prosocial effects (100 mg/kg, intraperitoneal (IP)

administration) and anxiolysis (3 µg, intracerebroventricular (ICV) administration)

in rodent behavioural paradigms [194, 195]. TC-OT 39 (see Figure 1.7), developed

by Ferring pharmaceuticals, shows full agonist activity at the human OTR and 200-

fold selectivity over the V2R in cell-based binding and functional assays, although

behavioural efficacy has not been reported [192]. More recently, Frantz et al. re-

ported the development of LIT-001 (see Figure 1.7), which displays greater OTR

potency than WAY-267,464 and improves social interaction in a mouse model of ASD

[196]. These molecules display a mixed agonist/antagonist profile in the OT/AVPR
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Figure 1.7: Molecular structures of small-molecule oxytocin receptor agonists WAY-267,464, TC
OT 39, and LIT-001, derived from a functionalised benzodiazepine scaffold.

family, with low selectivity between the OTR and V1AR and functional antagonism

of the V1AR in vitro, limiting their utility as therapeutics or investigational tools

[197, 198].

Overall, small-molecule OTR agonists based on the benzodiazepine pharmacophore

display improved metabolic stability relative to OT, and exert behavioural effects

when administered peripherally, indicating CNS penetration. However, the receptor

selectivity of these ligands is not substantially improved, with all reported OTR

agonists displaying varying degrees of affinity and functional effects at the V1AR,

V1BR or V2R. As such, further exploration of the structural determinants of receptor

affinity and functional effects in these molecules will be required to optimise their

pharmacological characteristics and advance therapeutic development.

1.4.3 Peptide Oxytocin Receptor Agonists

Structural motifs in the OT scaffold that influence stability, potency, and receptor

selectivity have been identified, allowing the design of peptide OT analogues with

improved pharmacological properties. Replacing the metabolically unstable disul-

fide bond of OT with alternatives, such as meta-xylene and diselenide bridges (see

26



Chapter 1: Introduction

Figure 1.8: 1) produces analogues with extended biological half-lives and selectivity

over AVP receptor subtypes, albeit with a small reduction in potency at the human

OTR [199, 200]. Wisniewski et al. [201] recently reported a series of OT analogues

containing an alkyl-halide substitution at position 7 (see Figure 1.8: 2) that exhibit

subnanomolar potency at the human OTR and 1000-fold selectivity with the V1AR,

V1BR, and V2R. In another approach, Kablaoui et al. [202] sought to increase the

CNS uptake of peptide OTR agonists by designing hybrid molecules that incorpo-

rate non-polar elements from small-molecule agonists (see Figure 1.8:3) Although

these compounds display full agonist activity at the OTR and do not activate the

V1AR, permeability is not substantially improved, suggesting that pairing with other

polarity-lowering strategies is necessary to produce CNS-penetrating ligands with

this approach.

Figure 1.8: Structural modifications That influence stability, potency, and selectivity in oxytocin
analogues. (1) Replacement of the disulfide bond with either (a) diselenide or (b) meta-xylene
bridge increases metabolic stability. (2) N-alkyl halide substitution at position 7 increases po-
tency at the oxytocin receptor and selectivity over vasopressin receptors. (3) Replacement of the
tripeptide tail with a functional motif from a small-molecule oxytocin receptor agonist produces
molecules with reduced polarity that retain oxytocin receptor potency but do not activate the
vasopressin 1A receptor.

Other subtle modifications influence the ability of ligands to activate specific G-

protein subtype pathways associated with the OTR (see Figure 1.9). The synthetic

OT analogues, DNalOVT and atosiban, share bulky substituents at position 2 and in

cell-based functional assays preferentially activate Gαi1 and Gαi3-isoform mediated

OTR signalling, respectively - indicating a role for this residue in Gαi/o functional

selectivity [162]. By contrast, the disulfide-stabilised OT analogue carbetocin (see
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Figure 1.9) selectively engages the Gαq-signalling and does not activate Gαi/o sig-

nalling [203].

Figure 1.9: Peptide analogues of oxytocin and structural determinants of ligand signalling bias.
Oxytocin binding at the oxytocin receptor promotes recruitment of Gαq, Gαi/o (Gα1–3, GαoA,B)-
signaling proteins and β-arrestin. Structural modification at key points in the OT scaffold produces
ligands that preferentially recruit individual Gαq or Gαi/o subtypes and display a reduced propen-
sity for β-arrestin recruitment. D-2-Nal : D-2-Napthyl alanine.

Functionally selective ligands for the OTR can be used to explore the cellular and

behavioural effects of OTR-mediated Gαi/o and Gαq signalling and may have a range

of therapeutic applications. Atosiban was recently used to identify a new population

of oxytocinergic neurons involved in pain signalling, constituting further evidence

for OTR-Gαi/o inhibitory coupling in the CNS [204]. In addition, OTR-stimulated

Gαi/o signalling has been shown to exert an anti-proliferative effect on cell growth

in myometrium tissue [172]. These findings point towards the possibility of devel-
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oping Gαi/o-selective OT analogues as a novel pipeline for analgesic or anticancer

therapeutics [205].

Gαq signalling through the phospholipase-C pathway is involved in the regulation

of anxiety in the central amygdala, and likely has a pivotal role in the anxiolytic

effects of OT [164, 206]. In line with this possibility, carbetocin exerts OT-like

anxiolytic and antidepressant effects in rodents, but differs from the behavioural

profile of OT in other key areas [207–209]. However, it is not conclusively known

whether these divergent effects are the result of Gαq functional selectivity in vivo,

potential antagonism of the V1AR, or altered OTR internalisation dynamics induced

by carbetocin, highlighting the need for further characterisation.

The most salient findings that emerge from peptide-based drug discovery approaches

are that the OT scaffold is highly sensitive to modification, and substitution of

functional motifs in the cyclic and linear components of the molecule can dramat-

ically influence metabolic stability, receptor selectivity and potency. Additionally,

some modified OT analogues preferentially activate Gαq or Gαi/o-isoform coupled

signalling, highlighting the possibility of developing biased ligands that produce tar-

geted therapeutic outcomes that are associated with activation of a specific, OTR-

coupled intracellular signalling pathway. Although attempts have been made to re-

duce the size and polarity of peptide OT analogues, these efforts have been largely

unsuccessful, and as such, limited oral bioavailability and CNS penetration remain

major barriers to the future therapeutic development of these molecules.

1.5 Oxytocin Receptor Ligands: New Avenues

for Therapeutic Development

1.5.1 Small-molecule Oxytocin Receptor Ligands:

Improving Selectivity Through Structural Rigidity

Small-molecule ligands based on the pyrazolobenzodiazepine pharmacophore have

shown the greatest potential for therapeutic development as OTR agonists. At

present, there are no other structural scaffolds with demonstrable binding affinity

and efficacy at the OT/AVP receptor family. Nonetheless, poor functional selectiv-

ity between receptors is a recurrent theme in all pyrazolobenzodiazepine derivatives,

which limits their use as investigative tools or candidates for therapeutic devel-

opment. Overcoming this limitation requires a systematic exploration of the fac-
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tors that contribute to the affinity and functional effects of pyrazolobenzodiazepine

derivatives at the OTR and V1AR. While many structural modifications to this

class of molecules have already been characterised, the contribution of molecular

flexibility towards OTR and V1AR affinity and efficacy remain largely unexplored.

WAY-267,464, TC-OT 39 and LIT-001 are highly flexible molecules, containing 11

freely rotatable bonds each. A high number of rotatable bonds (>10) negatively

impacts oral bioavailability and binding specificity, and is thus a prime target for

structural optimisation of these ligands. We have previously reported on the synthe-

sis and pharmacology of WAY-267,464 analogues that retain the pyrazolobenzene

and resorcinol moieties of WAY-267,464 tethered by a flexible alkyl-linker [198]. All

flexible analogues evaluated in this study lost OT receptor affinity and activity, re-

sulting in the generation of highly selective V1AR ligands. As such, we hypothesise

that engineering molecules in the opposite direction towards greater rigidity is a

potential strategy to enhance selective activation of the OTR.

1.5.2 Peptide Oxytocin Receptor Ligands: Exploration of

Bioactive Metabolites

Although many peptide ligands based on the OT scaffold have been engineered for

enhanced OTR affinity and subtype selectivity, there are some inherent disadvan-

tages to this approach. The large size and polarity of OT presents a key obstacle

- these factors substantially reduce CNS permeability, in turn reducing the efficacy

of orally administered peptide formulations. Limited metabolic stability is another

concern, as the biological half-life of OT ranges between 2 – 8 minutes in peripheral

circulation to 30 minutes in the CNS [210, 211]. The rapid metabolism of OT in

vivo is catalysed by peptidases, which sequentially cleave residues from the N- and

C-termini of the molecule.

Interestingly, there is evidence to suggest that the products of OT metabolism are

bioactive in the CNS [212–214]. The anxiolytic effects associated with central OT

administration in mice are dependent on the presence of insulin-regulated aminopep-

tidase (IRAP), suggesting these behaviours may be attributable to a product of

IRAP-mediated OT metabolism, rather than OT itself [215]. Linear products of

OT metabolism - OT4-9 and OT4-8 - exhibit strong effects on social memory and

social recognition, and increase sociability in models of ASD [213, 214, 216]. OT7-9,

otherwise known as melanocyte-inhibiting factor (MIF-1) is another product of OT

metabolism with a broad range of effects in the CNS, blocking the effects of µ-opioid
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receptor activation and acting as a positive allosteric modulator of dopamine recep-

tors [217, 218]. These properties may in turn potentiate OT release and contribute to

the anti-addictive and reward-enhancing effects associated with OT administration

[93].

Based on these findings, products of OT metabolism represent a novel, promising

and largely unexplored avenue for OTR ligand development. The opportunity is

twofold – the smaller size and reduced polarity of OT metabolites may improve

CNS penetration, while the distinct structural characteristics of OT metabolites

may improve OTR affinity and functional efficacy relative to the parent molecule.

However, a number of fundamental questions remain surrounding the pharmaco-

logical properties of OT metabolites. Remarkably, the behaviourally-active OT4-9

and OT4-8 fragments have not yet been assessed for binding affinity and signalling

efficacy at the OTR in vitro, raising the possibility that these molecules may exert

their effects via another target in the brain. Moreover, there is limited information

on the bioactivity of other linear and cyclic fragments arising from degradation of

OT in cellular or behavioural contexts, highlighting the need for a comprehensive

characterisation of OT metabolite pharmacology.

1.5.3 Peptide Oxytocin Receptor Ligands: Counteracting

Receptor Downregulation with Biased Agonists

The observation that the OTR downregulates following chronic agonist exposure is

a major concern for both small-molecule and peptide-based approaches to oxytocin-

ergic drug development. Overcoming this hurdle is a critical step towards develop-

ing OTR ligands that maintain therapeutic efficacy over the long-term treatment

regimens commonly required in neuropsychiatric disorders. The reports of ligand

signalling bias in the clinically used OTR ligands carbetocin and atosiban indicates

that ligand morphology can impact signalling pathway selectivity in the OT system.

Moreover, the discovery of Gαq-biased OT variants in the highly social Cebidae fam-

ily of New World Monkeys suggests that optimising OTR ligands for Gαq pathway

activation over β-arrestin recruitment could be a potential strategy to mitigate OTR

downregulation in a therapeutic context.
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1.5.4 Summary and Aims

Social dysfunction in multiple domains is a characteristic feature of many neuropsy-

chiatric disorders, most notably ASD, schizophrenia, depression, SAD and PTSD.

While our understanding of human social behaviour is incomplete, the neuropep-

tides OT and AVP appear to play a key role in regulating social behaviour. Research

summarised in the preceding sections suggests that targeting the OTR may be an

effective strategy to improve social behavioural deficits in neuropsychiatric condi-

tions, however, OT itself is unlikely to ever be used in a therapeutic capacity due

to its poor drug-like properties.

Previous approaches in the design of OTR agonists have focused on small molecule

ligands derived from a benzodiazepine pharmacophore (Figure 1.7, or peptide ana-

logues derived from the structure of OT (Figure 1.8, 1.9). Remaining barriers in

the therapeutic development of these ligands include a lack of OTR selectivity in

small molecules, and limited stability and CNS penetration in peptide analogues of

OT. Densensitisation and downregulation of the OTR associated with chronic ago-

nist exposure represents another obstacle faced by both small molecule and peptide

ligands for the OTR.

The overarching aim of thesis is to identify novel OTR agonists to serve as lead can-

didates for the treatment of social behavioural deficits and anxiety in neuropsychi-

atric disorders. To achieve this aim, the preclinical in vitro pharmacology of putative

OTR ligands derived from small-molecule and peptide scaffolds will be evaluated in

a suite of cellular assays. The following objectives are associated specifically with

each chapter of the thesis and support achievement of the overarching aim:

1. To evaluate the receptor binding affinity, receptor selectivity and functional

effects of novel WAY-267,464 derivatives in cells expressing the human OTR

or V1AR (Chapter 3).

2. To investigate the biological activity of peptide fragments derived from the

endogenous metabolism of OT, and characterise the receptor binding affinity

and functional effects of active fragments in cells expressing the human OTR

or V1AR (Chapter 4).

3. To explore the impact of structural modifications on the pharmacology of

bioactive OT metabolites in cells expressing the human OTR or V1AR, and

from this analysis, identify novel peptide agonists with improved OTR affinity

and potency or reduced propensity to induce OTR internalisation (Chapter
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5).
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2.1 Chemicals

Small molecule derivatives of WAY-267,464 (Chapter 3) were synthesised by Dr.

Will Jorgensen of the Kassiou Drug Discovery Chemistry Group. Peptide metabo-

lites of OT (Chapter 4) were synthesised by Mimotopes Pty Ltd. (Victoria, Aus-

tralia). Modified metabolites (Chapter 5) were a generous gift from Dr. Markus

Muttenthaler. 100 mM stock solutions of WAY-267,464 derivatives were prepared

by solubilising compounds in dimethyl sulfoxide (DMSO), whilst 10 mM stock solu-

tions of peptidergic compounds were prepared by resuspension in molecular biology

grade H2O. All stock solutions were stored at −80°C until use.

2.2 Cell Culture

2.2.1 Cell Line Maintenance

Wild-type human epithelial kidney cells (HEK293) used for transient transfections

were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma Aldrich;

Missouri, USA) supplemented with heat-inactivated foetal bovine serum (FBS) 10%

(v/v) (Sigma Aldrich). Stably transfected cell lines expressing the human OTR or

V1AR (HEK293-OTR, HEK293-V1AR) were maintained in DMEM supplemented

with FBS 10% (v/v) , blasticidin-S hydrochloride (15 µg/mL; Sigma Aldrich),

penicillin-streptomycin (100 U; Sigma Aldrich) and hygromycin B (100 µg/mL;

Sigma Aldrich). The hygromycin B concentration that maintained selection pres-

sure on stably transfected cell lines was optimised by incubating wild-type HEK293

cells with a range of hygromycin B concentrations (2-2000 µg/mL) for 7 days, then

assessing cell viability with a CellTiter-Blue assay as per the manufacturers protocol

(Promega; Wisconsin, USA). Receptor expression was induced in stable cell lines by

the addition of tetracycline hydrochloride (2 µg/mL; Sigma Aldrich) to the culture

media for 48 h prior to experiments. All cell lines were maintained at 37°C, 5% CO2

and passaged routinely before reaching confluency.

2.2.2 Transfections

DNA transfections were carried out using FugeneHD reagent (Promega) as per the

manufacturers protocol. Briefly, wild-type HEK293 cells were plated into poly-L-
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lysine coated, 6-well cell culture dishes (Corning; New York, USA) at a density of

8×105 cells/well and incubated at 37°C, 5% CO2 for 4-6 h to allow cells to reattach

to dish. Transfection mixtures containing DNA (2 µg/well) and FugeneHD reagent

(4 µL/µg DNA) in OptiMEM (Sigma Aldrich) were incubated for 10 min at ambient

temperature and added dropwise to culture dishes, followed by a 24 h incubation at

37°C, 5% CO2 to allow adequate gene expression for subsequent assays.

2.3 Cloning

2.3.1 Plasmids

To obtain fusion protein vectors used in β-arrestin assays (Methods 2.5.4), cDNAs

encoding the human OTR and human β-arrestin2 (arr2) were synthesized by Life

Technologies in the pMA-RQ cloning vector. cDNAs for the OTR and arr2 were then

subcloned from pMA-RQ into pNLF1-C and pHTC mammalian expression vectors

(Promega), respectively. These vectors encode the protein partners nanoluciferase

(Nluc; pNLF1-C) and HaloTag (pHTC). OTR and arr2 encoding cDNAs were in-

serted into the multiple cloning site (MCS) upstream of protein coding regions in

each vector to generate C-terminal fusion sequences (see Figure 2.1).

Figure 2.1: Vectors used to generate fusion constructs for β-arrestin recruitment assays. hOTR:
human oxytocin receptor, Nluc: nanoluciferase.
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2.3.2 Isolation of DNA for Cloning Procedures

Origin and destination vectors (1 µg/50 µL reaction) were double digested with re-

striction enzymes (10 U/50 µL reaction) (see Table 2.1) in CutSmart buffer (New

England Biolabs; MA, USA) for 15 min at 37°C, and the reaction terminated by

heat inactivation at 65°C for 20 min. Digests were cooled to room temperature

and 6X gel loading dye (New England Biolabs) added to each sample. DNA bands

were separated by running 20 µL aliquots of digest on a 1.2% agarose E-gel (In-

vitrogen) for 30 min alongside 1 Kb Plus DNA ladder (Invitrogen), then imaged

using a Safe ImagerTM blue-light transilluminator (Invitrogen). Bands which corre-

sponded in size to gene insert and destination vectors were excised and purified using

a QIAquick gel extraction kit (Qiagen; Hilden, Germany) according to the manu-

facturers protocol. DNA extracts were resuspended in Tris-HCl 10 mM, EDTA 0.1

mM, pH 8.0, followed by purity assessment and DNA quantification using a Nan-

odrop UV/VIS spectrophotometer (Thermofisher Scientific, Massachusetts, USA).

Extracts were stored at −20°C prior to further use.

2.3.3 DNA Ligation and Bacterial Transformation

Purified gene inserts and cut destination vectors were mixed at a 3:1 molar ratio and

ligated by incubation with Instant Sticky-end Ligase Master Mix (2X) (New Eng-

land Biolabs) for 10 min at 4°C. Ligations were transformed directly into XL1-blue

supercompetent cells (Agilent Technologies; California, USA) as per the manufac-

turers protocol. Briefly, 50 µL aliquots of XL-1 blue cells were thawed on ice for

15 min, then treated with β-mercaptoethanol (0.5 µL/50 µL cells) for 10 min and

incubated with ligation reaction (5 µL/50 µL cells) for 30 min. Cells were then

transformed by heat-shock at 42°C for 30 seconds and recovered for 1 h at 37°C in

Luria-Bertani (LB) media.

Recovered cultures were spread onto LB-agar plates containing ampicillin (100 µg/mL;

Sigma-Aldrich) and incubated overnight at 37°C. The following day, ampicillin re-

sistant colonies were inoculated into LB-ampicillin (100 µg/mL) starter cultures and

grown for 8 h, diluted 1:1000 and grown for a further 16 h. DNA was purified from

cultures using a midiPREP DNA extraction kit (Qiagen) according to the manufac-

turers protocol, then resuspended in Tris-HCl 10 mM, EDTA 0.1 mM, pH 8.0 and

DNA concentration quantified using a Nanodrop spectrophotometer (Thermofisher

Scientific) prior to storage at −20°C until further use. Plasmid integrity following

transformation was verified via DNA sequencing (Macrogen; Seoul, Korea).
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Table 2.1: Restriction enzymes used in cloning procedures.

cDNA Origin Destination
Restriction
Enzymes

OTR pMA-RQ pNLF1-C HindIII, EcoRI

β-arrestin2 pMA-RQ pHTC NheI, EcoRI

2.4 Ligand Affinity and Kinetics Binding Assays

2.4.1 Membrane Homogenate Preparation

HEK293-OTR and HEK293-V1AR cells were detached from culture vessels with

PBS containing EDTA 5 mM, pH 7.4 and centrifuged at 1200 g for 5 min. The

supernatant was removed and cells resuspended in HEPES 50 mM, EDTA 5 mM,

MgCl2 5 mM, pH 7.4 prior to homogenisation using an Ultra-Turrax homogeniser

(IKA; North Carolina, USA). Resulting homogenates were centrifuged twice at 48

000 g, 4°C for 30 min and pellets resuspended in Tris-HCl 50 mM, MgCl2 5 mM,

pH 7.4. Final protein concentration in membrane fractions was calculated using the

BCA protein-assay method (Bio-Rad; California, USA) according to manufacturer’s

protocols, followed by storage at −80°C until further use.

2.4.2 Competition Radioligand Binding: Affinity

The binding affinity (Ki) of compounds was indexed by competitive displacement of

[3H]-oxytocin ([3H]-OT) or [3H]-vasopressin ([3H]-AVP) at Kd concentrations previ-

ously determined in-house using saturation radioligand binding assays [219]. Mem-

brane fractions (50 µg/well) from OTR or V1AR expressing cells were incubated in

a final volume of 200 µL containing [3H]-OT (10 nM) or [3H]-AVP (3 nM) (Perkin-

Elmer; MA, USA) alongside competing compounds (0.1 nM - 100 µM) in Tris-HCl

50 mM, MgCl2 5 mM, pH 7.4. Reactions were incubated for 90 min at 4°C to reach

equilibrium, and terminated by rapid filtration over glass fibre filters (GF/A 1.6

µM, Whatman; Maidstone, UK), and washing with ice-cold reaction buffer. Non-

specific binding was determined in the presence of 1 µM unlabelled OT or AVP

(Sigma-Aldrich), respectively.
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2.4.3 Competition Radioligand Binding: Kinetics

To determine the association (kon) and dissociation (koff) rate constants for [3H]-OT,

HEK293-OTR membranes (50 µg/well) were incubated with a 10×Kd concentration

of [3H]-OT (100 nM) in Tris-HCl 50 mM, MgCl2 5 mM, pH 7.4 at 4°C. For as-

sociation experiments, [3H]-OT was added to OTR membranes sequentially over a

2 h timecourse. For dissociation experiments, [3H]-OT was incubated with OTR

membranes for 90 min at 4°C to allow reactions to reach equilibrium, then ligand-

receptor complexes were dissociated with the addition of unlabelled OT (1 µM) over

a 6 h timecourse.

kon and koff parameters for unlabelled, competing compounds were determined using

the theoretical model of Motulsky and Mahan [220] and a novel assay methodology

developed by Costa et al. [221] Unlike methods in which one compound is pre-

equilibrated with the receptor, this approach involves the simultaneous addition of

both [3H]-OT and competing ligands to OTR membranes, so that at t = 0 all recep-

tors are unoccupied. [3H]-OT (10 nM) and competing ligand (3×Ki concentration,

determined previously (Section 2.4.2) in Tris-HCl 50 mM, MgCl2 5 mM, pH 7.4

were added to OTR membranes (50 µg/well) over a 2 h timecourse at 4°C. All re-

actions were terminated by rapid filtration over glass fibre filters (Whatman), and

washing with ice-cold reaction buffer. Non-specific binding at each time point was

determined in the presence of 1 µM unlabelled OT (Sigma-Aldrich).

2.4.4 Radioactivity Detection

Filtered samples were dried for 24 h, then soaked in Microscint-0 scintillant (Perkin-

Elmer) for 30 min. Radioactivity (counts per minute, CPM) was detected using a

Microbeta2 2450 microplate reader (Perkin-Elmer) (see Appendix A for instrument

settings). Specific binding at each point was calculated from raw radioactivity data

using Equation 2.1:

CPMcompound + [3H]-OT

CPM[3H]-OT

− CPMnon-specific binding = Specific Binding (2.1)

39



Chapter 2: Materials and Methods

2.5 Ligand Biological Activity: Cellular

Signalling Assays:

2.5.1 Gαq Signalling: IP1 Accumulation Assay

The Gαq pathway is the primary mediator of intracellular signal transduction cou-

pled to the OTR and V1AR[154]. To evaluate the functional effects of ligand binding

at the OTR and V1AR, activation of the Gαq-coupled pathway was assessed using a

homogenous-time resolved fluorescence (HTRF) IP1 assay (Cisbio; Codolet, France).

Gαq signaling leads to the production of inositol monophosphate (IP1). Further

metabolism of IP1 can be inhibited by the addition of lithium chloride, and thus IP1

accumulation can be used as an index of Gαq pathway activation (see Figure 2.2).

The HTRF system used in this assay is comprised of an IP1 molecule labelled with

an acceptor fluorophore (IP1-d2) and an IP1-specific antibody labelled with a lan-

thanide complex, terbium cryptate (Ab-cryptate). Laser excitation of the lanthanide

complex produces a long-lived fluorescence emission at 620 nm, which reduces inter-

ference from rapidly decaying autofluorescence signals often observed in biological

matrices. When IP1-d2 and Ab-cryptate are in close proximity, fluorescence reso-

nance energy transfer (FRET) occurs between the fluorophores and a characteristic

fluorescence emission at 665 nm is produced by IP1-d2. Endogenous IP1 competes

with IP1-d2 for Ab-cryptate binding sites, and thus the fluorescence signal intensity

at 665 nm is inversely proportional to the concentration of intracellular IP1 present,

and by extension the level of receptor activation induced by a ligand.

HEK293-OTR or HEK293-V1AR cells were seeded onto clear, poly-L-lysine coated

384 well plates (Corning) at a density of 8.75 × 103 cells/well and incubated for

48 h at 37°C, 5% CO2 in the presence of tetracycline hydrochloride (2 µg/mL)

to induce receptor expression. Agonist effects were evaluated by incubating cells

with test compounds (1 nM – 10 µM) for 1 h at 37°C prior to the addition of Ab-

Cryptate and IP1-d2 in lysis buffer. The ligand concentration that induced a 50%

maximal response (EC50) was used to compare potency across compounds. The

response induced by 10 µM of ligand (Emax), expressed as a percentage of maximal

full agonist response (% OT or AVP) was used to evaluate the intrinsic efficacy of

compounds.

For antagonist assessment, cells were pre-incubated with test compounds (1 nM -

10 µM) at 37°C for 30 min prior to the addition of an EC70concentration of OT or
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Figure 2.2: Ligand-induced Gαq signalling through the OTR leads to release of intracellular Ca2+

stores and production of IP1. Metabolism of IP1 can be inhibited by LiCl. OTR: human oxytocin
receptor, PLC = phospholipase C, PIP2 : Phosphatidylinositol 4,5-bisphosphate, IP1 –3 : inositol
mono/di/triphosphate, LiCl : Lithium chloride.

AVP mixed with either test compounds or DMSO (0.1% v/v) control. Cells were

then incubated for a further 1 h at 37°C, and Ab-Cryptate and IP1-d2 added. The

ligand concentration that inhibited 50% of OT or AVP-induced response (IC50) was

used to evaluate antagonistic functional effects across compounds.

To explore the possibility of allosteric interactions between OT, AVP and test com-

pounds, cells were incubated for 1 h at 37°C with an EC10 concentration of OT or

AVP alone or in combination with test compounds (10 µM), prior to addition of

Ab-Cryptate and IP1-d2. In all assays, following addition of Ab-Cryptate and IP1-

d2, lysates were incubated for a further 1 h at ambient temperature, transferred to

a low-volume, white-walled 384 well plate (Perkin-Elmer) and HTRF data acquired

using a PHERAStar microplate reader (BMG Labtech; Ortenberg, Germany) (see

Appendix A for instrument settings). Raw 665 nm fluorescence data was normalised

to the nonvariable 620 nm emission of Ab-cryptate using Equation 2.2:

665 nm emission

620 nm emission
× 10000 = HTRF Ratio (2.2)

41



Chapter 2: Materials and Methods

2.5.2 Gαs Signalling: cyclic AMP Production Assay

Although Gαq proteins are the primary intracellular signal transduction partners

associated with the OTR [154], interactions between the OTR and Gαs proteins

which regulate the cyclic AMP/protein-kinase A (cAMP-PKA) signalling pathway

have been detected in some cell types [160, 161, 222]. To evaluate the functional

effects of ligand binding at the OTR, activation of the Gαs-coupled intracellular sig-

nalling pathway was assessed using a cAMP production assay (Cisbio). This assay

relies on the same HTRF technology to detect Gαq pathway activation described in

Methods 2.5.1, but uses an acceptor dye-labelled cAMP biosensor (cAMP-d2) and a

cAMP-specific, lanthanide-labelled antibody (Ab-cryptate) as the HTRF donor flu-

orophlore to detect Gαs pathway activation. To counteract the degradation of cAMP

to AMP by the action of phosphodiesterase (PDE) enzymes, a PDE pan-inhibitor

(3-isobutyl-1-methylxanthine, IBMX [223]) was supplemented in assay media to en-

sure proper cAMP accumulation and its subsequent measurement. Forskolin, a

known activator of cAMP production [224], was used as a positive control to verify

the functionality of the assay system. The OTR antagonist, atosiban, was used as

a reference ligand to compare the Gαs pathway activity of test compounds. Data

acquisition was performed using a PHERAStar microplate reader (BMG Labtech)

fitted with a luminescence detection module (see Appendix A for instrument set-

tings). Raw 665 nm fluorescence data was normalised to the nonvariable 620 nm

emission of Ab-cryptate using Equation 2.2.

Prior to assessment of ligand-induced activation of cAMP signalling, the dynamic

range of the HTRF cAMP assay was enhanced by optimising buffer composition,

cell density, agonist stimulation and antibody incubation times. To determine opti-

mal buffer composition and agonist stimulation times for the assay, HEK293-OTR

cells were seeded at a density of 5 × 103 cells/well into white, poly-L-lysine coated

384 well plates, and incubated for 48 h at 37°C, 5% CO2. After 48 h, culture media

was aspirated and replaced with forskolin (1 µM) in assay buffer - either DMEM

supplemented with IBMX (0.5 mM) or Hanks Buffered Salts Solution (HBSS) sup-

plemented with HEPES 20 mM, IBMX 0.5 mM, pH 7.4, and incubated for 5 - 60

min at 20 °C. cAMP-d2 and Ab-cryptate in lysis buffer were added to cells and in-

cubated for a further 1 h at 4°C prior to data acquisition. DMEM + IBMX 0.5 mM

was selected for assay buffer composition, as it produced higher raw fluorescence

values and greater assay sensitivity than HBSS buffer (optimisation data shown in

Appendix B, Figure B.1). The maximal effect induced by forskolin was observed at

5 min, and did not increase with extended agonist incubation times.
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Cell density optimisation was then performed by seeding HEK293-OTR cells at a

range of densities (0.25 - 16 × 103 cells/well) into white, poly-L-lysine coated 384

well plates, followed by incubation for 48 h at 37°C, 5% CO2. On the day of the

experiment, culture media was aspirated and replaced with forskolin (1 - 10 µM) in

DMEM + IBMX 0.5 mM and incubated for 5 min. cAMP-d2 and Ab-cryptate in

lysis buffer were added to cells and incubated for a further 1 h at 4°C prior to HTRF

data acquisition. The cell density which yielded the largest difference between basal

and forskolin-induced cAMP response (2 × 103 cells/well) was utilised in subsequent

experiments to maximise the dynamic range of the assay (optimisation data shown

in Appendix B, Figure B.1).

Further attempts to increase assay sensitivity were made by extending antibody

incubation times from 1 h to 24 h, and by reducing basal cAMP activity in HEK293-

OTR cells through introduction of a serum-starvation step. Briefly, HEK293-OTR

cells seeded at 2 × 103 cells/well were incubated for 48 h at 37°C, 5% CO2. On

the day of the experiment, the cell culture media was aspirated and replaced with

DMEM supplemented with FBS 0.5% (v/v), and incubated for 3 h at 37°C, 5% CO2

prior to the addition of test compounds in assay buffer. No statistically significant

differences were seen between forskolin-induced cAMP responses in 1 h vs 24 h

antibody incubation times (optimisation data shown in Appendix B, Figure B.2).

Similarly, no differences were observed in constitutive cAMP production between

3 h serum-starve vs no-starve conditions (optimisation data shown in Appendix B,

Figure B.2). Thus, the final experimental conditions consisted of a 1 h incubation

with Ab-cryptate prior to data acquisition and maintenance of cells in complete

culture media prior to test compound addition.

Following assay optimisation procedures, ligand functional activity at the Gαs path-

way was indexed by measuring cAMP production following exposure to test com-

pounds. HEK293-OTR cells were seeded at a density of 2×103 cells/well into white,

poly-L-lysine coated 384 well plates, and incubated for 48 h at 37°C, 5% CO2. On

the day of the experiment, cell culture media was aspirated and replaced with test

compounds (0.1 - 10 µM) in DMEM + IBMX 0.5 mM for a 5 min agonist incu-

bation period. cAMP-d2 and Ab-cryptate in lysis buffer were then added to cells

and incubated for a further 1 h at 4°C prior to HTRF data acquisition. The ligand

concentration that induced a 50% maximal response (EC50) was used to compare

potency across compounds. The response induced by 10 µM of ligand (Emax) was

used to evaluate the efficacy of compounds comparative to basal cAMP production.
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2.5.3 Real-Time Calcium Flux Assay

Increases in cytosolic Ca2+ mobilized from intracellular stores and through ion chan-

nel influx is a key regulator of many cellular processes, and is a major downstream

effector of OTR activation [225]. The level of Ca2+ mobilization induced by test

compounds at the OTR was evaluated using the cell permeant Fluo-4 AM Ca2+

indicator dye (Invitrogen), which produces a peak fluorescence emission at 525 nm

when bound to Ca2+.

HEK293-OTR cells were seeded onto poly-L-lysine coated, black, clear-bottom 96

well plates (Corning) at a density of 3 × 104 cells/well in phenol-red free DMEM

(Sigma Aldrich), containing 1% (v/v) FBS, HEPES 50 mM, penicillin-streptomycin

(100 U) and tetracycline hydrochloride (2 µg/mL), then incubated for 48 h at 37°C,

5% CO2. On the day of the experiment, culture media was replaced with Fluo-

4 AM in assay buffer (HBSS supplemented with HEPES 20 mM, MgCl2 5 mM,

probenecid 2.5 mM, pH 7.4) and incubated for 1 h at 37°C. Following a 90 second

baseline reading, compounds (0.1 nM – 10 µM) were added to cells and fluorescence

data simultaneously acquired for 5 min using a Flexstation 3 microplate reader fitted

with an injector module (Molecular Devices; California, USA) (see Appendix A for

instrument settings). The post-injection timepoint at which fluorescence peaked (t

= 2 min) was used to generate normalised data (F/F0) with Equation 2.3. EC50 and

Emax values were used to evaluate the potency and efficacy for Ca2+ mobilisation

across compounds.

525 nm emission peak

525 nm emission baseline

= F/F0 (2.3)

2.5.4 β-arrestin Recruitment Assay

Ligand induced activation of the OTR recruits β-arrestin, a multifunctional pro-

tein which mediates receptor internalisation processes and simultaneously stimulates

the MAPK transcriptional pathway [226]. A live-cell nanoBRET assay (Promega)

was employed to explore the capacity of test compounds to induce recruitment of

β-arrestin to the OTR. This assay uses bioluminescence energy transfer (BRET)

phenomena to detect protein-protein interactions. In the assay system, the OTR is

conjugated to nanoluciferase (Nluc), a luminescence donor protein, whilst β-arrestin

is conjugated to an acceptor fluorophore, HaloTag618. In the presence of the Nluc

substrate, fumirazine, a glow-type luminescence signal is generated at 460 nm. Re-
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cruitment of β-arrestin to the OTR brings the HaloTag618 acceptor moiety into close

proximity with the luminescence donor Nluc, and a BRET interaction occurs, pro-

ducing a fluorescence emission at 618 nm (see Figure 2.3). This signal can then be

used to measure the extent of protein interaction between the OTR and β-arrestin.

Wild-type HEK293 cells were transiently transfected with plasmids encoding OTR-

Nluc and arr2-HaloTag618 fusion proteins (see Methods 2.2.2 and 2.3.1 for details).

To widen the dynamic range of the assay, the stoichiometry of BRET partners was

first optimised with donor dilution and acceptor saturation assays. In dilution exper-

iments, the optimal concentration of BRET donor was determined by sequentially

diluting OTR-Nluc against a fixed concentration of arr2-HaloTag618. In acceptor

saturation assays, the optimal ratio of donor to acceptor was identified by titrating

arr2-HaloTag618 against a fixed concentration of OTR-Nluc previously determined

in the dilution assay. The optimised transfection conditions used in the final assay

are shown in Table 2.2 (see Appendix B, Figure B.3 for optimisation data).

24 h following transfection, cells were detached with trypsin-EDTA 0.25 (% v/v),

centrifuged at 1200 g for 5 min, and resuspended in optiMEM supplemented with

FBS 4% (v/v). Density was adjusted to 2.2 × 105 cells/mL and arr2-HaloTag618 la-

Figure 2.3: Ligand-induced recruitment of labelled β-arrestin2 to the OTR leads to biolumines-
cence resonance energy transfer from nanoluciferase to the HaloTag618 fluorophore. OTR: human
oxytocin receptor, Nluc: nanoluciferase, BRET : bioluminescence resonance energy transfer.
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Table 2.2: Transfection conditions for bioluminescence resonance energy transfer (BRET) assays.

Donor (µg) Acceptor (µg) Carrier (µg) Total (µg) D:A Ratio

Donor Dilution Assay

1 1 0 2 1:1

0.2 1.8 0 2 1:10

0.02 2 0 2 1:100

0.002 2 0 2 1:1000

Acceptor Saturation Assay

0.02 0.2 1.8 2 1:10

0.02 0.5 1.3 2 1:25

0.02 1 1 2 1:50

0.02 2 0 2 1:100

Optimised DNA Concentrations

0.02 0.2 1.8 2 1:10

belled by incubating cells for 5 min with either 100 nM HaloTag618 ligand (Promega)

or DMSO 0.1% (v/v) (control). Following incubation, cells were plated into poly-

L-lysine coated, white walled, clear bottom 96-well plates (Corning) at a density of

2.2 × 104 cells/well and incubated for 24 h at 37°C, 5% CO2.

On the day of experiment, test compounds (0.01 nM – 1 µM) in optiMEM supple-

mented with MgCl2 (5 mM) were added directly to culture media and incubated

for 5 min at ambient temperature. 5X fumirazine substrate (Promega) was then

diluted into culture media and luminescence signals acquired immediately using a

CLARIOStar microplate reader (BMG Labtech) fitted with a linear variable filter

monochromator (see Appendix A for instrument settings). Raw luminescence data

was converted into ratiometric milliBRET units (mBU) by normalising to the non-

variable luminescence at 460 nm emission using Equation 2.4. EC50 and Emax values

were used to evaluate test compound potency and intrinsic efficacy respectively for

the β-arrestin recruitment pathway.

618 nm emission

460 nm emission
× 1000 = BRET Ratio (mBU) (2.4)
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2.5.5 Endosomal Trafficking Assay

Recruitment of β-arrestin to the OTR terminates G-protein dependent signalling

and initiates internalisation and trafficking of the receptor to early endosomes [180].

To provide another experimental index of ligand-induced OTR internalisation along-

side β-arrestin recruitment assays (Methods 2.5.4), we utilised a PathHunter eXpress

assay (DiscoverX, CA, USA). This assay provides a quantitative measurement of in-

ternalised GPCR protein localised to early endosome using β-galactosidase (β-gal)

enzyme fragment complementation. In this system, a 42 amino acid fragment of

β-gal is localised to intracellular endosomes, while the larger β-gal fragment is fused

to β-arrestin. Stimulation of the OTR results in β-arrestin binding to the recep-

tor, followed by internalisation and trafficking of the receptor/β-arrestin complex

to cellular endosomes. This action forces complementation of the β-gal fragments,

resulting in the formation of a functional enzyme that is capable of hydrolysing

substrate and generating a chemiluminescent signal.

Experimental procedures were conducted by Dr. Eryn Werry of the Kassiou Drug

Discovery Lab. U2OS cells expressing the human OTR (supplied by kit manu-

facturer) were thawed, then seeded into white, poly-L-lysine coated 96-well plates

(Corning) at a density of 1×104 cells/well in AssayCompleteTM plating buffer. Cul-

tures were maintained for 48 h at 37°C, 5% CO2. On the day of the experiment, test

compounds (0.1 nM - 10 µM) were dispensed into each well and incubated for 3 h at

20 °C. Following agonist incubation, β-gal luminescent substrate (detection reagent)

was prepared according to the manufacturers protocol, then incubated with cells for

a further 1 h at 20 °C. Data acquisition was performed using a PHERAStar mi-

croplate reader (BMG Labtech) fitted with a luminescence module (see Appendix A

for instrument settings). EC50 and Emax values were used to evaluate test compound

potency and efficacy respectively for β-arrestin endosomal trafficking.
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2.6 Statistical Analyses

Data represent the mean ± the standard deviation of at least three independent

experiments, unless stated otherwise. All statistical analyses were performed using

Graphpad Prism 7.0 Software (Graphpad Inc; California, USA).

2.6.1 Ligand Affinity and Binding Kinetics Data

Ki values for test compounds were determined by fitting equilibrium radioligand

binding data to a one-site competition binding model (graphpad equation: One site

– fit Ki) and analysing via nonlinear regression. Dissociation curves for [3H]-OT

were fitted to a one-phase exponential decay model (graphpad equation: Dissocia-

tion – one phase exponential decay) and koff determined using nonlinear regression

analysis. This parameter was then used to determine [3H]-OT kon using a non-global

data fitting method (graphpad equation: Association – one concentration hot). kon

and koff rate constants for test compounds were then calculated using previously

determined [3H]-OT kon and koff values as input parameters (graphpad equation:

Kinetics of competition binding).

2.6.2 Ligand Functional Activity Data

Dose-response data from functional assays (Methods Section 2.5) were fitted to a

sigmoidal, four-parameter logistic curve and analysed via nonlinear regression to

yield Emax EC50 and IC50 values. For test compounds that did not exhibit agonist

or antagonist effects, one-way analysis of variance (ANOVA) with Dunnett’s multiple

comparison test was used to confirm that the maximum ligand-response did not differ

significantly from basal activity. Students t-test (unpaired) was used to determine

statistically significant differences between means when comparing two groups.

2.6.3 Ligand Signalling Bias Analysis

A quantitative approach was used to determine if test compounds exhibited ligand

signalling bias between the Gαq and β-arrestin coupled signalling pathways, two

primary outcomes of OTR activation [154]. To provide a translatable and thera-

peutically useful measure of ligand bias, the method used to calculate bias factors

must be independent of system variables such as membrane receptor density, as well
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as altered coupling efficiency to intracellular transduction pathways in different cell

types or tissues [227].

To this end, bias factors for each test compound were calculated by first fitting dose-

response data from Gαq and β-arrestin signalling assays (Methods 2.5.1 and 2.5.4)

to the Black and Leff operational model [228] to yield ‘tranduction coefficients’

log
(

τ
KA

)
, which are insensitive to changes in receptor density and encompass key

elements required to describe GPCR agonism, namely, affinity (KA) for the receptor

and efficacy (τ) in activating a particular signaling pathway [228]. The operational

model was reparametised according to the method of Christopoulos et. al, [229] to

allow the direct fitting of dose-response data in Graphpad software using Equation

2.5.

E = Basal +
Emax − Basal

1 +
[A]

10logKA
+1

10logR×[A]

n (2.5)

Where E is the effect of the ligand, Basal is the response of the system in the absence

of agonist, Emax is the maximum possible response of the system, [A] is the concentra-

tion of agonist, logKA is the logarithm of the agonist binding dissociation constant,

n is the slope of the transducer function and logR is the logarithm of the trans-

duction coefficient
(

τ
KA

)
. All agonist dose response curves at each pathway were

globally fitted to the model with the parameters Basal, Emax and n shared between

agonists. For full agonists, the logKA was constrained to a value of zero, whereas

for partial agonists this was directly estimated by the curve fitting procedure. To

overcome potential variances in log
(

τ
KA

)
values obtained in different cellular con-

texts, log
(

τ
KA

)
values for test compounds were normalised to the log

(
τ
KA

)
value

obtained for a reference agonist, OT, at each pathway using Equation 2.6. Final

bias factors for each compound were then calculated by subtracting the difference

in normalised ∆log
(

τ
KA

)
values between signalling pathways using Equation 2.7.

log

(
τ

KA

)
compound

− log

(
τ

KA

)
oxytocin

= ∆log

(
τ

KA

)
pathway

(2.6)

∆log

(
τ

KA

)
Gαq

− ∆log

(
τ

KA

)
β-arrestin

= ∆∆log

(
τ

KA

)
(Bias Factor) (2.7)
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3.1 Introduction and Rationale

The simplicity of small-molecules confers a range of inherent advantages when used

as a starting point for drug design. Compared with peptide-based scaffolds, the

reduced complexity of small molecules limits the extent of modification possible,

streamlining the process of lead optimisation. Small molecule scaffolds are also

more amenable to oral delivery and are less susceptible to rapid metabolism than

peptides, a property which increases their bioavailability and prolongs the duration

of their therapeutic effects in vivo [230]. The reduced size and polarity of small

molecules also generally indicates a higher propensity for CNS penetration, an im-

portant consideration when developing drugs for neuropsychiatric disorders with

targets located in the CNS [231]. In addition, the greater ease of synthesis for small

molecules relative to peptides often translates to more scalable and commercially

viable synthetic procedures, an important factor in translating discoveries into new

therapeutics which should be considered at the outset of any drug development

program.

For these reasons, our group has been interested in understanding the intricacies

surrounding the functional activity of WAY-267,464, one of the very few small-

molecule, non-peptide OTR agonists reported in the literature. We have previously

published the behavioural profile of WAY-267,464 and found significant pro-social

effects (I.P., 100 mg/kg) [195] which were later in-part correlated to V1AR antago-

nism rather than its oxytocinergic effects [197]. In 2016, we reported the pharma-

cological binding and efficacy profile of WAY-267,464 along with its first published

structure-activity relationship. WAY-267,464 was shown to be a non-selective OTR

agonist/V1AR antagonist (OTR Ki = 230 nM; V1AR Ki = 27 nM; OTR EC50 = 420

nM; V1AR IC50 = 613 nM) [219].

Given the incomplete understanding of how OT and AVP signalling systems inter-

act to modulate social behaviour, the non-selectivity of WAY-267,464 confounds the

interpretation of studies that seek to delineate the behavioural effects regulated by

activation of either receptor in isolation. Furthermore, the large size and polarity

of WAY-267,464 is highly unfavourable for CNS penetration, highlighting the pos-

sibility that the behavioural effects observed in earlier studies may be mediated by

binding to peripherally distributed OTR and V1ARs, rather than the desired tar-

gets in the CNS. As such, additional structural optimisation is necessary to produce

viable, OTR-selective drug candidates based on this scaffold.

WAY-267,464 can be broadly divided into three structural motifs: a heterocyclic
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pyrazolo[1,4]-diazepine group, central benzylurea linker, and a pyrazine-resorcinol

tail (see Figure 3.1). Whilst the initial disclosure of WAY-267,464 reported the

synthesis of multiple analogues, derivatisation was focused on modifications to the

heterocyclic pyrazolo[1,4]-diazepine motif or the pyrazine-resorcinol tail moiety. In

2010, Ring et al. performed a structure activity relationship analysis of TC-OT 39, a

weak OTR partial agonist which shares structural motifs, including the benzylurea

linker, with WAY-267,464 [194]. Whilst their work focused on the truncation of

TC-OT 39 and elaboration through hybridisation with AVPR and OTR ligands, the

benzylurea component was maintained. Similarly, a structure-activity relationship

anaylsis of the OTR ligand LIT-001 by Frantz et al. [196] focused on derivatisation

of the heterocyclic head group, but retained the benzylurea linker. As such, the

majority of our work has focused on identifying the functional necessity of this

central, structurally-conserved motif.

Previous work from our group involved replacing the rigid benzylurea with flexible

alkyl tethers of varying lengths (see Figure 3.1). This modification abolished OTR

activity and largely diminished OTR binding affinity. Marginal receptor affinity was

gained at increasing chain lengths similar in distance to the lead molecule. Whilst

deleterious to receptor pharmacology, these modifications were better tolerated at

the V1AR and thus resulted in selective V1AR ligands. In addition, removal of

hydrogen-bonding capabilities in the pyrazine-resorcinol tail through methyl-ethyl

incorporation resulted in a reversal of WAY-267,464 functional activity (resulting in

a weak OTR antagonist; IC50= 4 µM), exemplifying the subtleties surrounding the

ligand binding properties of the OTR [198].

Considering the lack of published structure-activity relationship studies surrounding

the WAY-267,464 molecule and the previously observed subtleties surrounding the

flexible alkyl-tethered analogues, the present chapter focused on evaluation of 32

conformationally restricted or truncated WAY-267,464 derivatives, designated as

compound library 1 - 8. Several considerations were necessary in the design of

these molecules. Shortened chain lengths limited the number of freely rotatable

bonds, minimising overall molecular flexibility. Phenylpiperazine derivatives (1 –

4, Figure 3.2) were designed to methodically explore sterically restrained analogues

of WAY-267,464 in an attempt to re-establish the OTR activity which was lost

upon the introduction of flexibility. For consistency, both methylated and resorcinol

analogues were incorporated to correlate with the previous work in a sustained effort

towards the identification of a viable OTR pharmacophore. Truncated derivatives,

(5 – 8, Figure 3.2) were designed to evaluate whether the scaffold can be further

truncated and retain affinity at the OTR or V1AR, as well as explore the effects of

ring-opening on OTR affinity and potency. Unfortunately, a full set of functional
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group modifications for (8) could not be obtained due to synthesis issues.
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Figure 3.1: Conserved structural features between first-generation non-peptide OTR agonists
and our efforts to systematically characterise their pharmacological importance.
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Figure 3.2: Structural modifications in a library of WAY-267,464 derivatives. Compound library
1 – 4 was synthesised to explore the pharmacophoric importance of chain length in the benzylurea
linker (1 and 3; n = 1, 2 and 4; n = 2), linker conformation (1a - 4a; ortho-, 1b - 4b; meta-, 1c
- 4c; para-) and hydrogen-bonding in the resorcinol tail (1 and 2; R = CH3, 3 and 4; R = H).
Compound library 5 – 8 was synthesised to determine the effect of truncation and ring linearisation
on affinity and potency at the human oxytocin and vasopressin 1A receptors. Compounds were
functionalised via the adjacent amide group (5a – 8a; toluene, 5b – 8b; adamantyl, 5c – 8c; 4-
(trifluoromethyl)benzene, 5d – 8d; o-xylene, 5e – 8e; p-xylene, 5f – 8f ; 4-fluoro-3-methylbenzene).
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The aim of the present chapter was to characterise the binding affinity and functional

efficacy of this library of WAY-267,464 derivatives at the human OTR and V1AR.

In Section 3.2, the OTR and V1AR affinity of WAY-267,464 derivatives were first

evaluated using a competition radioligand binding assay (Methods 2.4.2) to deter-

mine Ki values under equilibrium conditions. In Section 3.3, a cell-based functional

assay (Methods 2.5.1) was used to index the capacity of WAY-267,464 derivatives to

activate, inhibit or allosterically modulate the Gαq signalling pathway at the OTR

and V1AR.

3.2 Ligand Affinity at the Oxytocin and

Vasopressin 1A Receptors

3.2.1 Phenylpiperazine WAY-267,464 Derivatives

Reintroduction of molecular rigidity into the central linker moiety in derivative li-

braries 1 – 4 abolished OTR binding affinity compared with the parent molecule

(summarised in Table 3.1) In contrast, all compounds evaluated in the library bound

to the V1AR, although with marked differences in affinity extending from the low

nanomolar to high micromolar range (Figure 3.3). Restricting the number of freely

rotatable bonds in the central linker led to a divergent effect on V1AR affinity. When

spacer length (n) = 1 (compounds 1a - 1c and 3a - 3c), the pattern of arene substi-

tution around the benzene ring determines V1AR affinity in the rank order of para >

meta > ortho. Interestingly, when spacer length (n) = 2, (compounds 2a - 2c and

4a - 4c) and conformational flexibility is increased, this relationship reverses, such

that the ortho-substituted derivatives display the highest binding affinity relative to

meta- and para-substitutions (Figure 3.3).

Methylation of the 2,4-hydroxyl groups in the resorcinol moiety of the tail region

in phenylpiperazine derivatives (1 - 2) produced a consistent 3-fold reduction in

V1AR affinity when compared with non-methylated derivatives (3 - 4). Whilst all

modifications in derivative libraries 1 - 4 led to a reduction in V1AR affinity relative

to WAY-267,464, (V1AR Ki: 27 ± 3 nM), the extent of this effect varied - the

non-methylated, ortho-substituted derivative 4a retained the highest affinity in the

series (Ki: 251 ± 33 nM), a value comparable with the parent molecule. Moreover,

the lack of detectable affinity at the OTR up to a concentration of 10 µM indicates

that compound 4a displays at least 50-fold greater selectivity for the V1AR over the

OTR, compared with the 8-fold V1AR selectivity displayed by WAY-267,464 [195].
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3.2.2 Truncated WAY-267,464 Derivatives

Truncation of WAY-267,464 in compound library 5 – 8 led to a total loss of de-

tectable OTR binding, similar to that observed in derivative library 1 – 4 (sum-

marised in Table 3.1). With respect to the V1AR, removal of the pyrazole moiety

within the diazepine head group (5a – 5f) was well-tolerated, with all compounds

in the series displaying some degree of V1AR affinity (Figure 3.4: C,E). In contrast,

breaking the central diazepine ring at positions 6, 7 (6a – 6f) or 2 (7a – 7f) in-

troduced a high degree of conformational flexibility to the molecule, leading to a

total loss of detectable V1AR binding. Interestingly, breakage of the diazepine at

position 6 alone (8a, 8d) did not entirely abolish V1AR affinity (Figure 3.4: D). A

comparison between 8d and its structural analogue 5d, which contains an identical

o-xylene functional group, reveals a 2-fold higher V1AR affinity for 8d, indicating

that removal of the pyrazole ring exerts a more detrimental effect on affinity than

breakage of the diazepine ring at position 6.

Functionalisation of the amide motif in derivative library 5 with a toluene group

(5a) produced the lowest affinity V1AR ligand of the series. Replacement with an

adamantyl group (5b) increased V1AR affinity 3-fold, indicating that the active site

of the V1AR may contain a binding pocket capable of accommodating large structural

motifs at this position. Substituted benzenes (5c – 5f), however, produced more

favourable binding properties than either toluene or adamantyl groups. Of particular

interest, inclusion of a methyl group at position 4 (4-methylbenzene, 5e) produced

6-fold higher affinity than toluene (5a) and 2-fold higher affinity than its more

electronegative counterpart 4-(trifluoromethyl)benzene, 5c). Addition of a second

methyl group at position 3 (3,4-(dimethyl)benzene, 5d) led to a small reduction

in affinity, whilst an organofluorine at this position generated a 2-fold increase in

affinity relative to 5e, producing the compound with the highest V1AR affinity in

this library (3-(fluoro),4-methylbenzene, 5f) (Ki: 230 ± 33 nM).

3.3 Ligand Functional Activity: Gαq Signalling

Consistent with a lack of observable OTR binding, no derivatives induced Gαq ac-

tivation of the OTR up to 10 µM concentrations in a cell-based functional assay

(summarised in Table 3.1). This lack of intrinsic agonist activity was mirrored at

the V1AR despite the capacity for many derivatives evaluated to bind to the V1AR

with moderate nanomolar affinity. Moreover, no derivatives were able to inhibit the

native Gαq response induced by an EC70 concentration of OT or AVP at the OTR or
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V1AR, respectively, suggesting a lack of detectable competitive antagonism at either

receptor. Finally, no derivatives were able influence the Gαq response induced by

OT or AVP at either receptor (no significant differences between means relative to

EC10 concentrations of OT or AVP (control), one-way ANOVA with Dunnett’s test,

F= 1.673, p=0.2735), indicating that they do not function as positive or negative

allosteric modulators of OTR or V1AR-mediated Gαq signalling.
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Figure 3.3: Binding affinity of WAY-267,464 1,3-dimethoxybenzene derivatives (A,C,E) and
resorcinol derivatives (B,D,F) at the human vasopressin 1A receptor, measured by competitive
displacement of radiolabelled arginine-vasopressin ([3H]-AVP) in HEK293 membrane homogenate
under equilibrium conditions. Data represent the mean ± the standard deviation of three inde-
pendent experiments.
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Figure 3.4: Binding affinity of truncated benzazepine WAY-267,464 derivatives (A,C,E) and
2-(pyrazol-5-amine)benzyl derivatives (B,D) at the human vasopressin 1A receptor, measured by
competitive displacement of radiolabelled arginine-vasopressin ([3H]-AVP) in HEK293 membrane
homogenate under equilibrium conditions. Data represent the mean ± the standard deviation of
three independent experiments.
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Table 3.1: Affinity and functional data of a WAY-267,464 derivative library at the human oxy-
tocin receptor (OTR) and vasopressin 1A receptor (V1AR). Affinity was measured by compet-
itive displacement of radiolabelled oxytocin or arginine-vasopressin ([3H]-OT/AVP) in HEK293
membrane homogenate under equilibrium conditions. Functional effects were determined using a
cell-based homogenous time-resolved fluorescence (HTRF) assay to index activation of the Gαq
signalling pathway. Allosteric modulation properties were determined in Gαq functional assays
by co-incubating WAY-267,464 derivatives (10 µM) with OT/AVP at EC10 concentrations. No
significant differences were observed between the Gαq response induced by native ligand (E10) and
native ligand + WAY-267,464 derivatives (one-way ANOVA, F= 1.673, p=0.2735). Data represent
the mean ± the standard deviation of three independent experiments. NAM : negative allosteric
modulator, nd : not determined, OT : oxytocin, PAM : positive allosteric modulator.

Compound
Affinity, Ki (nM) Gαq EC50 (nM) Gαq IC50 (nM) PAM (10 µM) NAM (10 µM)

OTR V1AR OTR V1AR OTR V1AR OTR V1AR OTR V1AR

6a >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

6b >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

6c >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

6d >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

6e >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

6f >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

7a >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

7b >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

7c >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

7d >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

1a >10 000 6807 ± 643 >10 000 >10 000 >10 000 >10 000 No No No No

1b >10 000 2095 ± 692 >10 000 >10 000 >10 000 >10 000 No No No No

1c >10 000 1910 ± 263 >10 000 >10 000 >10 000 >10 000 No No No No

2a >10 000 1062 ± 143 >10 000 >10 000 >10 000 >10 000 No No No No

2b >10 000 3343 ± 59 >10 000 >10 000 >10 000 >10 000 No No No No

2c >10 000 6250 ± 964 >10 000 >10 000 >10 000 >10 000 No No No No

3a >10 000 1938 ± 519 >10 000 >10 000 >10 000 >10 000 No No No No

3b >10 000 795 ± 228 >10 000 >10 000 >10 000 >10 000 No No No No

3c >10 000 643 ± 108 >10 000 >10 000 >10 000 >10 000 No No No No

4a >10 000 251 ± 33 >10 000 >10 000 >10 000 >10 000 No No No No

4b >10 000 874 ± 142 >10 000 >10 000 >10 000 >10 000 No No No No

4c >10 000 1756 ± 482 >10 000 >10 000 >10 000 >10 000 No No No No

5a >10 000 3391 ± 592 >10 000 >10 000 >10 000 >10 000 No No No No

5b >10 000 1263 ± 103 >10 000 >10 000 >10 000 >10 000 No No No No

5c >10 000 1106 ± 231 >10 000 >10 000 >10 000 >10 000 No No No No

5d >10 000 740 ± 89 >10 000 >10 000 >10 000 >10 000 No No No No

5e >10 000 540 ± 67 >10 000 >10 000 >10 000 >10 000 No No No No

5f >10 000 230 ± 33 >10 000 >10 000 >10 000 >10 000 No No No No

Continued on next page
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Table 3.1: Affinity and functional data of a WAY-267,464 derivative library at the human oxy-
tocin receptor (OTR) and vasopressin 1A receptor (V1AR). Affinity was measured by compet-
itive displacement of radiolabelled oxytocin or arginine-vasopressin ([3H]-OT/AVP) in HEK293
membrane homogenate under equilibrium conditions. Functional effects were determined using a
cell-based homogenous time-resolved fluorescence (HTRF) assay to index activation of the Gαq
signalling pathway. Allosteric modulation properties were determined in Gαq functional assays
by co-incubating WAY-267,464 derivatives (10 µM) with OT/AVP at EC10 concentrations. No
significant differences were observed between the Gαq response induced by native ligand (E10) and
native ligand + WAY-267,464 derivatives (one-way ANOVA, F= 1.673, p=0.2735). Data represent
the mean ± the standard deviation of three independent experiments. NAM : negative allosteric
modulator, nd : not determined, OT : oxytocin, PAM : positive allosteric modulator.

Compound
Affinity, Ki (nM) Gαq EC50 (nM) Gαq IC50 (nM) PAM (10 µM) NAM (10 µM)

OTR V1AR OTR V1AR OTR V1AR OTR V1AR OTR V1AR

7e >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

7f >10 000 >10 000 >10 000 >10 000 >10 000 >10 000 No No No No

8a >10 000 1621 ± 351 >10 000 >10 000 >10 000 >10 000 No No No No

8b nd nd nd nd nd nd nd nd nd nd

8c nd nd nd nd nd nd nd nd nd nd

8d >10 000 458 ± 81 >10 000 >10 000 >10 000 >10 000 No No No No

8e nd nd nd nd nd nd nd nd nd nd

8f nd nd nd nd nd nd nd nd nd nd

WAY-267,474 230 ± 31 27 ± 3 420 ± 59 >10 000 nd 613 ± 206 nd nd nd nd

OT 4 ± 2 81 ± 25 4 ± 1 122 ± 36 nd nd nd nd nd nd

3.4 Discussion

3.4.1 Summary of Findings

A library of non-peptide, WAY-267,464 derivatives were evaluated for affinity, se-

lectivity and functional effects at the human OTR and V1AR. Reintroduction of

a structurally rigid in central linker motif in phenylpiperazine derivatives (1 – 4)

abolished OTR affinity, however, V1AR affinity was retained by all compounds in

the series. Compounds with hydrogen bonding capability in the tail motif (3 – 4)

displayed increased V1AR affinity relative to methylated analogues (1 – 2), whilst

increasing alkyl-chain length (n = 2) in the linker region and an ortho-substitution

pattern around the central benzene ring were the most favourable modifications for

V1AR affinity when compared against shorter linker lengths, para- and meta- sub-

stitutions. Combination of these structural elements in compound 4a produced the

strongest-binding V1AR characteristics of the series (Ki: 251 ± 33 nM) - a 10-fold

reduction in V1AR affinity compared with the parent molecule, WAY-267,464 (Ki:
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27 ± 3 nM)

Truncation of the WAY-267,464 molecule to the heterocyclic pyrazolo[1,4]-diazepine

group (5 – 8), also abolished OTR affinity, whilst V1AR binding was retained to

produce V1AR selective ligands. A comparison of the full set of functional group

modifications in derivative library 5 suggests that 3-(fluoro),4-methylbenzene was

the most favourable conjugate for V1AR affinity (5f, Ki: 230 ± 33 nM). With re-

spect to heterocyclic group modifications, removal of the pyrazole motif was well-

tolerated (derivative library 5), whilst breakage of the diazepine ring in most cases

was detrimental to affinity (derivative library 6 – 7). An exception to this was

seen in derivative library 8, which retained V1AR affinity despite linearisation of the

diazepine ring.

Although V1AR affinity was retained in 60% of derivatives evaluated, no ligands

were able to induce V1AR-Gαq activation directly, and neither inhibit or allosterically

modulate AVP signalling through the V1AR in a cell-based assay. A lack of functional

efficacy was mirrored at the OTR, although this outcome correlates with the lack of

observable OTR affinity identified for these derivatives in competition radioligand

binding assays.

3.4.2 Structure-Affinity Relationships: Phenylpiperazine

Derivatives

Prior work from our group demonstrated that substituting the central benzylurea

motif in WAY-267,464 with a flexible alkyl-chain linker abolishes OTR affinity, while

affinity at the V1AR is retained [198]. Based on this finding, we hypothesised that

OTR affinity could be reintroduced in WAY-267,464 derivatives by incorporation

of a structurally rigid benzene ring in the linker region (compound library 1 – 4).

Unfortunately, this modification did not restore OTR affinity, indicating that the

central urea group, which is highly conserved between first generation OTR ligands,

participates in favourable binding interactions in the orthosteric site of the OTR.

At the V1AR, this modification reduced receptor affinity by 10-70 fold compared

to WAY-267,464, indicating that the V1AR orthosteric site is more tolerant of sub-

optimal binding partners.

The crystal structure of the OTR bound to the non-peptide antagonist, retosiban,

has been recently published [155], providing new insights into the structural con-

formation and binding interactions that take place in the orthosteric site of the

receptor. This study confirmed the existence of a deep and wide extracellular cavity
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in the OTR that may have evolved to accommodate the large size of the endogenous

neuropeptide ligand. The orthosteric site can be divided into two spatially separated

regions: a polar interaction surface formed by a network of residues on TM1 to 6,

ECL1,2 and the N-terminus of the receptor, and a hydrophobic hemisphere stretch-

ing from TM helices 5 to 7 [154, 155]. Within the OTR binding cavity, retosiban

adopts an upright, elongated conformation, interacting with multiple residues lo-

cated at the distal polar and hydrophobic surfaces. Based on the high sequence

homology between the OTR and V1AR, and the use of non-peptide antagonist to

stabilise the receptor conformation, this reported crystal structure can be used to

make inferences about the binding properties of the V1AR and the binding mode of

WAY-267,464 derivatives explored in this study.

The enhancement of V1AR affinity with increasing alkyl-linker lengths (compound

library 3 – 4) indicates that WAY-267,464 derivatives may be interacting with spa-

tially separated sites in the V1AR, mirroring the extended conformation adopted by

retosiban when bound to the OTR. Based on the presence of distal hydrophobic and

polar regions in the OTR orthosteric site, it can be postulated that the conserved,

planar pyrazolo[1,4]-diazepine group interacts with the TM 5-7 hydrophobic region

of the binding pocket, while the resorcinol moiety participates in hydrogen-bonding

interactions at the polar surface. In this paradigm, greater flexibility and length

in the central linker region would facilitate binding interactions at multiple contact

sites, which correlates well with the present findings at the V1AR.

The reduced V1AR affinity of o-dimethyl analogues (1 - 2) compared with their

non-methylated resorcinol counterparts (3 - 4) indicates that the tail group of WAY-

267,464 derivatives participate in hydrogen bonding interactions, potentially with

residues located at the polar interaction surface of the OTR or V1AR orthosteric site.

This trend was also observed in our earlier work with flexible WAY-267,464 analogues

[219], suggesting a conserved interaction that be optimised for in future OTR and

V1AR drug development. Amino acid 103, located in ECL1 of the OTR and V1AR

has been identified as a key regulator of ligand selectivity between receptors [153,

232] and may be a candidate for this interaction. In the V1AR a polar Tyr103

residue could participate in hydrogen bonding interactions with the resorcinal motif

of phenylpiperazine derivatives, whereas a non-polar Phe103 residue in the OTR

would not facilitate the formation of hydrogen bonding networks, thus leading to

the V1AR selectivity observed for derivative library 1 - 4 in the present work. The

involvement of Phe/Tyr103 in WAY-267,464 derivative affinity could be verified using

newly developed computational models of ligand docking at the OTR and V1AR

[233] in concert with the structural information provided by the newly resolved

OTR crystal structure [155].
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Interestingly, an inverse relationship was identified between linker length and ben-

zene substitution position with respect to V1AR affinity in derivative library 1 –

4. When the length of the alkyl-chain was restricted to one carbon atom, para-

substituted derivatives displayed the highest affinity, followed by meta- and ortho-

substituted derivatives. When the alkyl-chain length was increased to two carbon

atoms, this relationship reversed, such that ortho-substituted derivatives displayed

the highest affinity. It can be hypothesised that in shorter alkyl-linker lengths, para-

subsitutions are preferenced as they provide the maximum extension of the molecule

to reach distal interacting residues, and reduce intramolecular steric hindrance com-

pared with ortho-substitutions. In longer alkyl-linker lengths with sufficient exten-

sion, the rigid linearity of para-substituted derivatives may be disadvantageous for

ligand docking compared with the kinked structure formed by ortho-substitution.

In support of this argument, the 2,5-diketopiperazine core of retosiban also adopts

a kinked formation when bound to the OTR [155].

3.4.3 Structure-Affinity Relationships: Truncated

Derivatives

Extending on our prior work exploring the importance of the central linker motif

of WAY-267,464 molecule, we next evaluated a series of truncated derivatives (5 –

8) containing the pyrazolo[1,4]-diazepine functionalised through the adjacent amide

group. Interestingly, removal of the central linker and resorcinol tail group abol-

ished OTR binding, but did not substantially impact V1AR affinity. The strongest

binding ligand in the truncated derivative library (5f, Ki: 230 ± 33 nM) displayed

a higher V1AR affinity than 4a (Ki: 251 ± 33 nM), the strongest binding ligand

identified from the phenylpiperazine derivative library, despite being approximately

half the size (5f : 284.13 g/mol, 4a: 570.82 g/mol). This finding suggests that

the benzylurea and resorcinol moieties are non-essential structural components for

V1AR affinity, and thus, truncation provides a strategy to simultaneously halve the

molecular weight and enhance the V1AR selectivity of derivatives based on the WAY-

267,464 scaffold.

Modifications to the pyrazolo[1,4]-diazepine group revealed valuable information on

the structural determinants of affinity in this region of the molecule. Removal of the

pyrazole ring was well-tolerated, with derivative library 5 retaining V1AR affinity

in the nanomolar range. In contrast, breakage of the diazepine ring in derivative

library 6 and 7 abolished both OTR and V1AR affinity, confirming the importance

of a bulky and sterically constrained heterocyclic structure in the molecule, which
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likely participates in non-polar binding interactions with hydrophobic domains in

the receptor orthosteric site. Interestingly, although the diazepine ring was linearised

in compound library 8, these molecules retained V1AR affinity. While this finding

defies the affinity trend identified for other linearised, truncated derivatives, one

possibility is that the diazepine ring-breaking modification in 8 is more amenable to

spontaneous recyclisation than similar modifications introduced in 6 and 7.

With respect to amide-conjugated functional groups a – f in truncated derivatives,

substituted benzene motifs were preferenced over adamantyl groups for V1AR affin-

ity. A planar, cyclic ring in this position is mirrored in the structurally conserved

benzylurea motif of first generation OTR agonists WAY-267,464, TC OT-39 and

LIT-001, suggesting that it may form part of the minimum viable pharmacophore of

pyrazole[1,4]-diazepine OTR and V1AR agonists [192, 194, 196]. In support of this

assessment, our previous work demonstrates that removal or rearrangement of the

benzylurea linker in WAY-267,464 derivatives abolishes OTR affinity [198, 219].

3.4.4 Phenylpiperazine and Truncated Derivatives:

Functional Activity

Although phenylpiperazine (1 – 4) and truncated (5, 8) WAY-267,464 analogues

retained V1AR affinity in competition radioligand binding studies, no derivatives

were able to influence V1AR-coupled Gαq signalling in a cell-based functional assay

in either the agonist or antagonist format. While there is a possibility that these

molecules are functionally silent – binding to the V1AR but not engaging intracel-

lular signalling partners or interfering with AVP receptor interactions – it is highly

improbable that a molecule binding interaction will exert no net effect on receptor

conformation or the binding of competing ligands. A more viable explanation is

that the potency and signalling efficacy of these derivatives for V1AR-mediated Gαq

activation or inhibition falls below the detectable limit of the signalling assay used.

We have observed in prior work that the EC50 value of non-peptide ligands eval-

uated in HTRF IP1 assays used to index Gαq activation can exceed the Ki value

determined through competition radioligand binding by as much as 20-fold [195].

Further, unpublished data from our laboratory indicates that in comparison to pep-

tides, small molecule ligands based on the WAY-267,464 scaffold display low efficacy

at the OTR and V1AR in cellular functional assays. This indicates that the confor-

mational changes induced in the receptor by the binding of a non-peptide ligand have

a lower likelihood of engaging intracellular signalling partners compared with the
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endogenous ligands, OT or AVP. The HTRF IP1 assays used to index Gαq pathway

activation measure accumulation of a downstream intracellular signalling molecule,

IP1. As such, low efficacy relative to V1AR binding affinity in phenylpiperazine

WAY-267,464 analogues may contribute to the lack of observable Gαq agonism for

these compounds at the V1AR.

While the lack of agonist effects in these molecules mirrors the pharmacological

profile of WAY-267,464 at the V1AR, and may be an intrinsic property related to

efficacy, the lack of observable antagonism at the V1AR diverges from the functional

effects of the parent molecule. This finding may have arisen through factors related

to experimental design. The Ki of a ligand is an inherent property which describes

compound binding affinity to a receptor in the absence of competition [234]. The

influence of competing radioligand concentration ([3H]-AVP) in binding experiments

is factored into the calculation of Ki values using the equation of Cheng and Prusoff

[234].

Ki =
IC50

1 + [radioligand]
Kd

(3.1)

In contrast to Ki, IC50 values determined through functional assays are not an inher-

ent property of the ligand and may vary when experimental conditions are altered.

The concentration of [3H]-AVP used in competition radioligand binding experiments

was 3 nM - the approximate Kd of AVP determined from saturation binding assays.

In contrast, the concentration of competing AVP used in HTRF IP1 assays was ten-

fold higher at 30 nM – the EC70 value of the ligand determined through HTRF IP1

agonist assays. By definition, at a Kd concentration of a given ligand, the fractional

occupancy of its associated receptor is 50% under equilibrium conditions. At 10x

Kd ligand concentrations, receptor occupancy approaches 90%. Thus, the tenfold

higher concentration of AVP used in the HTRF IP1 assay substantially increases

competition for V1AR binding sites, and may have masked weak antagonism of the

receptor by phenylpiperazine WAY-267,464 analogues. Further studies could exper-

imentally validate this hypothesis by performing HTRF IP1 assays with a reduced

concentration of competing AVP, thereby lowering the concentration threshold at

which antagonism of the V1AR by phenylpiperazine derivatives could be observed

in this assay.

Alternatively, phenylpiperazine and truncated WAY-267,464 derivatives may be ac-

tivating other G-protein signalling pathways associated with the V1AR not evaluated

in this assay, such as the Gαs-cAMP-PKA pathway [235]. Potential activation of
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Gαs signalling via the V1AR could be experimentally verified in future studies using

cellular functional assays which index Gαs recruitment to the V1AR, cAMP pro-

duction or measure kinase phosphorylation following agonist stimulation. If Gαs

activity is detected for the WAY-267,464 derivatives investigated in this study, they

may be candidates for further therapeutic development with applications in treating

psychostimulant addiction.

3.4.5 Conclusions and Future Directions

Based on the lack of observable functional effects for compound library 1 – 8, ad-

ditional structural optimisation will be desirable to produce V1AR ligands that can

influence behaviour in a physiologically relevant concentration range. If V1AR an-

tagonism emerges as a property of optimised WAY-267,464 derivatives, then these

molecules could be repurposed as AVP-signalling inhibitors, with indications for hy-

ponatremia, congestive heart failure and liver cirrhosis [236–238]. The observation

that truncated WAY-267,464 derivatives (5 – 8) retain V1AR affinity is a valuable

insight in this context, as it suggests that the structural complexity of lead molecules

can be reduced to improve bioavailability while also enhancing V1AR selectivity.

The aim of the present chapter was to characterise the pharmacological properties

of a WAY-267,464 derivative library at the OTR and V1AR, with the objective of

identifying novel lead molecules for OTR agonist development. While none of the

derivatives characterised here bound to the OTR, our subsequent efforts to optimise

the structure of the truncated derivative library 5 - 8 have since yielded novel,

non-peptide agonists for the human OTR, which are currently under preclinical

development in our laboratory [239].
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4.1 Introduction and Rationale

A growing body of evidence indicates that the products of endogenous OT metabolism

are biologically active, and may play important roles in modulating social behaviour,

memory and anxiety that are synergistic with, or distinct from the parent molecule

[213, 216, 240, 241]. In the CNS, OT is metabolised by peptidases which sequen-

tially cleave residues from the N- and C-termini of the peptide to produce truncated

fragments. N-terminal metabolic products, OT1-7 and OT1-8, retain the cyclic core

formed by the Cys1-Cys6 disulfide bridge of OT, whereas all C-terminal products

are linearised via cleavage of the Cys1-Tyr2 peptide bond [212, 242].

Biologically active fragments derived from the metabolism of OT could serve as

scaffolds in the design of novel OTR ligands. The advantages of this approach

include the biological compatibility and straightforward metabolism of peptides into

constituent amino acids, which help mitigate adverse effects that may arise from

the uncharacterised metabolism of novel small molecules such as the formation of

toxic metabolites [243]. In addition, peptide ligands often display superior receptor

affinity and selectivity when compared with small molecule ligands, which typically

translates to high potency drug candidates with reduced off-target effects [230]. The

recent discovery of ligand signalling bias in naturally occurring and synthetic OT

peptide analogues provides an additional layer of specificity, facilitating targeted

activation of therapeutically desirable intracellular signalling pathways associated

with the OTR [48, 162, 203].

The reduced metabolic stability and poor CNS penetration of peptide ligands com-

pared with small molecules remains a caveat to their therapeutic use in neuropsy-

chiatric disorders [230]. Previous efforts to improve the metabolic stability of OT

through structural modification have been remarkably successful, producing the

long-acting, clinically used OT analogues carbetocin and atosiban, as well as an

extensive range of investigative OTR ligands used in animal behavioural research

[244]. This suggests that the incorporation of stability-enhancing moeities is a viable

strategy to offset the metabolic vulnerability of biologically active OT fragments. In

addition, novel strategies to improve the delivery of peptide therapeutics across the

blood-brain barrier are currently in development, including nanoparticle-mediated

delivery, enhanced transcytosis, osmotic and ultrasound-mediated membrane dis-

ruption [245]. If these innovative approaches can overcome the drug distribution

obstacle posed by the blood-brain barrier, then the diversity of peptide-based ther-

apeutics targeting CNS-related disorders is likely to expand dramatically, justifying

efforts to identify novel, peptide agonists for the OTR.
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To identify OT fragments which could serve as lead molecules for further drug devel-

opment, and gain insight into the potential contribution of OT metabolites toward

the behavioural effects of OT, we first comprehensively characterised the pharma-

cological properties of a library of endogenous OT metabolites (see Table 4.1) by

evaluating their affinity, potency and efficacy at the human OTR and V1AR. Metabo-

lites evaluated in this series included N-terminal fragments of OT (9a, 9b) which

retained the disulfide-bridged cyclic core of the parent molecule, but lack the ami-

dated C-terminal of OT (Gly9-NH2), linear C-terminal fragments (9c – 9f), linear

fragments lacking both the N- and C- termini (9g, 9h) and linear fragments contain-

ing pyroglutamate (9i, 9j), a naturally occurring amino acid containing a lactam

ring formed through spontaneous cyclisation of N-terminal glutamine residues in

vivo [246].

Table 4.1: Sequence information for compound library 9 - peptide fragments derived from the
known metabolism of oxytocin. C (bolded): disulfide-bonded cysteine, (C’): cysteine dimer (cys-
tine), Cyt : cystine, Glu: glutamine, OT : oxytocin, pQ : pyroglutamic acid.

Compound Sequence Fragment Size

OT CYIQNCPLG-NH2 OT1-9

9a CYIQNCPL OT1-8

9b CYIQNCP OT1-7

9c YIQN(C’)PLG [Cyt6]-OT2-9

9d IQN(C’)PLG [Cyt6]-OT3-9

9e QN(C’)PLG [Cyt6]-OT4-9

9f N(C’)PLG [Cyt6]-OT5-9

9g QN(C’)PL [Cyt6]-OT4-8

9h N(C’)PL [Cyt6]-OT5-8

9i pQN(C’)PLG [pGlu4Cyt6]-OT4-9

9j pQN(C’)PL [pGlu4Cyt6]-OT4-9
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4.2 Pharmacological Evaluation of Oxytocin

Metabolites

4.2.1 Ligand Affinity at the Oxytocin and Vasopressin 1A

Receptors

The OTR and V1AR affinity of compound library 9 was determined using a com-

petition radioligand binding assay outlined previously (see Methods 2.4.2). OT

displayed a Ki of 4 ± 2 nM at the OTR, and 66 ± 3 nM at the V1AR, consistent

with previously reported affinity values [154, 195]. Cyclic N-terminal fragments of

OT (9a, 9b) bound to both the OTR and V1AR with affinities in the nanomolar

to low micromolar range. Removal of Gly9-NH2 of OT in 9a led to a 260-fold re-

duction in binding affinity at the OTR, whilst at the V1AR this modification was

better tolerated, producing a 31-fold decrease in affinity relative to OT (Figure 4.1:

B). Further truncation of the OT molecule through removal of both Gly9-NH2 and

Leu8 in 9b partially restored binding capacity, producing a 60-fold decrease in OTR

affinity and 6-fold decrease in V1AR affinity relative to OT at each receptor. (Figure

4.1: C). No binding was detected for linear peptide fragments (9c – 9j) at either

the OTR or V1AR (Table 4.2).

4.2.2 Ligand Functional Activity: Gαq Signalling

To characterise the functional effects of fragment library 9 at the OTR and V1AR a

cell-based HTRF IP1 functional assay was used to index ligand-induced activation,

inhibition or modulation of Gαq signalling, the major intracellular signaling pathway

associated with the OTR and V1AR (see Methods 2.5.1) [154].

In Gαq activation studies, OT displayed a similar receptor selectivity to that observed

in affinity studies, with a potency (EC50) of 33 nM ± 3 nM at the OTR and 122 ± 36

nM at the V1AR (Table 4.2). At the V1AR, OT was a partial agonist, with a maximal

efficacy (Emax) 38 ± 8% of the Gαq response induced by the same concentration

of AVP. The functional activity of cyclic OT metabolites also mirrored the trend

observed with decreasing peptide length in affinity experiments; Removal of the C-

terminal Gly9-NH2 of OT in 9a led to an 18-fold reduction in potency and an Emax

of 34 ± 5% of OT response at the OTR (Figure 4.2: B,D). Exclusion of residues Leu8

and Gly9-NH2 in 9b partially ameliorated this effect, producing a 12-fold reduction
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in Gαq potency and an Emax 30 ± 11% of OT response at the OTR. At the V1AR, the

Gαq response induced by 9a did not differ significantly from basal activity (t-test,

unpaired, p=0.6783). 9b displayed low maximal efficacy, with an Emax 5 ± 4% of

AVP-induced response. As a consequence of low efficacy, a dose-response curve and

EC50 value could not be extrapolated for 9b.

Although linear metabolites 9c – 9j did not bind competitively to the OTR or V1AR

orthosteric site in affinity assays, functional characterisation was still performed to

rule out the possibility of receptor activation mediated by binding to an allosteric

site. No linear metabolite (9c – 9j) was able to induce statistically significant Gαq

activation above basal activity at either the OTR or V1AR (one-way ANOVA with

Dunnett’s test: F=2.325, p=0.0719) (Table 4.2). Following agonist evaluation, all

metabolites that did not show agonist activity in compound library 9 were also

assessed for antagonist effects on Gαq activation at the OTR and V1AR. No cyclic or

linear metabolite was able to inhibit the Gαq response induced by the native ligands

OT or AVP at the OTR or V1AR, respectively (Table 4.2).
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Figure 4.1: Binding affinity curves for cyclic, N-terminal fragments of oxytocin at the (B)
human oxytocin receptor and (C) the human vasopressin 1A receptor, measured by competitive
displacement of radiolabelled oxytocin or arginine-vasopressin ([3H]-AVP) in HEK293 membrane
homogenate under equilibrium conditions. Data represent the mean ± the standard deviation of
three independent experiments.
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Figure 4.2: (A) Functional activity of cyclic, N-terminal fragments of oxytocin at the human
oxytocin receptor (OTR) and vasopressin 1A receptor (V1AR). Ligand potency and efficacy for the
Gαq intracellular signalling pathway was evaluated using a cell-based, homogenous-time resolved
fluorescence assay. (B - C) Potency of cyclic metabolites for Gαq activation at the OTR andV1AR.
(D – E) Efficacy of oxytocin and cyclic metabolites for Gαq activation at the OTR and V1AR.
Truncation of oxytocin led to a statistically significant reduction in ligand maximal efficacy at
the V1AR (one-way ANOVA with Dunnett’s test: F=448.7, ****p<0.0001) Data represent the
mean ± the standard deviation of three independent experiments. OT : oxytocin, AVP : arginine-
vasopressin.
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Table 4.2: Affinity and functional data of an oxytocin metabolite library at the human oxytocin and vasopressin 1A receptors. Receptor affinity was measured
by competitive displacement of radiolabelled oxytocin or arginine-vasopressin ([3H]-OT/AVP) in HEK293 membrane homogenate under equilibrium binding
conditions. Functional effects were determined using a cell-based homogenous time-resolved fluorescence (HTRF) assay to index activation or inhibition of the
Gαq signalling pathway. Data represent the mean ± the standard deviation of three independent experiments. na: not applicable, nd : not determined, OT :
oxytocin.

Compound
Affinity, Ki (nM) Gαq EC50 (nM) Gαq Emax (% OT/AVP) Gαq IC50 (nM)

OTR V1AR OTR V1AR OTR V1AR OTR V1AR

OT 33 ± 3 66 ± 3 4 ± 1 122 ± 36 na 38 ± 8 nd nd

9a 1041 ± 159 2061 ± 112 598 ± 118 > 10 000 34 ± 5 2 ± 1 nd > 10 000

9b 232 ± 35 371 ± 35 404 ± 91 > 10 000 30 ± 11 5 ± 4 nd > 10 000

9c > 10 000 > 10 000 > 10 000 > 10 000 nd nd > 10 000 > 10 000

9d > 10 000 > 10 000 > 10 000 > 10 000 nd nd > 10 000 > 10 000

9e > 10 000 > 10 000 > 10 000 > 10 000 nd nd > 10 000 > 10 000

9f > 10 000 > 10 000 > 10 000 > 10 000 nd nd > 10 000 > 10 000

9g > 10 000 > 10 000 > 10 000 > 10 000 nd nd > 10 000 > 10 000

9h > 10 000 > 10 000 > 10 000 > 10 000 nd nd > 10 000 > 10 000

9i > 10 000 > 10 000 > 10 000 > 10 000 nd nd > 10 000 > 10 000

9j > 10 000 > 10 000 > 10 000 > 10 000 nd nd > 10 000 > 10 000
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4.3 Discussion

4.3.1 Summary of Findings

A compound library (9a – 9j) comprised of peptide fragments of the OT molecule

were assessed for affinity, selectivity and functional activity at the human OTR

and V1AR. Removal of the Cys1 residue in 9c – 9i produced linearised C-terminal

fragments that did not bind to or activate either the OTR or V1AR. In contrast,

N-terminal OT fragments that retained the cyclic motif (9a – 9b) bound to and

activated both receptors with nanomolar affinity, suggesting the conserved, disulfide-

bridged cyclic core of OT and AVP is a critical determinant of ligand affinity and

signalling efficacy.

Binding interactions between cyclic OT metabolites and the OTR were highly sen-

sitive to change, with truncation of the molecule producing 60-260 fold reductions

in OTR affinity relative to the parent compound in 9a and 9b, respectively. This

effect was less pronounced at the V1AR (6-31 fold decrease in 9a and 9b affinity rela-

tive to OT), where interactions between OT and the receptor are weaker than those

with the OTR. The relative hydrophilicity of the C-terminal of the ligand influenced

affinity and potency. Ligands containing a hydrophilic Gly-NH2 or Pro residue (OT,

9b) at the C-terminal of the molecule bound with substantially higher affinity than

those with a strongly hydrophobic amino acid (Leu, 9a) at both receptors.

Cyclic OT metabolites (9a – 9b) acted as partial Gαq agonists at the OTR, with

potency 100-150 fold lower than OT, and maximal efficacies 30 – 35% of the OT-

induced response. At the V1AR, 9a and 9b were neither active as agonists or

antagonists of AVP-induced Gαq signalling. In line with the lack of observable

binding at the OTR or V1AR, no linear OT metabolites (9c – 9i) were able to

induce or antagonise Gαq signalling at either the OTR or V1AR.

4.3.2 Cyclic and Linear Metabolites: Receptor Affinity

The OTR and V1AR residues that interact with OT and other peptide ligands have

been investigated by means of biochemical, pharmacological, molecular modelling

and site-directed mutagenesis approaches, allowing inferences to be made about

receptor interactions with the OT metabolites evaluated in compound library 9.

The binding modality for OT and structurally related peptide agonists at the OTR
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spans across residues in the N-terminus, extracellular loop ECL1 and transmembrane

domains TM2-7 of the receptor, which are spatially arranged to form a central

binding cavity on the extracellular surface [154, 247–250].

Site-directed mutagenesis studies have identified the residues Arg34, Phe103, Tyr209

and Phe284 as particularly important determinants of receptor affinity and ligand

selectivity in the OTR [158, 232, 251, 252]. Arg34, located in the N-terminus of the

receptor, is conserved between the OTR/AVPR family and thought to play a role in

non-selective ligand recognition via interactions with residues 7 - 9 in native peptide

ligands [251]. Phe103 (Tyr115 in V1AR) is found in ECL1, and is a determinant of

ligand selectivity that interacts with the variable residue at position 8 of the peptide

ligand (Ile8 in OT, Arg8 in AVP) [158, 252]. Tyr209 and Phe284 are evolutionarily

conserved residues located in transmembrane domains TM5 and TM6 of the central

binding cavity, which interact with aromatic or hydrophobic residues retained at

position 2 and 3 in the cyclic core of OT and AVP [232]. Based on this information,

it can be hypothesised that the cyclic core formed by residues 1 – 6 of OT and AVP

may extend into the TM2-7 binding cavity, facilitating interactions between the

ligand and Tyr209/Phe284 residues in the receptor. Meanwhile, the linear tripeptide

tail formed by residues 7 – 9 of OT and AVP extends to distal sites, interacting with

Arg34, Phe103 and other residues in extracellular domains of the receptor.

Truncation of the tripeptide tail of OT in 9a and 9b led to a dramatic reduction

in OTR and V1AR affinity, but did not entirely abolish binding at either recep-

tor, suggesting that interactions between residue 7 – 9 and the receptors are not a

critical determinant of ligand affinity. Truncation of residues 7 – 9 also reduced the

OTR binding selectivity of 9a and 9b, supporting earlier evidence from site-directed

mutagenesis studies suggesting that the tripeptide tail of OTR and V1AR ligands

are involved in ligand recognition [247]. In contrast to 9a and 9b, 9c – 9j were

linearised through removal of the Cys1-Cys6 disulfide bridge. This modification led

to a total loss of OTR and V1AR affinity, indicating that a sterically constrained

cyclic moiety is a crucial determinant of affinity for peptide ligands at both recep-

tors. The wide extracellular cavity which forms the orthosteric site of the OTR

and V1AR, identified through X-ray crystallography and molecular modelling, may

have evolved to accommodate this bulky cyclic component, which is also present

in the endogenous ligands. A six-membered ring is conserved in evolutionary an-

tecedents of OT and AVP (isotocin, mesotocin, vasotocin) and all clinically used

peptide OTR agonists (carbetocin, atosiban, demoxytocin), which would seem to

confirm the central importance of this motif.

The finding that linear C-terminal fragments of OT do not bind to the OTR or V1AR
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sheds an interesting light on a recent animal behavioural study by Moy et al. [216],

where it was found that the linear metabolite OT4-9 (corresponding to 9e) exerted

a dose-dependent positive effect on social exploration in a mouse model of ASD.

The OT analogue, carbetocin, and non-peptide OTR agonist TC-OT 39 were also

evaluated, but failed to elicit prosocial effects in this behavioural assessment. Al-

though the receptor pharmacology of OT4-9 at the OTR and V1AR was not reported

in this study, the authors noted the possibility that OT4-9 may be acting through a

target external to the OTR. An earlier investigation of OT metabolism by Burbach

et al. also identified OT4-9 as a bioactive metabolite with potent effects in atten-

uating passive avoidance behaviour in male rats, but did not disclose information

on receptor affinity [213]. The lack of detectable OTR or V1AR affinity for OT4-9

(9e) in the present study suggests that the OTR/AVPR family is not the target of

OT4-9, raising the possibility that this metabolite is exerting prosocial behavioural

effects through an undetermined drug target in the CNS. Another linear product of

OT metabolism – OT7-9, (MIF-1) - is known to bind multiple targets in the brain,

inhibiting µ-opioid receptor activation and acting as a positive allosteric modulator

of dopamine receptors, which provides further evidence that linear OT metabolites

retain biological activity and are capable of interacting with other class-A GPCRs

[217, 218]. These findings strongly support the possibility of a novel and uncharac-

terised mechanism through which linear, C-terminal OT metabolites such as OT4-9

are exerting behavioural effects.

4.3.3 Cyclic Metabolites: Functional Activity

Cyclic, N-terminal OT fragments 9a and 9b exhibited maximal efficacy values 30

– 35% of OT-induced Gαq response at the OTR. This suggests that truncation of

Gly9-NH2 of OT in 9a impairs interactions between the C-terminal of the peptide

and residues of the OTR that mediate conformational changes necessary for signal

transduction, thus negatively impacting ligand efficacy. The finding that removal of

Leu8 in 9b has no additional negative effect on OTR efficacy suggests that the rela-

tive hydrophobicity of the residue at the C-terminal of the peptide is an important

determinant of ligand-OTR interactions. Both OT and 9b contain relatively hy-

drophilic C-terminal residues (Gly9-NH2, Pro7) in comparison to 9a, which contains

a strongly hydrophobic C-terminal Leu8 residue. OT displayed substantially higher

potency for Gαq pathway activation than 9a, and a similar, though not statistically

significant trend was observed for 9b.

The relative hydrophilicity of the residue in position 8 of OT and analogues has
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also been reported to influence preferential activation of specific intracellular sig-

nalling pathways associated with the OTR. Naturally occurring and synthetic OT

analogues which contain a hydrophilic Pro8 residue in place of the hydrophobic

Leu8 in OT display ligand bias, with a reduced propensity for β-arrestin recruit-

ment compared with Gαq signalling induction in cell-based expression systems [36,

48]. This indicates that the tripeptide tail of OTR agonists participates in receptor

interactions which facilitate β-arrestin mediated endocytosis and subsequent desen-

sitisation. Removal of the tripeptide C-terminal in 9a and 9b may therefore be

a strategy to reduce β-arrestin recruitment to the OTR and prolong therapeutic

efficacy, a possibility which warrants further investigation.

At the V1AR, the maximal efficacy of OT was found to be 38% of AVP-induced

Gαq response, confirming that OT acts as a partial V1AR agonist. This reduction

in efficacy is in concordance with the established pharmacology of OT at the V1AR,

and can be attributed to the substitution of aromatic Phe3 and polar Arg8 residues

in AVP with hydrophobic Ile3 and Leu8 residues in OT [253]. In comparison, cyclic

metabolites 9a and 9b displayed no intrinsic efficacy for Gαq activation at the V1AR.

This suggests that C-terminal truncation of OT further impacts ligand-V1AR inter-

actions, producing agonists with efficacy so low that they are essentially inactive at

the V1AR with respect to the Gαq signalling pathway. The further finding that 9a

and 9b do not antagonise AVP signalling through the V1AR indicates that cyclic

N-terminal fragments of OT are functionally-selective, OTR partial agonists.

4.3.4 Metabolite Bioactivity in the Physiological Context

Biological activity in OT metabolites may have evolved to facilitate prolonged acti-

vation of OT-associated signalling networks in the CNS following proteolytic degra-

dation of the parent molecule. Cyclic N-terminal fragments and linear C-terminal

products of OT metabolism are able to elicit robust behavioural changes in vivo,

suggesting that the behavioural effects attributed to OT may actually result from the

combined signalling of OT and coexisting downstream metabolic products, which

vary in concentration over time [242]. As N- and C-terminal degradation of OT is

catalysed by different classes of peptidases, the tissue-specific distribution and ex-

pression level of these proteins could determine whether cyclic or linear OT metabo-

lites are predominant in different regions of the CNS and periphery, potentially

driving divergent signalling outcomes. For example, OT metabolism in liver, kidney

and endometrial tissue is catalysed primarily by placental leucine aminopeptidase

(P-LAP), which increases in expression during pregnancy, and produces linear C-
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terminal OT fragments [254–256]. In contrast, previous studies have found cyclic N-

terminal fragments OT1-8 and OT1-7 (9a and 9b) to be the most prevalent metabolic

products in CNS-derived synaptic membranes following incubation with OT [242].

Although the peptidase responsible for C-terminal degradation of OT in the CNS

has not been characterised, an early investigation by Burbach et al. identified a

C-terminal cleaving peptidase with high expression in rat brain limbic structures,

which is a putative catalyst for this metabolic pathway in vivo [212]. C-terminal OT

fragments can be detected after 1 h of incubation at 37 °C, and increase in concen-

tration after 3 h, indicating that the biological half-life of these metabolites in the

CNS may exceed that of OT [212]. If cyclic N-terminal metabolites are prevalent in

the CNS and are not rapidly degraded by peptidases, as the literature suggests, then

the altered pharmacology of 9a and 9b relative to OT may translate to different

OTR signalling outcomes in vivo. Although the vast majority of research efforts

have been focused on characterisation of linear C-terminal OT fragments, one inves-

tigation of cyclic fragment OT1-8 (9a) found that in relation to OT, this metabolite

exerted equal effects on passive avoidance and addictive behaviour, greater effects

on grooming and no effect on penile erection or uterine contraction, highlighting

the subtleties surrounding the relationship between OTR signalling and behaviour

[257].

One possibility is that the greater OTR selectivity of cyclic OT fragments 9a and

9b may have evolved to facilitate selective activation of OTR-associated pathways

in cortico-limbic circuits where the V1AR is also co-expressed. It is well established

that OT and AVP signalling systems exert opposing influences on some aspects

of behaviour [258–260]. For example, OT attenuates fear expression in the cen-

tral nucleus of the amygdala, whereas AVP facilitates fear expression via distinct

but overlapping neuronal populations that express the OTR or V1AR [256, 261].

Divergent effects between OT and AVP can also be seen in relation to memory con-

solidation and retrieval, avoidance behaviour and aggression [259, 260, 262]. In this

light, the OTR selectivity of cyclic OT metabolites 9a and 9b may mitigate the

undesirable effects mediated by non-selective activation of the V1AR by OT in vivo.

Although the findings of the present study confirm that linear metabolites (9c –

9j) do not act via the OTR or V1AR, there is extensive evidence that C-terminal

fragments of OT are produced in the CNS and exert discernible effects on behaviour.

Incubation of OT with synaptic membranes leads to the production of linear OT

fragments, with OT4-9 and OT5-9 the most prevalent linear metabolites after 3 h

incubation at 37 °C [213]. Enzymes of the leucyl-aminopeptidase family, which pro-

duce linear OT metabolites, are present throughout the CNS, with high expression
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density in the medial hypothalamus, the site of OT synthesis, pointing towards a

role in metabolic regulation of OT [212, 263]. Linear metabolites produced via this

pathway have been implicated in the regulation of multiple behavioural domains

associated with OT. The antidepressant effects of OT in mice are dependent on the

presence of insulin-regulated aminopeptidase (IRAP), a neuronally expressed homo-

logue of P-LAP [263]. In one investigation, OT was unable to ameliorate learned

helplessness in IRAP -/- mice during the forced swim-test, while in another study, a

similar effect was found in this behavioural model following co-infusion of OT and

angiotensin-IV, an IRAP inhibitor [215, 264].

These findings strongly suggest that the antidepressant-like effects attributed to OT

may actually be mediated by a linear C-terminal fragment produced via IRAP degra-

dation of OT in the CNS. C-terminal fragments [pGlu4,Cyt6]-OT4-9 and [pGlu4,Cyt6]-

OT4-8 have also been reported to exert potent effects on passive avoidance and social

preference in animal behavioural models, providing further evidence that linear OT

metabolites regulate important physiological functions in the CNS [216, 265]. The

lack of OTR or V1AR affinity determined for OT4-9 and OT5-9 (9e, 9f) in the present

study indicates that these behavioural are mediated by an uncharacterised drug tar-

get.

4.3.5 Conclusions and Future Directions

In summary, a library of peptide fragments derived from OT (9a – 9j) were evaluated

for biological activity at the OTR and V1AR in cell-based expression systems. Cyclic

N-terminal fragments 9a and 9b were found to be partial agonists for the Gαq

pathway at the OTR, and neither activated or inhibited Gαq signalling through

the V1AR, indicating that they are functionally-selective OTR ligands. Structure

activity relationship analyses of 9a and 9b suggest that the linear tripeptide tail in

OT (residues 7 – 9) is not a crucial determinant of affinity, but strongly influences

Gαq efficacy at both receptors, and that hydrophobic residues are preferenced in this

region of the molecule. Linear C-terminal fragments 9c – 9j did not bind to the OTR

or V1AR, and neither activated or inhibited endogenous ligand signalling through

either receptor, suggesting an unidentified drug target is mediating the behavioural

effects identified for linear OT metabolites in previous studies.

Based on these promising preliminary findings, 9a and 9b were selected for OTR lead

development in the following chapter. While these metabolites achieve greater OTR

functional selectivity than OT, mitigating issues of V1AR crosstalk, both molecules

are predicted to display limited metabolic stability in vivo. As such, a key objec-
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tive in subsequent lead development was to incorporate structural elements in the

molecule which could reduce the accessibility of peptidases, thus reducing suscepti-

bility to degradation.

Identification of novel drug targets for linear metabolites 9c – 9j was beyond the

scope of the present investigation, but still represents an intriguing avenue for further

research. The behavioural effects elicited by OT4-9 have been repeatedly demon-

strated in animal models, strongly supporting the possibility of uncharacterised sig-

nalling pathways which could be targeted to modulate social behaviour. Identifica-

tion of drug targets for linear OT metabolites could be achieved using a combination

of high-throughput affinity screening, cellular thermal shift assays, proteomics and

gene expression analysis [266–268]. After the selection of putative targets based on

the primary screening results, cell-based expression systems could be constructed

for each drug target candidate, and the pharmacology of linear OT metabolites

evaluated using in vitro affinity and functional assays.
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5.1 Introduction and Rationale

Pharmacological characterisation of an OT metabolite library in Chapter 4 revealed

that the macrocycle motif formed by residues 1 – 6 of the OT peptide sequence

is a crucial determinant of ligand affinity at both the OTR and V1AR. Truncation

of the C-terminal linear sequence formed by Pro7-Leu8-Gly9-NH2 residues in OT

produces ligands that bind to both the OTR and V1AR, but which are functionally

selective agonists for OTR-mediated Gαq signalling, neither activating the V1AR-

Gαq pathway at a detectable level in HTRF IP1 assays or inhibiting AVP-induced

Gαq signalling (9a and 9b).

Most peptide and small-molecule OTR agonists reported in the literature display

low selectivity between the OTR and V1AR [89]. The V1AR is highly expressed in

limbic regions of the CNS, with spatial distribution patterns that overlap closely

with OTR expression [269]. As such, off-target activation or inhibition of the V1AR

by OT is a confounding factor in studies exploring the relationship between OTR

signalling and behaviour, and may be a source of adverse health outcomes in clinical

contexts. Gαq signalling is the predominant pathway associated with the V1AR in

cell-based expression systems and in vivo [270, 271]. As OTR-selective agonists,

9a and 9b represent an opportunity to mitigate non-selective activation of V1AR-

mediated Gαq signalling, a key issue limiting the utility of OT as a therapeutic agent

and investigative tool.

Truncation of the linear C-terminal sequence and retention of the cyclic motif of OT

in 9a and 9b confers further advantages that may improve the metabolic stability,

absorption and distribution of these molecules, including reduced molecular weight,

polar surface area and greater conformational rigidity relative to the parent molecule

[272, 273]. Cyclisation of peptides forms a bulky secondary structure, which reduces

the accessibility of peptidases in comparison to linear peptide sequences [274]. Cyclic

peptides also have a propensity to form reversible intramolecular hydrogen bonds

(IMHBs) in non-polar environments, such as lipid membranes. IMHBs form be-

tween polar side chains and functional groups within the peptide backbone of the

ring structure, improving passive permeability in non-polar environments by reduc-

ing the exposed polar surface area (EPSA) of the peptide [275]. One such example

is the endogenous peptide cyclosporin-A, which can adopt different conformational

states depending on the composition of the solvent environment [276]. cyclosporin-A

retains sufficient polarity to bind specifically to its biological target, but can mask

polarity via IMHB formation to traverse lipid membranes. As such, cyclosporin-A

is highly permeable as measured by the EPSA method (EPSA = 70) [277], with
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high oral bioavailability relative to other peptide drugs [278]. Removal of the linear

C-terminal sequence and retention of the cyclic motif in 9a and 9b may therefore

represent an opportunity to structurally optimise the OT molecule whilst maintain-

ing the capacity to form IMHBs that could influence the passive permeability or

pharmacological properties of the ligand.

Based on these predicted properties, compounds 9a and 9b were selected as lead

molecules for further development. A key consideration in subsequent optimisa-

tion efforts was to introduce motifs that may enhance the metabolic stability of

the structurally important cyclic motif formed by residues 1 – 6 of the peptide

ligand sequence. The amide-bonded peptide backbone is the natural substrate of

many classes of proteolytic enzymes. As such, metabolic instability is an inherent

property of peptide ligands. In the human body this property is favourable, as it

facilitates degradation and recycling of endogenous proteins, prevents the accumu-

lation of toxic protein aggregates, and provides temporal regulation of signalling

peptides. From a therapeutic perspective, however, metabolic instability substan-

tially reduces the bioavailability and efficacy of exogenously-administered peptides.

As discussed previously, OT metabolism in the CNS is catalysed by peptidases

which sequentially cleave amino acids from the N- and C-termini of the molecule

[213, 242]. Linearisation of the peptide, which could be catalysed in vivo either by

aminopeptidase-mediated cleavage of the Cys1-Tyr2 peptide bond, or reduction of

the Cys1-Cys6 disulfide bridge, results in metabolites which do not bind or activate

the OTR (as demonstrated in Chapter 4). Preventing linearisation of the molecule

was thus critical in designing effective OTR ligands based on the scaffold of 9a and

9b.

The literature contains numerous examples of structural modifications that success-

fully stabilise the disulfide bond in OT analogues without compromising biological

activity [199, 200, 279], therefore we instead chose to focus our efforts on modi-

fication of the peptide backbone at the N and C-termini, an approach which has

previously demonstrated success in reducing the proteolytic susceptibility of many

classes of peptide drugs, [280]. These modifications were integrated in the design

of compound series 10 – 12 (Table 5.1). Compounds 10a, 11a and 12a contain

methylation of the Tyr2 residue α-carbon, a modification which has been shown

to reduce aminopeptidase accessibility and improve the membrane permeability of

peptide drugs [281]. Compounds 10b, 11b and 12b are modified to incorporate the

β-isomer of Tyr2, which introduces a methylene group into the peptide backbone,

reducing proteolytic cleavage of the N-terminal amide bond [282]. Compounds 11c

and 12c are amidated at the C-terminal residue (Leu8 in 11c, Pro7 in 12c), a mod-

ification that protects the molecule from carboxypeptidase-mediated degradation,
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and which has been shown

Compound
Fragment

length
Sequence Modification

OT 1 - 9 CYIQNCPLG-NH2 none

9a 1 - 8 CYIQNCPL none

9b 1 - 7 CYIQNCP none

10a 1 - 9 C(MeY)IQNCPLG N -methylation

10b 1 - 9 C(βY)IQNCPLG β-tyrosine2

11a 1 - 8 C(MeY)IQNCPL N -methylation

11b 1 - 8 C(βY)IQNCPL β-tyrosine2

11c 1 - 8 CYIQNCPL-NH2 C -amidation

12a 1 - 7 C(MeY)IQNCP N -methylation

12b 1 - 7 C(βY)IQNCP β-tyrosine2

12c 1 - 7 CYIQNCP-NH2 C -amidation

Table 5.1: Putative stability-enhancing structural modifications incorporated into full-length
oxytocin and cyclic, N-terminal fragments of the peptide sequence. Compounds designated (a) are
methylated at the α-amine carbon of the cysteine1-tyrosine2 peptide bond. Compounds designated
(b) are substituted with the β-isomer of tyrosine2. Compounds designated (c) are amidated at the
carboxyl terminus of the peptide sequence. MeY : N -methyl-tyrosine, βY : β-tyrosine.

to enhance the receptor affinity and biological activity of peptide ligands [283]. C-

amidation is present as a post-translational modification in more than half of all

known endogenous peptides [284], including both OT and AVP, suggesting that this
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conserved motif may serve an important function in their biological activity. All

modifications were incorporated separately into full-length OT1-9 , OT1-8 (9a) and

OT1-7 (9b) to ascertain the sensitivity of each scaffold to modification.

The impact of these modifications on ligand affinity and biological activity were

characterised in Section 5.2. The affinity of compound library 10 - 12 at the human

OTR was first explored using a competition radioligand binding assay in Section

5.2.1. Ligand biological activity at the human OTR was then assessed using cell-

based Gαq signalling and intracellular Ca2+ flux assays in Section 5.2.2 and 5.2.3.
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5.2 Pharmacological Evaluation of Modified

Oxytocin Metabolites

5.2.1 Ligand Affinity at the Oxytocin Receptor

The binding affinity of modified metabolite library 10 - 12 at the human OTR was

indexed using a competition radioligand binding assay outlined previously (Methods

2.4.2). Data is shown in Figure 5.1 and summarised in Table 5.2. N-methylation of

full-length OT1-9 (10a) had a negative effect on OTR affinity, leading to a 55-fold

reduction compared with the native peptide. This modification was better tolerated

in the N-methylated OT1-8 (11a) and OT1-7 (12a) fragments, which saw only a 1.5-

fold and 3.5-fold reduction in OTR affinity relative to their unmodified counterparts,

respectively.

Incorporation of β-Tyr2 exerted a more detrimental effect on receptor affinity, pro-

ducing a total loss of detectable OTR binding in both the full-length and truncated

peptides (10b, 11b, 12b). In contrast to these modifications, C-amidation displayed

a net positive effect on OTR affinity. In the OT1-8 fragment (11c), this modification

led to a 8-fold increase in OTR affinity (Ki: 132 ± 66 nM) relative to the unmodified

counterpart 9a, whilst in the OT1-7 fragment (12c), C-amidation increased OTR

affinity by 4-fold compared with 9b, producing the strongest binding characteristics

of any peptide ligand investigated in the present study (Ki: 61 ± 22 nM).

5.2.2 Ligand Functional Activity: Gαq Signalling

Characterisation of OTR agonist properties for compound library 10 - 12 was per-

formed using a Gαq signalling assay outlined previously (Methods 2.5.1). Data is

shown in Figure 5.2 and summarised in Table 5.2. The effect of each modifica-

tion on ligand-induced Gαq signalling mirrored the overall trend observed for OTR

affinity in Section 5.2.1. N-methylation led to reduced potency in all modified pep-

tides compared with the unmodified counterpart, although this decrease was most

pronounced in the full-length peptide (10a), which saw a 230-fold reduction in po-

tency relative to unmodified OT, compared with more modest 2-fold and 3.6-fold

decreases for the OT1-8 (11a) and OT1-7 (12a) fragments, relative to their unmod-

ified counterparts. Maximal efficacy for the full-length N-methylated peptide was

also substantially lower than unmodified OT (10a: 39 ± 9% of OT response) and

decreased with truncation of the molecule to OT1-8 (11a: 16 ± 3% of OT response),
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however no further reduction was observed with truncation to OT1-7 (12a: 17 ± 8%

of OT response).

In line with the dramatic loss of OTR affinity observed for β-Tyr2 modified pep-

tides in Section 5.2.1, peptides that incorporated this element (10b, 11b, 12b) also

displayed low potency for activation of Gαq signalling. In full-length OT1-9 (10b)

this modification led to an 810-fold decrease in potency, with a corresponding max-

imal efficacy of 14 ± 3% of OT response. This low efficacy for the Gαq signalling

pathway was further amplified in truncated peptides 11b and 12b, resulting in a

flattened dose-response curve and precluding the extrapolation of EC50 values for

these molecules.

C-amidation of the OT1-8 fragment (11c) had little effect on Gαq potency, producing

an EC50 of 626 ± 136 nM, comparable to the EC50 of the unmodified counterpart,

9a (EC50: 598 ± 118 nM). Although this modification had no net effect on potency

for the Gαq signalling pathway, the maximal efficacy for 11c was increased to 52

± 7% of OT response, compared with 34 ± 5% for 9a. C-amidation of the OT1-7

fragment (12c) produced an EC50: 244 ± 44 nM, corresponding to a 2-fold increase

in potency relative to the unmodified counterpart. An increase in maximal efficacy

was also observed between C-amidated and unmodified OT1-7 fragments, increasing

to 50 ± 12% of OT response in 11c, compared with 30 ± 11% in the unmodified

counterpart, 9b.

5.2.3 Ligand Functional Activity: Intracellular Calcium

Flux

Activation of the OTR leads to increases in cytosolic Ca2+ concentration, a down-

stream event which represents the convergence of multiple intracellular signal trans-

duction pathways, and is a key mechanism translating OTR activation in the CNS

to modulation of neuronal circuits associated with behaviour. To demonstrate that

the Gαq potency and efficacy data collected in HTRF IP1 assays is reflected in this

important signalling outcome, a Ca2+ mobilisation assay (Methods 2.5.3) was used

to index the functional activity of compound library 10 - 12.

Data is shown in Figure 5.3 and summarised in Table 5.2. Overall, ligand po-

tency and efficacy values estimated using Ca2+ mobilisation assays were consider-

ably higher than those found in Gαq HTRF IP1 assays. OT displayed an EC50 of 2

± 1 nM. Truncation of the molecule led to potency and efficacy losses irrespective

of modification, although a conserved pattern was observed between modifications

90



Chapter 5: Structural Modification of Bioactive Oxytocin Metabolites

at each fragment length.

In line with the findings of previous assays, β-Tyr2 incorporation was the most

deleterious modification, producing a 925-fold potency decrease in the full-length

peptide (10b), with a corresponding maximal efficacy that was 61 ± 1% of the OT

response. Truncation of the peptide sequence compounded this effect, with the OT1-8

fragment (11b) displaying a maximal efficacy 27 ± 3% of OT response, falling to 1 ±
1% of OT response in the OT1-7 fragment (12b). N-methylation was less detrimental

for functional activity, producing a 97-fold decrease in potency in the full-length

peptide (10a) relative to OT, and a maximal efficacy 74 ± 1% of OT response. N-

methylation of OT1-8(11a) and OT1-7 (12a) fragments did not substantially impact

ligand potency in this assay, with similar EC50 values determined for unmodified

and modified peptides (Table 5.2). C-amidated peptides retained a high degree

of potency and efficacy in Ca2+ flux assays. The OT1-7 fragment (12c) was the

most potent ligand identified from compound library 10 – 12 in this assay, with

an EC50 of 85 ± 12 nM. C-amidation was also the modification least affected by

truncation of the peptide sequence – maximal efficacy was found to be 92 ± 13%

of OT response for the OT1-8 fragment (11c) and 75 ± 8% for the OT1-7 fragment

(12c), respectively.
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Figure 5.1: Binding affinity curves for modified, cyclic derivatives of oxytocin at the human oxy-
tocin receptor (OTR) measured by competitive displacement of radiolabelled [3H]-OT in HEK293
membrane homogenate under equilibrium conditions. (a) N-methylation, (b) β-Tyr2 and (c) C-
amidation modifications were incorporated separately into (A) the full-length OT1-9 sequence, (B)
OT1-8 and (C) OT1-7 fragments. Affinity data for the unmodified peptide fragments OT1-8 (9a)
and OT1-7 (9b) are included for comparison. Data represent the mean ± the standard deviation
of three independent experiments.
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Figure 5.2: Functional activity of modified, cyclic derivatives of oxytocin at the Gαq signalling
pathway associated with the human oxytocin receptor (OTR). Ligand potency and maximal effi-
cacy for the Gαq signalling pathway was evaluated using a cell-based, homogenous-time resolved
fluorescence (HTRF) assay. (a) N-methylation, (b) β-Tyr2 and (c) C-amidation modifications
were incorporated separately into (A - B) the full-length OT1-9 sequence, (C - D) OT1-8 and
(E - F) OT1-7 fragments. Functional data for the unmodified peptide fragments OT1-8 (9a) and
OT1-7 (9b) are included for comparison. Data represent the mean ± the standard deviation of at
least three independent experiments.
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Figure 5.3: Functional effects of modified, cyclic derivatives of oxytocin on intracellular Ca2+

flux at the human oxytocin receptor (OTR). Ligand potency and maximal efficacy for intracellular
Ca2+ flux was evaluated using a cell-based, real-time fluorescence assay. The t=peak fluorescence
following ligand exposure was used to determine potency and efficacy data. (a) N-methylation,
(b) β-Tyr2 and (c) C-amidation modifications were incorporated separately into (A - B) the
full-length OT1-9 sequence, (C - D) OT1-8 and (E - F) OT1-7 fragments. Functional data for
the unmodified peptide fragments OT1-8 (9a) and OT1-7 (9b) are included for comparison. Data
represent the mean ± the standard deviation of at least three independent experiments.
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Table 5.2: Affinity and functional activity of modified, cyclic derivatives of oxytocin (10 - 12) at the human oxytocin receptor (OTR). Receptor affinity (Ki) was
measured by competitive displacement of radiolabelled oxytocin ([3H]-OT) in HEK293 membrane homogenate under equilibrium binding conditions. Functional
effects were determined using cellular assays in HEK293 cells expressing the OTR at 37°C. A homogenous time-resolved fluorescence (HTRF) assay was used
to index activation or inhibition of the Gαq signalling pathway. A real-time fluorescence assay was used to index ligand-induced Ca2+ flux, a major signalling
outcome associated with activation of the OTR. Data represent the mean ± the standard deviation of at least three independent experiments. nd : not determined,
OT : oxytocin.

Compound Affinity, Ki(nM)
Gαq potency,

EC50(nM)
Gαq efficacy

(% OT)
Ca2+ flux potency,

EC50(nM)
Ca2+ flux efficacy

(% OT)

OT 4 ± 2 4 ± 1 100 2 ± 1 100

carbetocin 4 ± 2 419 ± 153 36 ± 4 nd nd

9a 1041 ± 159 598 ± 118 34 ± 5 1363 ± 169 56 ± 3

9b 232 ± 35 404 ± 91 30 ± 11 960 ± 79 51 ± 2

10a 220 ± 3 930 ± 191 39 ± 9 194 ± 6 74 ± 1

10b >10 000 3241 ± 366 14 ± 3 1847 ± 328 61 ± 1

11a 1691 ± 379 1295 ± 199 16 ± 3 1286 ± 550 39 ± 5

11b >10 000 >10 000 3 ± 2 4415 ± 634 27 ± 3

11c 132 ± 66 626 ± 136 52 ± 7 160 ± 30 92 ± 13

12a 809 ± 347 1476 ± 559 17 ± 8 1166 ± 149 29 ± 2

12b >10 000 >10 000 2 ± 1 >10 000 1 ± 1

12c 61 ± 22 260 ± 44 50 ± 12 85 ± 12 75 ± 8
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5.3 Lead Development of C-Amidated Cyclic

Peptides

After screening a library of modified, cyclic derivatives of OT (compound library 10

– 12) in binding and functional assays in Section 5.2, amidation of the C-terminal

amino acid residue (11c, 12c) emerged as a viable structural modification that could

putatively increase metabolite resistance to proteolytic degradation without com-

promising ligand affinity, potency or efficacy at the OTR. In contrast, N-methylation

of the Tyr2 residue (10a, 11a, 12a) and replacement with β-Tyr2 (10b, 11b, 12b)

negatively impacted peptide ligand pharmacology, limiting the utility of these mod-

ifications. In silico structural analysis of C-amidated peptides indicates reduced

polar surface area and fewer rotatable bonds in 11c and 12c relative to OT, factors

which could improve the bioavailability and CNS penetration of these molecules (Ta-

ble 5.3). From these findings, C-amidated metabolites 11c and 12c were identified

as the most promising lead candidates within compound library 10 - 12, and were

thus selected for further preclinical development.

A key consideration in subsequent optimisation efforts was to identify whether lead

molecules displayed a reduced efficacy toward OTR β-arrestin recruitment and re-

ceptor internalisation, relative to OT. While β-arrestins were initially thought to

be only associated with receptor desensitisation, it is now known that β-arrestin re-

cruitment can promote activation of alternate signalling mechanisms, by interfering

with canonical G-protein/receptor interactions and acting as a scaffold for enzymes

associated with other intracellular signalling pathways [285]. Once such example is

the β-arrestin dependent activation of the MAPK signalling cascade following OTR

activation in the PVN, which has been identified as a central factor in the anxiolytic

effect of OT in males and females [226, 286, 287].

Novel insights have similarly expanded the role of receptor internalisation. While

once thought to be the factor which terminates GPCR activity, evidence has emerged

Table 5.3: Physiochemical properties of oxytocin and C-amidated derivatives calculated in silico.

Compound
Molecular weight

(g mol-1)
Topological polar
surface area (Å2)

Rotatable bonds

OT 1007.21 399.53 17

11c 951.14 364.63 15

12c 837.98 335.54 11
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that sustained signalling from internalised receptors in early endosomes can occur for

many GPCRS, facilitating a range of signalling outcomes that are spatiotemporally

distinct from the canonical pathways associated with receptor activation at the

plasma membrane [288–290]. While this paradigm has not been investigated for the

OTR, it has been demonstrated for several pituitary and hypothalamic hormone

receptors, including the structurally related V2R [291, 292].

The influence of these non-canonical signalling pathways on the full repertoire of

OT-associated behaviours is not clearly understood, and thus, the ‘ideal’ signalling

profile for an OTR-targeting therapeutic is not known. Identification of OTR ligands

that are biased toward G-protein dependent signalling and which reduce β-arrestin

recruitment or receptor internalisation may therefore serve as valuable investigative

tools for in vivo studies seeking to delineate the impact of these pathways on OT-

associated behaviour.

In Section 5.3.1, the propensity for lead molecules to induce β-arrestin recruitment

was evaluated using a cell-based bioluminescence resonance energy transfer (BRET)

assay. Although the human OTR interacts with both β-arrestin1 and β-arrestin2

isoforms [36], functional studies have revealed a more robust interaction between

the OTR and β-arrestin2 following exposure to peptide agonists [48], a relationship

which has also been widely demonstrated in other class-A GPCRs [293]. For these

reasons, genetic constructs expressing the human β-arrestin2 isomer were used in

subsequent assays.

The structurally related and clinically used OT analogue, carbetocin, was included

in these experiments alongside OT to provide a secondary point of reference for

ligand effects at the OTR, and to establish whether the pharmacological properties

of 11c and 12c fall within a range that may be sufficient to elicit behavioural effects

in vivo. Carbetocin has been previously reported as an OTR selective Gαq agonist

that does not recruit β-arrestin [203], providing an interesting contrast to the effects

induced by the native ligand, OT.

Using data from β-arrestin recruitment assays and ligand-induced activation of the

Gαq pathway determined previously in Section 5.2.2, ligand signalling bias toward

OTR-mediated Gαq signalling or β-arrestin recruitment was determined in Section

5.3.2 using an analytical approach based on the operational model of agonism de-

veloped by Black and Leff and expanded by Christopolous et al. [227, 228]. An

endosomal trafficking assay was then employed in Section 5.3.3 to experimentally

confirm the results derived from ligand bias analysis and provide another cellular

measurement of OTR internalisation alongside β-arrestin recruitment assays.
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In addition to determining potential ligand signalling bias for 11c and 12c, we

also sought to expand the scope of the functional activity dataset generated for

these molecules thus far. Although Gαq proteins are the primary intracellular signal

transduction partners associated with the OTR [154], interactions between the OTR

and Gαs proteins, which regulate the cyclic AMP/protein-kinase A (cAMP-PKA)

signalling cascade, have been detected in neuronal and myometrial tissue [160, 161,

222]. OTR expression in the myometrium is regulated by cAMP-responsive repressor

elements, and increases during parturition in a process mediated partly by Gαs

signalling [160, 161]. In neurons, Gαs signalling via the cAMP-PKA cascade controls

a number of biological properties such as axonal growth, synaptic transmission,

regulation of excitability or long term changes in the nucleus [294], whilst OTR-

mediated Gαs signalling specifically has been demonstrated to produce sustained,

inward Na+ currents in vagal neurons [222].

Although the relationship between OTR-mediated Gαs signalling in the CNS and

the regulation of social behaviour is not clearly established, the known association

between the OTR and Gαs proteins in different tissues necessitates in vitro screening

of OTR ligand properties at this pathway. To this end, a cellular HTRF cAMP

production assay was performed to index ligand-induced activation of the Gαs-cAMP

signalling cascade via the OTR in Section 5.3.4. Forskolin, a known activator of

cAMP signalling [224, 295], was used as a positive control to verify functionality

of the assay system. The OTR antagonist atosiban, which does not activate Gαs

signalling [172], was used as a reference compound to compare the Gαs pathway

activity of OT and modified metabolites 11c and 12c.

Finally, it is increasingly recognised that ligand receptor affinity values determined

in vitro, under equilibrium binding conditions are not sufficient to accurately predict

drug affinity or activity in vivo. Multiple factors present in biological systems such as

incomplete tissue distribution, membrane partitioning, rapid metabolic degradation

and excretion of drugs substantially reduce the likelihood that ligand binding will

occur under equilibrium conditions at the site of the target receptor [296]. It is

therefore important in preclinical development stages to understand the kinetics

of ligand-receptor binding interactions which may determine ligand activity under

non-equilibrium states in vivo. To this end, receptor binding kinetics data for OT,

11c, 12c and carbetocin was acquired at the human OTR using a series of kinetic

radioligand binding assays in Section 5.3.5, providing a comprehensive preclinical

dataset for future drug discovery efforts using these molecules.
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Table 5.4: Effects of modified, cyclic derivatives of oxytocin on ligand-induced β-arrestin re-
cruitment to the human oxytocin receptor (OTR). Ligand potency and efficacy toward β-arrestin
recruitment was measured using a bioluminescence resonance energy transfer (BRET) assay in
HEK293 cells expressing the human OTR at 37°C. The t=BRETpeak following agonist stimula-
tion was used to determine potency and efficacy values. Data represent the mean ± the standard
deviation of three independent experiments. OT : oxytocin.

Compound Potency (EC50, nM) Efficacy (% OT)

OT 1.1 ± 0.2 100

carbetocin 0.1 ± 0.04 64 ± 14

11c 25 ± 2 73 ± 11

12c 26 ± 5 60 ± 13

5.3.1 Ligand Effects on β-arrestin Recruitment to the

Oxytocin Receptor

Sustained agonist activation of the OTR facilitates β-arrestin recruitment to the

cytosolic domain of the receptor, a process which decouples G-protein dependent

signalling, and which may subsequently activate alternate β-arrestin dependent sig-

nalling pathways or receptor internalisation mechanisms. A cell-based BRET assay

(Methods 2.5.4) was used to index β-arrestin recruitment to the OTR following

agonist stimulation by OT, carbetocin, 11c or 12c.

Sustained agonist activation of the OTR facilitates β-arrestin recruitment to the

cytosolic domain of the receptor, a process which decouples G-protein dependent

signalling, and which may subsequently activate alternate β-arrestin dependent sig-

nalling pathways or receptor internalisation mechanisms.

Data is shown in Figure 5.4: (A – B) and summarised in Table 5.4. OT robustly

induced β-arrestin recruitment to the OTR, with an EC50 of 1.1 ± 0.2 nM. In-

terestingly, carbetocin displayed a 10-fold higher potency than OT for β-arrestin

engagement (EC50: 0.12 ± 0.04 nM), yet the maximal efficacy of carbetocin at this

pathway was only 64 ± 14% of the OT induced response. In contrast, 11c and 12c

were approximately 25-fold less potent than OT and 200-fold less potent than carbe-

tocin towards β-arrestin recruitment, respectively. Despite this disparity in potency,

the maximal efficacy of C-amidated peptides for β-arrestin engagement was similar

to that of carbetocin - for 11c, 73 ± 11% of OT response, and for 12c, 59 ± 13%

of OT-induced response, with no statistically significant differences between mean

values (one-way ANOVA: F=1.001, p=0.4214)
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5.3.2 Quantitative Analysis of Ligand Signalling Bias

Ligand efficacy towards a signalling pathway can be determined using a single func-

tional assay with a reference agonist (OT) and non-linear regression analysis. How-

ever, to obtain meaningful comparisons of ligand efficacy between different functional

assays, observational and systemic biases arising from differences in experimental

conditions must be mitigated. With data from cellular functional assays, we utilised

a quantitative analytical method (see Methods 2.6.3) to derive ligand signalling bias

towards Gαq pathway activation or β-arrestin recruitment.

Relative to OT, carbetocin displayed a higher propensity towards β-arrestin recruit-

ment than Gαq signalling at the OTR (t-test, unpaired, p<0.05). Carbetocin sig-

nalling bias toward the β-arrestin recruitment pathway was approximately 1.5 fold

greater than 11c and 3-fold greater than 12c, respectively (Figure 5.4: D). In com-

parison, 11c and 12c displayed a trend towards increased Gαq pathway activation

and away from β-arrestin recruitment with decreasing peptide length. Relative to

OT, 12c displayed a statistically significant preference toward Gαq signalling (t-test,

unpaired, p<0.001), although significance was not achieved for 11c.

5.3.3 Ligand Effects on Endosomal Trafficking of β-arrestin

Recruitment of β-arrestin to the OTR terminates G-protein dependent signalling

and initiates internalisation and trafficking of the receptor to early endosomes [180].

To experimentally confirm the Gαq pathway ligand signalling bias identified for

C-amidated metabolites in Section 5.3.2, OT and 12c were screened using a Path-

Hunter eXpress assay (Methods 2.5.5). This assay provides a quantitative measure-

ment of internalised GPCR protein localised to the early endosome by detecting

the chemiluminescent signal generated by complementation of β-galactosidase en-

zyme fragments expressed by a recombinant β-arrestin protein and early endosomal

marker proteins following agonist stimulation.

As shown in Figure 5.4: E, exposure to OT facilitated endosomal trafficking of β-

arrestin in OTR-expressing cells in a robust and dose-dependent manner (EC50: 0.4

± 0.1 nM). The maximal effect of OT (100 nM) was observed following 3 h of agonist

stimulation, leading to a statistically significant, 13-fold increase in endosomal traf-

ficking relative to the basal state (one-way ANOVA with Dunnett’s test, F : 221.5,

p<0.0001) (Figure 5.4: F). In comparison, 3 h exposure to 12c (10 µM) did not lead

to a statistically significant increase in endosomal trafficking of the OTR relative to
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the basal state.
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Figure 5.4: Functional effects of oxytocin, carbetocin and C-amidated, cyclic derivatives of oxy-
tocin (11c, 12c) on β-arrestin recruitment and intracellular trafficking of the human oxytocin re-
ceptor (OTR). (A) Ligand potency for β-arrestin recruitment at the OTR. (B) Maximal efficacy
of ligand-induced β-arrestin recruitment at the OTR (No significant difference between means,
one-way ANOVA: F=1.001, p=0.4214). (C) Comparison of maximal ligand efficacy values ob-
tained from Gαq signalling and β-arrestin recruitment assays. (D) Quantitative ligand signaling
bias analysis using functional data derived from Gαq signalling and β-arrestin recruitment assays.
Relative to OT, 12c and carbetocin (CT) displayed statistically significant differences in signalling
preference (t-test, unpaired, 12c: p< 0.001, carbetocin: p<0.05) (E) Oxytocin-induced OTR in-
ternalisation determined using an endosomal trafficking assay. (F) Comparison of ligand-induced
trafficking of β-arrestin to early endosomes following agonist stimulation. 3 h of exposure to oxy-
tocin led to a statistically significant increase in β-arrestin trafficking relative to the basal state
(one-way ANOVA with Dunnett’s test, F : 221.5, ****p<0.0001).
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5.3.4 Ligand Effects on Gαs Signalling

To determine if C-amidated metabolites exhibit agonist properties at the Gαs sig-

nalling pathway, OT, 11c and 12c were screened against the cAMP activator,

forskolin, and OTR antagonist, atosiban, using a HTRF cAMP production assay

(Methods 2.5.2).

Forskolin robustly induced cAMP production in OTR-expressing cells, with an EC50

of 2820 ± 428 nM, in line with previously published potency data (Figure 5.5: A)

[295]. OT acted as a low-efficacy Gαs agonist, producing a small but statistically

significant increase in cAMP production, with an EC50 of 53 ± 22 nM (Figure

5.5: B). The maximal efficacy of compounds was assessed at 10 µM concentrations

following 5 min of agonist exposure. Forskolin treatment produced a statistically

significant 16-fold increase in cAMP production relative to basal activity, whilst

OT treatment produced a 2-fold increase (one-way ANOVA with Dunnett’s test,

F : 114.3, forskolin: p<0.001, OT: p<0.05) (Figure 5.5: C). In contrast, the Gαs

response induced by 11c, 12c and atosiban did not differ significantly from the

basal state, indicating that they do not function as agonists of the Gαs signalling

pathway via the OTR.
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Figure 5.5: Functional effects of oxytocin, atosiban and C-amidated derivatives of oxytocin 11c
and 12c at the Gαs signalling pathway. Ligand potency and maximal efficacy values for Gαs path-
way activation were evaluated using a cell-based homogenous time-resolved fluorescence (HTRF)
cAMP production assay. (A) Ligand dose-response data for Gαs-mediated cAMP production.
(B) Oxytocin dose-response curve for cAMP production. (C) Ligand maximal efficacy at the Gαs
pathway. Forskolin (10 µM) and oxytocin (10 µM) treatment produced statistically significant
increases in cAMP production relative to basal activity (one-way ANOVA with Dunnett’s test, F :
114.3, ***p<0.001 [FSK], *p<0.05 [OT]). Data represent the mean ± the standard deviation of
three independent experiments. ATO : atosiban, FSK : forskolin, OT : oxytocin
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5.3.5 Kinetics of Ligand Binding at the Oxytocin Receptor

To explore the receptor binding kinetics of properties of OT, carbetocin, 11c and

12c, we next sought to characterise ligand-receptor interactions under non-equilibrium

conditions using a series of radioligand binding assays described in Methods 2.4.3.

[3H]-OT was used as a radioligand probe to determine the association (kon) and

dissociation (koff) rate constants of competing, unlabelled ligands at the OTR. The

koff for [3H]-OT was first determined using a dissociation time-course assay. [3H]-OT

dissociation from the OTR was monophasic, with a radioligand-OTR complex t1/2

of 139 min, 95% CI [117, 149] (Figure 5.6). When fitted to a one-phase exponential

decay function (Methods 2.6.1), dissociation data yielded a koff of 0.0050 ± 0.0005

min-1 for [3H]-OT and a receptor residence time (1/koff) of 200.6 min (Table 5.5).

The kon for [3H]-OT was determined using an association time-course assay and

fitted to a one-phase exponential association function (Methods 2.6.1), yielding a

value of 8.8 ± 1.0 × 106 M-1 min-1 (Figure 5.6).

Following determination of binding rate constants for [3H]-OT, kon and koff rates for

unlabelled compounds were determined by performing a competition kinetic binding

assay described in Methods 2.4.3. Data is summarised in Table 5.5. Carbetocin was

the most rapidly binding OTR ligand evaluated, displaying a kon faster than [3H]-

OT by one order of magnitude. The C-amidated metabolites 11c and 12c displayed

comparable association kinetics and were the slowest binding ligands, with kon values

an order of magnitude less than [3H]-OT, and two orders of magnitude less than

carbetocin. Carbetocin also displayed the most rapid dissociation from the OTR,

with a koff 2-fold higher than 11c and 12c, whereas [3H]-OT was the most slowly

dissociating ligand, displaying a koff 2-fold lower than 11c or 12c and 4-fold lower

than carbetocin. These dissociation rates were reflected in the receptor residence

time for each ligand, with [3H]-OT displaying the longest receptor occupancy (201

min), followed by 12c (109 min), 11c (65 min) and carbetocin (35 min).
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Table 5.5: Binding kinetics of [3H]-oxytocin, carbetocin and C-amidated, cyclic derivatives of
oxytocin at the human oxytocin receptor (OTR). Association (kon) and dissociation (koff) rate
constants were experimentally determined using a series of timecourse radioligand binding assays
performed at 20°C in OTR-expressing, HEK293 membrane homogenates. Data represent the mean
± the standard deviation of at least three independent experiments. RT : receptor residence time,
OT : oxytocin.

Compound
kon (M-1

min-1)
koff (min-1)

K d (koff/kon)
(nM)

RT (1/koff)
(min)

[3H]-OT
8.8 ± 1.0 ×

106 0.005 ± 0.001 0.6 201

carbetocin
3.9 ± 1.7 ×

107

0.0284 ±
0.0039

0.7 35

11c
3.4 ± 1.4 ×

105

0.0155 ±
0.0039

46.0 65

12c
3.0 ± 1.5 ×

105

0.0092 ±
0.0042

31.2 109

Figure 5.6: Binding kinetics of radiolabelled oxytocin ([3H]-OT) at the human oxytocin receptor
(OTR). Kinetic parameters were determined using timecourse radioligand binding assays performed
at 20°C in OTR-expressing HEK293 membrane homogenate. (A) Association of [3H]-OT to the
the OTR over time. Data were fitted to a one-phase exponential association function to produce
the association rate constant (kon). (B) Dissociation of [3H]-OT from the OTR over time. Data
were fitted to a one-phase exponential decay function to produce the half-life (t1/2) of the ligand-
receptor complex and the dissociation rate constant (koff) of [3H]-OT. All data represent the mean
± the standard deviation of at least three independent experiments.
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5.4 Discussion

5.4.1 Summary of Findings

Engineering of putatively stabilising modifications into OT and compound library

10 - 12 revealed that the cyclic portion of the molecule is highly sensitive to mod-

ification, with full-length OT1-9 displaying the greatest degree of susceptibility. N-

methylation of Tyr2 or replacement with β-Tyr2 in the cyclic motif reduced ligand

affinity for the OTR, and negatively impacted potency and efficacy in Gαq signalling

and intracellular Ca2+ flux functional assays. Of the three structural modifications

evaluated, only amidation of the C-terminal residue (Leu8 in 11c, Pro7 in 12c)

produced ligands with improved OTR affinity, potency and efficacy relative to their

unmodified counterparts. These truncated, modified fragments of the OT peptide

sequence were therefore selected as candidates for further lead development. A β-

arrestin recruitment assay was first employed to evaluate the effects of 11c and 12c

on agonist-induced OTR endocytosis, alongside an OT analogue, carbetocin. Carbe-

tocin displayed the highest potency toward β-arrestin recruitment, greater than OT

itself, whilst 11c and 12c displayed potencies that were several orders of magnitude

weaker than OT. Interestingly this trend in potency did not correlate with ligand

efficacy – carbetocin, 11c and 12c were found to be partial agonists for β-arrestin

recruitment with similar maximal efficacies, ranging from 50 – 70% of the response

induced by OT.

A quantitative analysis of ligand signalling bias was then performed to determine

if 11c, 12c or carbetocin displayed signalling bias toward OTR-mediated Gαq sig-

nalling or β-arrestin recruitment, respectively. This analysis revealed a trend toward

preferential Gαq signalling activation with decreasing peptide length in 11c and 12c,

and a trend toward β-arrestin recruitment in carbetocin. An endosomal traffick-

ing assay that measures β-arrestin proximity to early endosome protein biomarkers

demonstrated that the low efficacy of 12c toward β-arrestin recruitment reduces

the propensity for this ligand to induce OTR internalisation. OT robustly induced

β-arrestin2 localisation to early endosomes, whereas the effect induced by 12c was

not significantly different from the basal state after 3 h of agonist stimulation.

An endosomal trafficking assay that measures β-arrestin proximity to early endosome

protein biomarkers demonstrated that the low efficacy of 12c toward β-arrestin

recruitment reduces the propensity for this ligand to induce OTR internalisation.

To explore the functional effects of OT and C-amidated derivatives at other intracel-
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lular signalling pathways associated with the OTR, a cAMP production assay was

used to determine agonist effects of 11c and 12c toward the Gαs-dependent cAMP-

PKA signalling cascade, alongside the OTR antagonist atosiban. In our hands, OT

was a low efficacy agonist for the Gαs pathway, whilst 11c, 12c and atosiban expo-

sure (10 µM) did not lead to a statistically significant increase in cAMP production

above basal activity, indicating that they do not function as Gαs agonists.

Finally, a series of kinetics radioligand binding assays were used to estimate the

association and dissociation rate constants of OT, 11c, 12c and carbetocin at the

OTR, with the aim of providing a comprehensive preclinical dataset for 11c and

12c and identifying relationships between ligand binding kinetics, potency and ef-

ficacy. Carbetocin displayed the most rapid association and dissociation kinetics,

corresponding to the shortest receptor residence time of the compounds evaluated.

OT displayed a rapid association rate constant and slow dissociation rate constant,

producing the longest receptor residence time of the compounds evaluated. 11c and

12c exhibited comparable binding kinetics, and were found to have the slowest asso-

ciation rate constants of the compounds evaluated, and dissociation rate constants

faster than OT, but slower than carbetocin.

5.4.2 Assessing the Impact of Structural Modifications on

Metabolite Biological Activity

Structural studies indicate that OT forms at least two IMHBs within the cyclic

portion of the molecule (see Figure 5.7) [297–300]. Nonetheless, OT also contains

multiple polar side chains and solvent-exposed amide groups, which contribute to a

high exposed polarity (EPSA = 153), and corresponding low passive permeability

[277, 301]. Moreover, the low biological half-life of OT (28 min in cerebrospinal

fluid, 1 – 2 minutes in blood [211]) suggests that the cyclic nature of the molecule

does not confer substantial protection from endogenous peptidases. We therefore

sought to introduce peptide backbone modifications that could enhance both the

metabolic stability and passive permeability of OT.

These modifications focused on protection of the N- and C-termini of the molecule,

which are the primary substrates for the peptidases which degrade OT in vivo [242].

Within the macrocycle of OT, N-methylation of the Tyr2 amine group and substi-

tution with β-Tyr2 serve to alter the configuration of the Cys1-Tyr2 peptide bond,

reducing the affinity for aminopeptidases which sequentially cleave polypeptides

from the N-terminal of the molecule [281, 282]. When incorporated into full-length
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OT and cyclic N-terminal fragments OT1-8 and OT1-7, these modifications were both

deleterious for ligand affinity and functional activity at the OTR.

A possible explanation for this finding may be that these modifications disrupt

IMHB networks which stabilise OT when bound to the OTR orthosteric site. Site-

directed mutagenesis and x-ray crystallography studies indicate that the cyclic por-

tion of OT interacts with a hydrophobic binding cavity in the OTR formed by TM2-

7 [154, 247–250], a non-polar environment conducive to the formation of IMHBs.

Within the macrocycle of OT, IMHBs can form between the Tyr2 amine and Cys6

carbonyl group (IMHB-1), as well as the Asn5 amine and Tyr2 carbonyl group

(IMHB-2) [297–300] (Figure 5.7). As such, N-methylation of the Tyr2amine is likely

to prevent the formation of IMHB-1, whereas incorporation of β-Tyr2 introduces a

centrally-projecting methylene group that could disrupt both IMHB-1 and IMHB-2

interactions.

Figure 5.7: Intramolecular hydrogen bonds (IMHBs) which stabilise the secondary structure of
oxytocin. IMHB-1 occurs between the Tyr2 amine and the Cys6 carbonyl group. IMHB-1 occurs
between the Tyr2 carbonyl group and the Asn5 amine.

This hypothesis correlates with the affinity and functional data of the modified

metabolites explored in this chapter – N-methylation led to a substantial decrease

in ligand activity at the OTR, whilst β-Tyr2 incorporation almost abolished OTR

activity entirely. These findings are further supported by a recent study conducted

by Sciabola et. al [302], who performed a systematic N-methylation of each residue

in the OT sequence and characterised their impact on pharmacological properties

and IMHB networks. N-methylation at Tyr2, Gln4 and Asn5 residues in the cyclic

portion of OT led to potency reductions of up to 1000-fold, and did not increase the

EPSA of OT, suggesting that the amide groups of these residues form IMHBs in the
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endogenous context. Conversely, N-methylation of Cys1, Ile3, Cys6 in the macro-

cycle, as well as Leu8 and Gly9 in the linear C-terminal sequence of OT produced

analogues that retained full agonist activity at the OTR and displayed reduced

EPSA. This indicates a decrease in exposed polarity, which suggests that the amine

groups of these residues do not participate in IMHBs in endogenous OT. This evi-

dence suggests that N-methylation of the Tyr2 residue or substitution with β-Tyr2

are unsuitable modifications to protect the N-terminal of OT from aminopeptidase

activity, as they may disrupt IMHBs which are critical for stabilising the secondary

structure of OT.

In contrast to the Tyr2 modifications which focused on the peptide N-terminus,

amidation of the C-terminal Leu8 in 11c and Pro7 in 12c proved to be a more ef-

fective modification for retaining biological activity at the OTR. Relative to their

non-amidated precursors 9a and 9b, which feature a carboxyl terminus, 11c and

12c displayed enhanced OTR affinity, as well as greater potency and efficacy for the

OTR-associated Gαq signalling pathway. To contextualise how such a minor modi-

fication could impact the pharmacological properties of a peptide ligand, it is neces-

sary to consider the endogenous role of C-amidation. Within neural and endocrine

tissues, signalling peptides are typically synthesised through excision from a larger

precursor protein, followed by a series of enzymatic reactions which modify the ex-

cised peptide and protect it from further metabolism [303]. C-amidation, catalysed

by the enzyme peptidyl-glycine alpha-amidating monooxygenase, is a modification

present in more than half of all known endogenous peptides [284]. For many of these

peptides, C-amidation is necessary to achieve full biological activity [304].

Amidation confers a range of advantages on signalling peptides which correspond

to their evolved mode of action in eukaryotic organisms. Signalling peptides are

secreted into circulation, and generally act on discrete biological targets that are

distal from their site of synthesis. The amide group enhances resistance to prote-

olytic degradation, facilitating this mechanism by prolonging the half-life of ami-

dated peptides in the bloodstream [305]. In contrast to carboxyl groups, amides

are also less susceptible to deprotonation, reducing peptide sensitivity to changes

in physiological pH. In addition to these attributes, amidation is also known to sta-

bilise the secondary structure of many peptides [306–308] and facilitate high affinity,

specific binding to their cognate GPCR targets [248, 303, 309] factors which further

contribute to their biological efficacy.

Both OT and AVP are C-amidated peptides, indicating that this conserved mod-

ification may serve a function in the endogenous OTR/AVPR signalling system.

Supporting this assertion, removal of the C-terminal Gly9 amide in OT leads to a
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loss of potency in Ca2+ flux, Gαq and cAMP signalling assays, different biological

indices associated with activation of the OTR in cellular expression systems [200].

Site-directed mutagenesis studies indicate that the linear C-terminal tripeptide of

OT interacts with residues in the N-terminus of the OTR [248, 309]. This binding

site is known to interact specifically with agonists, and as such is thought to be a

driver of signal transduction via the OTR. Thus, the composition of the C-terminal

in OT analogues may be an important structural determinant of agonist efficacy.

When viewed in this context, the improved agonist properties of C-amidated OT

fragments 11c and 12c relative to their deaminated counterparts in functional as-

says may reflect a restoration of binding interactions between the terminal amide of

the peptide ligand and high affinity epitopes located in the extracellular N-terminal

region of the OTR. Further modelling studies docking these ligands into the newly

reported OTR crystal structure [155] may be a method to test this hypothesis.

5.4.3 C-Amidated Cyclic Peptides: Signalling Bias

Using a set of cell-based functional assays and a quantitative analysis of ligand

signalling bias, 11c and 12c were found to display a trend towards preferential

activation of OTR-mediated Gαq signalling and away from β-arrestin recruitment.

These data suggest that the linear C-terminal portion in OT and peptide analogues

participates in receptor interactions that influence GRK-mediated receptor phos-

phorylation or β-arrestin affinity for the OTR. As such, variations in the C-terminal

peptide sequence of the ligand may produce a range of different OTR signalling

outcomes, affecting the temporal profile of Gαq signalling, facilitating or reducing

β-arrestin dependent signalling cascades and altering the dynamics of β-arrestin me-

diated receptor internalisation.

This hypothesis is supported by evolutionary characteristics associated with the

OT/AVP peptide family, as well as similar findings from in vitro pharmacological

screening of synthetic OT analogues. The sequence of OT is strongly conserved

among eutherian mammals [154]. Recently, however, novel variants of OT have

been identified in multiple species of New World monkeys, which display intense

care-giving behaviour and a high incidence of social monogamy [310]. These OT

analogues also display reduced β-arrestin recruitment at the OTR in cell-based assays

[48], and largely feature substitutions at position 8 residue of the peptide sequence

(Leu8 in ancestral OT, substituted with Pro8, Ala8, Thr8 and in New World monkey

variants of OT) [47]. A key aspect of these substitutions is an increase in relative

hydrophilicity relative to Leu8-OT.
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Busnelli et al. [36] have also described synthetic OT analogues that contain hy-

drophilic amino acid subsitutions at position 8, and which display similarly low

efficacy for β-arrestin recruitment in cell-based assays. 12c did not retain the posi-

tion 8 residue but displayed reduced β-arrestin recruitment and OTR internalisation,

perhaps reflecting that the complexity of receptor-ligand interactions cannot be re-

duced to a single position in the ligand sequence. 12c does contain a C-terminal

Pro7, however, which may still be able to participate in compensatory interactions

with Leu8/Pro8-associated residues in the flexible, extracellular portions of the OTR

that are thought to interact with the linear tripeptide sequence of the ligand [309].

Site-directed mutagenesis studies of the human OTR indicate that Phe103 in ECL1

of the receptor interacts with the C-terminal sequence of the peptide ligand [153].

Interestingly, there is also evidence of co-evolution in the receptors of New World

monkeys at this residue – the receptors of Callithrix jacchus contain a hydrophobic

phenylalanine whereas the receptor of Saimiri sciureus has a hydrophilic tyrosine

in this position [153]. Based on this evidence, it is possible that the relative hy-

drophilicity of the C-terminal tail in OTR ligands determines the strength of the

interaction with Phe103 and other residues in ECL1 of the receptor. This interaction

may lead to conformational changes in the receptor which expose a variable number

of phosphorylation sites located on the intracellular domains of the OTR. β-arrestin

is recruited to the OTR following GRK-2 mediated receptor phosphorylation [177],

and there is evidence that the level of β-arrestin recruitment may be controlled

purely by the number of intracellular receptor phosphorylation sites exposed by

the agonist-induced conformational shift [311]. If this paradigm is reflected in the

OT system, the hydropathicity and composition of the C-terminal ligand sequence

may influence the strength of ligand-ECL1 interactions in the OTR, which could in

turn lead to greater or lesser β-arrestin recruitment based on the extent of induced

conformational change.

The composition of the ligand C-terminal sequence is not the only determinant of

β-arrestin recruitment efficacy, as evidenced by the characterisation of carbetocin in

the present study. Carbetocin retains the Pro7-Leu8-Gly99-NH2 sequence of ances-

tral OT, but differs in the cyclic portion of the molecule, with a butyl chain replacing

the Cys1-Cys6 disulfide bridge.

In our hands, carbetocin displayed β-arrestin recruitment potency that was an or-

der of magnitude greater than OT, corresponding to clear trend towards β-arrestin

recruitment in subsequent signalling bias analysis. This suggests that interactions

between the cyclic portion of the ligand and the OTR are also responsible for trigger-

ing receptor internalisation. These findings contradict a cell-based characterisation
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performed by Passoni et. al [203], who found that carbetocin induces receptor inter-

nalisation via a β-arrestin independent mechanism. Interestingly, they found that

in contrast to OT, carbetocin did not promote receptor recycling to the plasma

membrane, suggesting instead trafficking to lysosomes and proteolytic degradation

of the OTR. The disparity in findings may result from stochastic variations in the

heterologous cellular expression systems used to characterise β-arrestin recruitment

- the expression levels of intracellular signalling partners in these systems can be

impacted by buffer composition, expression cell type and age, as well as the genetic

construct used to introduce protein encoding cDNAs to the cell. As such, experi-

mental data derived from these systems is only an approximation of signalling events

that may occur in vivo. Nonetheless, both findings point towards altered OTR in-

ternalisation dynamics following exposure to carbetocin, which is further supported

by animal behavioural data showing that carbetocin does not elicit the full range of

behavioural outcomes associated with OT [216], potentially a consequence of rapid

OTR depletion following carbetocin exposure.

In our hands, carbetocin displayed lower efficacy than OT toward β-arrestin re-

cruitment, but higher potency, corresponding to clear trend towards β-arrestin re-

cruitment in subsequent signalling bias analysis. These findings contradict a char-

acterisation performed by Passoni et. al [203], who reported that carbetocin does

not induce β-arrestin recruitment to the OTR in a cell-based BRET assay. Despite

this observation, it was found that carbetocin promotes OTR internalisation follow-

ing agonist exposure, suggesting activation of a β-arrestin independent endocytosis

pathway.

This disparity in findings may arise from the use of different bioluminescent proteins

in each investigation, resulting in differences in assay sensitivity. The study con-

ducted by Passoni et. al utilised a Renilla luciferase (Rluc) construct, whereas the

present study used a more recently developed bioluminescence platform – Nanoluc

(Nluc) – a bioengineered luciferase derived from the deep sea shrimp Oplophorus

gracilirostris. Nluc is smaller, more stable and produces ¿150-fold higher lumines-

cence than Rluc [312]. The consequent advantages of Nluc include reduced steric

hindrance of native protein-protein interactions by the luciferase construct, reduced

assay background noise and enhanced signal sensitivity - factors which may have

improved the likelihood of detecting low efficacy carbetocin-induced β-arrestin re-

cruitment relative to earlier studies.

Assessing the β-arrestin recruitment efficacy of novel OTR ligands was a priority in

the present investigation. The OTR rapidly desensitises following exposure to OT

in cell-based functional assays [313], whilst in animal behavioural studies, chronic
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OT exposure produces selective reductions in OT-associated social behaviours and

a concomittent reduction in OTR expression across integrative centres of the lim-

bic system, including the amygdala and bed nucleus of the stria terminalis [183,

314, 315]. In humans, prolonged OT infusion during parturition is associated with

uterine atony, a condition linked to OTR desensitisation, in which the myometrial

tissues of the uterus become unresponsive to endogenous OT resulting in the loss

of uterine contractility and producing life-threatening complications such as post-

partum haemorrhage [226]. As such, mitigating OTR desensitisation is an appealing

strategy to extend the efficacy of OTR-targeting therapeutics and reduce adverse

events associated with their clinical use.

Further preclinical development of 12c may ultimately produce a lead candidate

with these properties, however, there are several caveats to the current findings

which can be addressed with further research. Although ligand effects at the Gαq

and Gαs and β-arrestin2 signalling pathways were assessed in this investigation,

OTR interactions with Gαi/o proteins and β-arrestin1 have also been detected in cell-

based expression systems, neural and uterine tissue [36, 173, 226]. Ligand biological

activity at these pathways was not assessed in the present investigation, and will be

necessary to obtain a comprehensive picture of 11c and 12c signalling bias at the

OTR.

In addition, some cellular events associated with the OTR, such as activation of the

MAPK signalling cascade, are dependent on β-arrestin recruitment [226]. MAPK

signalling in the PVN has been identified as a central factor in the anxiolytic effect

of OT in males and females [286, 287]. As such, a Gαq signalling biased ligand such

as 12c may be less efficacious than OT in some social behavioural domains that are

dependent on β-arrestin signalling. Finally, sustained signalling from internalised

receptors is an emerging concept in GPCR pharmacology, in which it is recognised

that in some contexts, GPCRs retain signalling activity in endosomes following

β-arrestin-mediated endocytosis. The robust receptor internalisation induced by

OT may have evolved to facilitate endosomal signalling, a concept which has been

demonstrated for the structurally related V2R [316], but which has not yet been

explored for the OTR. A reduced propoensity toward OTR internalisation in 12c

may reduce the capacity for signalling from internalised receptors to occur.

In addition, the influence of β-arrestin recruitment and OTR internalisation on the

therapeutic efficacy of OT is not yet well understood. As such, 12c, a Gαq signalling

biased ligand that does not induce β-arrestin recruitment, may be less efficacious

than OT in social behavioural domains that are dependent on β-arrestin recruit-

ment, including the MAPK signalling cascade. Conversely, these biased signalling
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properties highlight the utility of 12c as an investigative tool to explore the impact

of non-canonical OTR signalling on behaviour in vivo.

5.4.4 C-Amidated Cyclic Peptides: Receptor Binding

Kinetics

The process of drug development is hindered by difficulties in predicting in vivo

efficacy based on in vitro affinity and potency measurements. In the open system of

the body, drugs are subject to absorption, distribution, metabolism and excretion

(ADME) kinetics, which cause fluctuations in the concentration of free drug over

time. As a consequence, steady-state ligand binding conditions which are readily

achieved in vitro rarely translate to the biological context. Drug development ap-

proaches which focus solely on screening with equilibrium-based parameters (Ki,

EC50) therefore cannot provide a comprehensive picture of how a drug will behave

when administered to a living organism. For this reason, the kinetics of ligand bind-

ing to the OTR for 11c, 12c, OT and carbetocin was determined using a competition

radioligand binding assay series and an analysis framework developed by Motulsky

and Mahan [220]. Rate constants (kon/koff) were first determined for the radioligand

probe – [3H]-OT – then calculated for each compound, followed by mathematical

derivation of the Kd (koff/kon) and receptor residence time (1/koff) for each ligand at

the OTR.

From this screening, marked differences were observed between ligand Ki values de-

termined experimentally with equilibrium competition radioligand binding assays

(Section 5.2.1), and ligand Kd values mathematically derived from association and

dissociation rate constants, with the latter indicating OTR affinities for evaluated

ligands 2-4 fold greater than experimental data. Kd is a temperature-dependent vari-

able, and therefore this disparity may be attributable to the temperature difference

between kinetic and equilibrium radioligand binding assays. Equilibrium radioli-

gand binding assays were performed at 4°C to minimise the effects of non-specific

ligand binding in tissue homogenate. In contrast, kinetic radioligand binding assays

were performed at 21°C, as the dissociation timecourse of [3H]-OT from the OTR at

4°C exceeded 12 h in optimisation experiments, limiting the utility of the assay as

a medium-throughput screening platform if performed at this temperature. Neither

equilibrium Ki or kinetic Kd values determined in vitro represent the binding affinity

of a ligand in a cellular or tissue environment, and thus the ligand affinity values

obtained from each assay should not be regarded as absolute. Instead, this data

can be used to compare the affinity relationships between ligands. The rank order
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and degree of ligand affinity between OT, 11c, 12c and carbetocin was concordant

between equilibrium and kinetic radioligand binding assay data, thus, each dataset

supports the veracity of the other.

Substantial differences were also observed between the association and dissociation

rate constants of the OTR ligands evaluated. OT and carbetocin both rapidly

associated with the OTR, while 11c and 12c associated at a slower rate. OT disso-

ciated from the OTR slowly, producing the longest receptor residence time, followed

by 12c, 11c and finally carbetocin, which displayed the shortest receptor residence

time. The contrast between the rapid association kinetics of OT and carbetocin and

the slower association kinetics of 11c and 12c suggest that residues in the C-terminal

linear sequence of the peptide ligand facilitate receptor conformational shifts from

an ‘inactive’ state to an agonist-bound signalling state. For most receptor-ligand

interactions studied, this conformational transition follows one of two mechanisms.

In the first instance (Equation 5.1), a complex (RL) is formed between the ligand

(L) and receptor (R) via a one-step association (k 1) and dissociation process (k 2). In

the second instance, known as the ‘induced-fit’ model (Equation 5.2), ligand bind-

ing to a receptor induces conformational isomerisation, leading to the formation of

a complex with much higher ligand affinity (RL*). The rate constants k 3 and k 4

describe the transition between high affinity and low affinity receptor states.

R
k1[L]−−−⇀↽−−−
k2

RL (5.1)

R
k1[L]−−−⇀↽−−−
k2

RL
k3−−⇀↽−−
k4

RL* (5.2)

The interaction between OT and the OTR follows the induced-fit model of ligand

binding [309]. The main contribution to the increase in affinity is due to specific

interactions of the flexible N-terminus and first extracellular loop of the OTR with

the linear C-terminal tripeptide amide of OT. Thus, truncation of the peptide C-

terminal sequence may be expected to reduce the strength of this interaction, re-

sulting in slower receptor isomerisation and association kinetics, as demonstrated

for 11c and 12c in the present work.

Although optimisation of slow association kinetics is achievable, there are several

factors which limit the utility of this approach in a drug development program.

Firstly, association rates are dependent not only on the kon value of a ligand, but

also the concentration [296]. Thus, a low kon value for a drug could be compensated

through an increase in dosage in vivo. Secondly, ligand-receptor association rates
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are ultimately restricted by the rate at which binding partners diffuse through a so-

lution - the diffusion limit creates an upper threshold for kon values of approximately

108 – 109 M-1 min-1 which cannot be overcome through structural optimisation of a

ligand. Furthermore, the ADME factors which influence drug efficacy in vivo can

affect the local concentration of a ligand within a target tissue to such an extent

that the kon is no longer the primary determinant of ligand-receptor complex for-

mation. Finally, association kinetics describe the interaction which occurs before

the formation of an ‘active’ ligand-receptor complex and subsequent recruitment

of intracellular signalling partners, whereas ligand dissociation kinetics dictate the

duration of the agonist-bound receptor active state, and may be thus expected to

exert a greater influence on pharmacological efficacy.

Indeed, there is extensive evidence that dissociation kinetics are a key predictor of

drug efficacy and duration of effects [317, 318]. In cellular binding kinetics assays,

long dissociative half lives have been associated with increased potency in several

classes of drugs, including anti-tumoural epidermal growth factor receptor, tyrosine

kinase inhibitors and HIV-1 antiretroviral agents [319, 320]. Dissociation kinetics

also impact drug efficacy in vivo. The α-reductase inhibitor, finasteride, blocks the

production of the male hormone dihydrotestosterone from its precursor testosterone,

and is used to treat benign prostate hyperplasia, male pattern baldness and acne.

Finasteride binds the α-reductase enzyme with a Ki of 0.3 pM, resulting in a complex

with a dissociative half-life greater than 30 days [321]. Finasteride achieves peak

plasma concentrations in humans at 1.8 – 2.8 h, with an elimination t1/2 in systemic

circulation of 4.7 – 7.1 h [322]. Despite this, a single oral dose of finasteride has

been shown to suppress dihydrotestosterone formation for up to 7 days, strongly sug-

gesting that slow dissociation kinetics are the primary driver of its anti-androgenic

efficacy [296]. Similar relationships between long dissociative half life and in vivo

efficacy have been shown for angiotensin II type 1 receptor inhibitors used to treat

hypertension, purine nucleoside phosphorylase inhibitors used in the treatment of

autoimmune disorders, and antipsychotics of the D2R dopamine receptor antago-

nist class [323–325]. Interestingly, long dissociative half-lives in D2R antagonists

are strongly correlated with on-target adverse effects which may be associated with

sustained receptor occupancy [325].

While dissociation kinetics have mainly been studied in relation to antagonists, this

concept is being increasingly investigated as a strategy to optimise agonist-induced

signalling at GPCRs [326, 327]. The transiency of GPCR signalling creates a more

complex scenario, as receptor internalisation and desensitisation may mitigate the

influence of a slowly-dissociating agonist on signalling efficacy. The dissociation

kinetics of OT, carbetocin, 11c and 12c determined in the present work appear to
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support a relationship between long dissociative half-life and Gαq signalling efficacy.

The rank order of Gαq efficacy was determined to be OT > 12c > 11c > carbetocin,

an order which was reflected in receptor residence times, but not equilibrium affinity

(Ki) values. The longer OTR residence time of 12c compared to 11c may form the

empirical basis for the higher OTR affinity and functional activity of 12c, despite

the loss of the important Leu8 residue in the tripeptide tail of the ligand.

5.4.5 Conclusions and Future Directions

The present work extends upon the OTR peptide ligand development program which

identified biologically active OT metabolites in Chapter 4. With the aim of enhanc-

ing metabolic stability, a series of modifications were incorporated into full-length

OT1-9 alongside cyclic N-terminal fragments 9a and 9b (OT1-8 and OT1-7). Amida-

tion of the C-terminal residue in these peptides produced 11c and 12c - derivative

molecules with improved OTR affinity and Gαq agonist properties relative to their

unmodified counterparts, as measured in cellular assays. Moreover, textbf11c and

12c display signalling bias toward the OTR-associated Gαq signalling pathway and

away from β-arrestin recruitment, a factor which may reduce ligand-induced OTR

desensitisation in vivo. In contrast to OT, neither 11c or 12c activated the Gαs

pathway in cellular assays, a property which may reduce their liability to induce

uncharacterised on-target effects associated with OTR-Gαs coupling in different tis-

sues. The pharmacological effects of 11c and 12c at the OTR were comparable in

a range of different functional assays, suggesting that there is no clear advantage in

retaining the Leu8 residue of 11c in subsequent lead development. As such, 12c is

positioned as the most viable candidate for further optimisation.

While the effects of C-amidation on ligand pharmacology have been demonstrated

in this work, experimental confirmation of greater metabolic stability in 12c is a

priority for further investigation. Recent years have seen the development of sev-

eral specialised liquid chromatography mass-spectrometry (LC-MS) protocols for the

detection of OT in biological samples [328–331]. However, most protocols require

ultra-sensitive technology to achieve accurate measurements in the desired concen-

tration range (typically ng/mL) [330]. A methodology reported by Brandtzaeg et

al. [331] circumvents this issue by measuring the total OT (protein-bound and un-

bound) in biological samples through alkylation and reduction pretreatment steps,

followed by purification of peptide analytes with solid-phase extraction. Substantial

efforts were made to adapt this LC-MS protocol to assess the metabolic stability

of peptide OTR agonists identified in Chapters 4 and 5, following incubation in
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C57BL/6 mouse brain homogenate. In this assay format, brain tissue is incubated

with a fixed concentration of peptide analyte at 37°C over a 6 h timecourse. Indi-

vidual aliquots are removed over time and frozen for subsequent LC-MS analysis.

Optimisation of the method could not be completed during the course of the project

due to issues associated with the highly variable fragmentation patterns of cyclic

peptides in LC-MS systems. However, efforts to establish this assay in our labora-

tory are ongoing, and a simplified LC-MS protocol based on the method of Braentzag

et al. has recently been reported, which may prove more amenable to analysis of

12c metabolic stability in future development efforts [329].

Numerous groups have sought to overcome the metabolic instability of OT by in-

corporating structural elements that confer resistance to proteolytic degradation.

Several of these modifications have also been shown to improve OTR selectivity,

receptor affinity and functional activity of OT analogues. After assessing metabolic

stability with LC-MS, a logical progression in the optimisation of 12c would be to

synthesise a peptide library which incorporates these modifications, then evaluate

their impact on ligand pharmacology at the OTR, metabolic stability and CNS per-

meability. A key finding of the present study was that the Tyr2 amine group in

12c is not amenable to modifications that introduce conformational changes to the

peptide backbone. To reduce the aminopeptidase susceptibility of the N-terminal in

12c, the peptide bond of Cys1-Tyr2 could be substituted with a trifluoroethylamine

group (Figure 5.8: A), a low-basicity bioisostere which preserves the geometry of

the peptide bond, as well as the capacity to engage in hydrogen-bond donating

and accepting interactions [332]. An alternative strategy could be to remove the

N-terminal free amine group of Cys1 in 12c (Figure 5.8: B), a modification which

improves OTR affinity in the full-length peptide, increases hydrophobicity and im-

pairs aminopeptidase substrate recognition [333].

Although N-methylation of Tyr2 had a negative impact on pharmacology in 11c and

12c, this modification may prove more viable when applied to amine groups that

do not participate in IMHBs that stabilise the secondary structure of OT, such as

those of Ile3 and Cys6 residues (Figure 5.8: C). N-methylation of these amino acids

could reduce the exposed polarity of 12c, enhancing passive permeability through

lipophilic membranes without disrupting the IMHB networks formed by the Tyr2

and Asn5 amine groups. Finally, the Cys1-Cys6 disulfide bond of 12c could be sub-

stituted with a range of more stable surrogates, such as sulfide, diselenide, or meta-

xylene bridges (Figure 5.8: D), all of which have been incorporated successfully into

the full-length peptide sequence of OT without compromising ligand pharmacology

at the OTR [199, 200, 334].

119



Chapter 5: Structural Modification of Bioactive Oxytocin Metabolites

Figure 5.8: Structural modifications of 12c to improve metabolic stability, passive permeability
and oxytocin receptor affinity. (A) Substitution of the Cys1-Tyr2 peptide bond with a trifluorethy-
lamine bioisostere improves proteolytic resistance. (B) Deamination of the N-terminus increases
oxytocin receptor affinity and hydrophobicity. (C) N-methylation of residues that do not partic-
ipate in intramolecular hydrogen bonding networks (IMHBs) could reduce exposed polar surface
area (EPSA). (D) Substitution of the disulfide bond increases proteolytic resistance without im-
pairing ligand pharmacology. Based on [199, 200, 332–334].
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Chapter 6

Summary and Conclusions

This research aimed to identify and characterise novel agonists of the human OTR,

a therapeutic target in neuropsychiatric disorders. While there is growing evidence

that enhancing OTR signalling may be an effective strategy to treat anxiety and

social dysfunction in ASD, SAD, schizophrenia and major depression, OT itself is

unlikely to be therapeutically developed for these indications due to its rapid in

vivo metabolism, low receptor selectivity, poor CNS penetration and desensitisa-

tion of the OTR with chronic administration. The present work sought to identify

OTR agonists from different sources which overcame limitations inherent to the

native peptide, thus providing advantageous lead candidates for the preclinical de-

velopment pipeline and identifying new opportunities for lead optimisation in future

studies. Drug candidates were identified from a library of pyrazolobenzodiazepine

small molecules based on the structure of WAY-267,464, and a library of peptide

ligands derived from the structure of known endogenous OT metabolites.

6.0.1 Small Molecule Ligands

The small molecule drug discovery program focused on two derivative compound li-

braries based on the structure of WAY-267,464. Previous work from our laboratory

indicated that replacing the rigid benzylurea motif in WAY-267,464 with flexible

alkyl tethers abolished ligand OTR activity and largely diminished OTR binding

affinity [198]. This led us to hypothesise that restoring rigidity to the central moiety

of WAY-267,464 via a phenylpiperazine linker may restore ligand OTR affinity and

activity whilst reducing the overall structural complexity of the molecule. Screening

a library of WAY-267,464 analogues containing a phenylpiperazine linker did not

produce effective OTR ligands, indicating that the benzylurea motif is a pharma-

cophoric structural component shared by WAY-267,464 and other first-generation

pyrazolobenzodiazepine OTR agonists, TC-OT 39 and LIT-001 [192, 194, 196]. As

such, the findings of this work contribute to the structure-activity dataset of the

pyrazolobenzodiazepine scaffold, and support retaining this structural component

in the future development of WAY-267,464 analogues.
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We next focused on dissecting the pharmacophoric contributions of the diazepine

moiety which is conserved between WAY-267,464, LIT-001 and TC OT-39. This

was achieved by synthesising and characterising a series of WAY-267,464 deriva-

tives which retained only the diazepine heterocycle conjugated to a set of functional

groups via the adjacent amide in WAY-267,464. While OTR affinity and activity

was abolished by these modifications, V1AR affinity was retained at level compara-

ble to the phenylpiperazine WAY-267,464 analogues, implying an alternative binding

modality between phenylpiperazine and truncated diazepine derivatives within the

V1AR orthosteric site. The truncated diazepine library produced the most potent

small molecule V1AR ligand identified in this thesis, 5f (Ki: 230 nM). This unex-

pected finding indicated that radical reductions in molecular weight, polarity and

structural complexity of WAY-267,464 via removal of the benzylurea and resorcinol

moeities can still produce ligands that bind to receptors in the OTR/AVPR fam-

ily - a key consideration in designing effective, CNS-penetrant drugs. The loss of

OTR affinity and preservation of V1AR affinity in both the phenylpiperazine and

truncated diazepine compound libraries further suggests that the V1AR orthosteric

site is more accessible to small ligands than that of the OTR, a factor which could

inform the design of selective V1AR ligands derived from WAY-267,464 in future

investigations.

Although V1AR affinity was retained by phenylpiperazine and truncated diazepine

WAY-267,464 derivatives, no biological activity was detected at the V1AR in a cel-

lular functional assay which indexes Gαq pathway activation, a canonical signalling

pathway associated with the V1AR. Although the HTRF IP1 assay used to charac-

terise ligand activity at this pathway provides a rapid, robust indication of ligand

potency and efficacy, the dynamic range is limited for low affinity compounds and

can result in false negatives, which may explain the lack of observable ligand ac-

tivity associated with V1AR ligands in this work. To accurately characterise the

pharmacology of viable V1AR ligands 4a (phenylpiperazine derivative) and 5f (di-

azepine derivative), one strategy could be to employ cellular assays which utilise

BRET and FRET-based biosensors, similar to the nanoBRET assay used to index

β-arrestin recruitment to the OTR in Chapter 5. These biosensor assays provide

a direct, sensitive and real-time measurement of receptor proximity to intracellular

signalling partners, and have been widely developed to investigate different aspects

GPCR pharmacology and protein-protein interactions, including G-protein recruit-

ment, intracellular Ca2+ flux and kinase activation [36, 335–337], providing multiple

indices of ligand biological activity. Nonetheless, further structural optimisation of

4a and 5f will be necessary to improve V1AR receptor affinity and potency. This

course of action, if pursued, could identify novel, selective V1AR receptor agonists
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and antagonists with applications in social behavioural research. If V1AR antag-

onism emerges as a property of optimised WAY-267,464 derivatives, then these

molecules could be repurposed as AVP-signalling inhibitors, with indications for

hyponatremia, congestive heart failure and liver cirrhosis [236–238].

Although no OTR agonists were directly identified from the small molecule discov-

ery program, the structure-activity relationships of the WAY-267,464 derivatives

explored in this work subsequently informed the design of potent OTR agonists

by our laboratory, based on the truncated diazepine scaffold (5f). These novel

diazepine OTR agonists represent the lowest molecular weight OTR agonists iden-

tified to date, positioning them as promising lead candidates for developing second-

generation OTR agonists with improved CNS penetration over WAY-267,464, TC

OT-39 and LIT-001. Intraperitoneal administration of the identified lead from this

second-generation library (5f analogues and OTR agonists) elicits prosocial be-

haviour in a BALB/c social preference test at doses of 5 mg/kg. This behaviour

is blocked by a CNS-permeable OTR antagonist but not by a CNS-impermeable

OTR antagonist, providing evidence that these molecules can cross the blood brain

barrier and exert central effects following peripheral administration [239].

6.0.2 Peptide Ligands

The peptide discovery program was inspired by reports that endogenous metabo-

lites of OT retain biological activity in cellular assays and exert prosocial effects

in animal behavioural models [213, 216]. The first stage of the program aimed to

determine the receptor pharmacology of linear and cyclic peptide fragments derived

from the metabolism of OT. This investigation revealed that no linear fragments of

OT bound to the OTR or V1AR indicating that the disulfide-bridged cyclic portion

of the molecule is crucial for receptor affinity in the OTR/AVPR family. Interest-

ingly, linear fragments OT4-9 and OT5-9 have demonstrated robust effects on social

behaviour and anxiety memory in vivo [213, 216], suggesting that they are exerting

these effects via an unidentified drug target. The hypothalamus produces a wide

range of peptide hormones, and their cognate receptors are highly expressed at the

site of synthesis. These hormone signalling systems play several important regula-

tory roles and have been shown to influence the expression of social behaviours [338].

Thus, linear OT metabolites may be exerting behavioural effects by acting as par-

tial agonists or allosteric modulators of these hypothalamic peptide receptors. The

Pro7-Leu8-Gly9-NH2 fragment of OT (MIF-1) is a positive allosteric modulator of

dopamine receptors, inhibits opioid neurotransmission and α-MSH release from the
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hypothalamus, and potentiates melatonin activity, providing supporting evidence

that other linear OT metabolites may have the capacity to engage with multiple

targets in the CNS [217, 218]. Identification of putative drug targets for OT4-9 and

OT5-9 fell outside the scope of this thesis, but could be achieved using a combination

of high-throughput affinity screening, cellular thermal shift assays, proteomics and

gene expression analysis [266–268]. A comprehensive analysis of the OT metabolome

via this method may elucidate previously unidentified mechanisms through which

the OT system influences behaviour, opening new avenues of research into the biol-

ogy of social behaviour and revealing novel therapeutic targets to ameliorate social

behavioural deficits in neuropsychiatric disorders.

In contrast to linear OT metabolites, cyclic N-terminal fragments of OT (9a, 9b)

bound to the OTR and V1AR. 9a and 9b displayed functional selectivity - retaining

a partial Gαq agonist profile at the OTR with no discernible functional effects at

the V1AR in cellular assays. This stands in contrast to the parent molecule OT,

which is a potent agonist of Gαq signalling through both receptors. Early investi-

gations of OT metabolism indicated that N-terminal cyclic fragments are generated

by endogenous peptidases in neuronal tissue [212, 213]. Based on these converging

lines of evidence, it could be speculated that OT metabolism in the CNS produces

cyclic products which facilitate prolonged activation of the OTR after the local con-

centration of OT is depleted, without inducing activation of the V1AR. This may

be a mechanism through which OT release is able to elicit long-lasting behavioural

effects despite a relatively short biological half-life in the CNS. The influence of

cyclic metabolites 9a and 9b on OT-associated behaviours could be evaluated using

exogenous administration of these peptides in animal models of social behaviour,

anxiety and depression. In particular, the use of OXT -/- knockout mice strains such

as B6;129S-Oxttm1Wsy could facilitate studies exploring rescue of social deficits in OT

deficient mice following administration of 9a or 9b. The lack of functional activity

exhibited by 9a and 9b displayed at the V1AR could be confirmed in vivo by using a

similar experimental design, with a conditional OXTR-/- strain such as B6.129(SJL)-

Oxtrtm1.1Wsy, allowing for spatial and temporal knockdown of the OTR. Before these

further investigations of 9a and 9b can be undertaken, potential differences in lig-

and pharmacology at the mouse OTR and V1AR should first be determined using a

secondary in vitro pharmacology screening of 9a and 9b in cell lines expressing the

murine receptors.

The second stage of the peptide discovery program focused on incorporating struc-

tural modifications into 9a and 9b which have been demonstrated to enhance

metabolic stability in other classes of peptide drugs. Modifications which enhance

OTR affinity and functional activity, and those that negatively impact pharmacol-
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ogy were characterised, with C-amidation (11c, 12c) emerging as the most viable

strategy for improving metabolic stability whilst retaining OTR activity. Although

there are numerous examples within the literature that C-amidation enhances pep-

tide stability, direct experimental evidence of this relationship for 11c and 12c was

not concluded in the present work due to time constraints and assay optimisation

issues. To derive this information in future investigations, one approach may be

to implement an ex vivo drug metabolism assay coupled with an LC-MS analysis

platform (see Chapter 5, Section 5.4.5 for further details). Such an assay would

provide a robust preclinical measure of how structural modifications to cyclic OT

metabolites influence metabolic stability within the CNS.

Another objective of the peptide discovery program was to identify OT analogues

that may be more amenable to CNS penetration than the endogenous peptide.

Truncation of the OT peptide sequence in 11c and 12c reduces the size, polarity

and conformational flexibility of the molecule – factors which are likely to improve

passive permeability through the lipid environment of the blood-brain barrier. Per-

meability may be further improved through structural modifications that reduce

exposed polarity, such as N-methylation of the peptide backbone, or substitution of

hydrophilic residues with hydrophobic amino acids, however, the present work re-

vealed that intramolecular hydrogen-bonding networks which stabilise the secondary

structure of OT must be carefully considered when introducing these modifications.

The passive permeability of modified OT analogues could be determined in vitro

using a CaCo-2 permeability assay, then evaluated in vivo using positron emission

tomography (PET) imaging. This would, however, necessitate the synthesis of ra-

diolabelled peptide tracers which mirror the structure of 11c, 12c or subsequently

developed analogues.

If passive permeability is not improved through structural modification to an ex-

tent that orally-administered drug formulations become feasible, other strategies

may be used to deliver physiologically relevant quantities of 11c, 12c or derivative

OTR agonists to the CNS. Intranasal administration is the primary mode of OT

drug delivery in clinical contexts, and this approach could also be applied to cyclic

derivatives of OT. OT concentration increases in the CSF following intranasal ad-

ministration in rodents [339], macaques [340] and humans [341]. However, questions

remain surrounding the validity of this strategy for delivering consistent dosage to

CNS – intranasal OT administration appears to produce concomitant increases in

peripheral OT levels in most cases [342], which may lead to alterations in behaviour

via afferent feedback to the CNS from peripheral tissues which richly express the

OTR, such as the gastrointestinal tract [343] or cardiovascular system [344]. In

other studies, a lack of correlation between the administered dose, CSF and plasma
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OT concentrations have cast doubt on the reliability of this administration route

[75]. To overcome these limitations, the efficacy of intranasal administration could

be improved by designing novel drug formulations of 11c or 12c which are tailored

to the architecture, structure and physiochemical characteristics of nasal mucosa

[345]. The viability of this approach has been demonstrated by the preliminary

success of TTA-121, a novel intranasal formulation of OT with adjusted osmolality

and viscosity to facilitate passage through mucosal membranes. TTA-121 exhibits

improved bioavailability relative to OT, has been evaluated for safety and toxicity

in mice [346], primates [347] and humans [348], and is currently undergoing a phase

II trial for efficacy on ameliorating ASD social deficits in Japanese cohorts [349].

If structural modifications to enhance passive permeability and novel drug formula-

tions to facilitate intranasal delivery do not improve the CNS penetration of 11c,

12c or derivative OTR agonists, then more exotic strategies may be required to

achieve the desired biodistribution of these molecules. Recently, the receptor for ad-

vanced glycation end-products (RAGE) has been identified as an active transporter

of OT across brain capillary endothelial cells [350, 351]. Thus, future structural

optimisation of 11c and 12c could be directed towards enhancing RAGE affinity as

a possible strategy to increase active transport of OT into the brain. Alternatively,

nanoparticle-encapsulated formulations of OT may be another strategy to harness

active transport of peptides across the blood-brain barrier. Several nanoparticle for-

mulations of OT have been developed using poly(lactic-co-glycolic acid) (PLGA) or

bovine serum albumin (BSA) as the base material, conjugated to either transferrin

or rabies virus glycoprotein to facilitate targeting to the CNS [352]. When admin-

istered intranasally to mice, these nanoparticle-encapsulated formulations exhibit

faster initial burst release and sustained elevation of OT concentration in the CSF,

relative to intranasal OT alone [353]. Moreover, nanoparticle-encapsulated OT dis-

plays greater prosocial effects relative to intranasal OT in mouse social behavioural

models, in both acute and sub-chronic dosing regimes, supporting the validity of

this approach for therapeutic development of other peptide OTR agonists, such as

11c and 12c [353]. It should be considered, however, that nanoparticle-mediated

drug delivery is a nascent field, with many questions of safety, toxicity and effi-

cacy remaining to be addressed before such a strategy could be used to formulate

therapeutics for human cohorts [354].

Another objective in the peptide discovery program was to identify OT analogues

with enhanced Gαq signalling efficacy and reduced propensity to recruit β-arrestin

to the OTR. Such biased ligands could serve as investigative tools to separately

evaluate the influence of transient G-protein signalling mediated by OTRs expressed

on the plasma membrane, and persistent signalling mediated by arrestin-bound and
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internalised OTRs, elucidating the signalling pathways which should be targeted to

produce a desired therapeutic outcome in neuropsychiatric disorders.

Although β-arrestin mediated receptor desensitisation is not a prerequisite for re-

ceptor downregulation, there is evidence of a relationship between these processes

in the OTR system. In cellular and ex vivo studies, OT rapidly induces β-arrestin

recruitment, desensitisation and internalisation of the OTR, associated with a down-

regulation of OXTR mRNA [129, 180, 313, 355, 356]. Chronic OT administration in

mice negatively influences aspects of social behaviour, accompanied by a concomi-

tant downregulation in OTR expression within the CNS over time [183], suggesting

that downregulation is a mechanism for OT tolerance induction. Mitigating recep-

tor desensitisation may therefore be necessary to develop OTR-targeted therapies

that retain long-term efficacy in chronic dosing regimens.

The present work identified ligand signalling bias in 11c and 12c toward Gαq path-

way activation and away from β-arrestin recruitment to the OTR. Furthermore, 12c

failed to elicit OTR internalisation in an endosomal trafficking assay. This positions

11c and 12c as valuable molecules for future investigative studies, and highlights

the feasibility of mitigating OTR desensitisation in therapeutic development through

ligand structural modification.

These findings are preliminary in nature, and further investigations should aim to

address several caveats. Ligand signalling bias for OT, carbetocin, 11c and 12c

was only investigated between the Gαq pathway and β-arrestin recruitment path-

way. Although 11c and 12c did not activate the Gαs pathway, the OTR couples

with multiple intracellular partners, including Gαi/o proteins, β-arrestin1, kinases

and membrane-bound signalling molecules. To obtain a more comprehensive and

accurate picture of ligand signalling biases, BRET-based biosensors could be con-

structed for each interacting protein partner and the effects of 11c and 12c on

recruitment to the OTR assessed in a cellular assay format. Fluorescence imaging

of OTR-expressing cell lines or neuronal tissue following incubation with OT or

12c could also provide insights into OTR expression at the plasma membrane fol-

lowing agonist exposure and confirm the lack of 12c-induced β-arrestin2-mediated

OTR internalisation observed in endosomal trafficking assays. Ultimately, animal

behavioural studies that utilise chronic dosing regimens will be needed to confirm

whether the ligand signalling bias observed for 11c and 12c in cellular expression

systems translates to prolonged therapeutic efficacy in vivo.

A final objective in the peptide discovery program was to characterise the ligand

binding kinetics of novel OTR agonists. Analysis of the receptor-binding kinetics of
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11c, 12c, OT and carbetocin identified the ligand dissociation rate constant (koff)

as a potential driver of Gαq signalling efficacy at the OTR, suggesting that bind-

ing kinetics assays could facilitate future efforts to optimise OTR agonist potency.

The generalisability of this finding is limited by the small number of compounds

evaluated in this investigation, however, there is extensive evidence to suggest that

koff rates are a key determinant of ligand activity in vitro and therapeutic efficacy

in vivo [296, 318, 357, 358]. Incorporation of a binding kinetics screening platform

for future derivative libraries of 11c and 12c may facilitate identification of novel

OTR agonists with enhanced receptor residence time and improved Gαq signalling

efficacy. Ligands with longer OTR residence time may also display sustained thera-

peutic efficacy in vivo, as a consequence of reduced susceptibility to drug clearance

mechanisms which deplete the concentration of ligand in circulation [318].

In addition to extending exploration of koff rates, there are other intriguing avenues

of inquiry related to ligand binding kinetics at the OTR. Ligand rebinding has been

identified as a potential explanation for why certain ligands may have longer in vivo

efficacy than their in vitro receptor residence times would suggest [359]. Rebinding

events are thought to occur through hindered diffusion of ligand away from a target

receptor by macrostructural elements such as the cellular plasma membrane [357].

Designing peptide OTR ligands with membrane-anchoring structural motifs could

facilitate rebinding events by partitioning into the plasma membrane. The known

localisation of the OTR to cholesterol-enriched ‘lipid raft’ microdomains may con-

stitute a further opportunity to design anchoring motifs which target OTR agonists

in close proximity to the receptor [360]. Such membrane-tethered ligands could be

structurally optimised toward rapid association and dissociation kinetics, producing

repeated ligand-receptor interactions and inducing sustained activation of the OTR

in a manner distinct from slowly dissociating ligands.

6.0.3 Concluding Remarks

Although the small molecule discovery program (Chapter 2) did not identify novel

OTR agonists, two ligands (4a, 5f) with non-detectable OTR affinity, high V1AR re-

ceptor selectivity and moderate V1AR affinity were characterised, which may have al-

ternate therapeutic applications. In contrast, the peptide discovery program (Chap-

ter 3) identified biologically active, cyclic N-terminal fragments of OT (9a, 9b) which

bound to the OTR with high affinity and displayed functional selectivity - acting

as agonists at the OTR and neither activating or inhibiting V1AR signalling at a

detectable level in cellular assays. Structural modification of these cyclic metabo-
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lites in Chapter 4 led to the identification of peptide OTR agonists (11c, 12c)

with enhanced receptor affinity and signalling efficacy compared to their unmod-

ified metabolite precursors. In contrast to OT, these modified peptides displayed

more rapid dissociation kinetics than OT, ligand signalling bias toward Gαq pathway

activation and away from β-arrestin recruitment at the OTR, and did not induce

detectable β-arrestin recruitment to the early endosome following agonist exposure

– factors which may indicate a capacity for reduced OTR desensitisation and pro-

longed therapeutic efficacy in vivo. The lower molecular weight, reduced polarity

and greater structural rigidity of 11c and 12c relative to OT may facilitate greater

CNS penetration than that attainable by the parent molecule, positioning them as

superior candidates for further development as peptide-based OTR agonists, with

therapeutic applications in the treatment of neuropsychiatric disorders.
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Appendix A

Instrument Settings



Table A.1: Instrument settings for microplate readers and radioactivity detectors.

CLARIOStar

Optic Module Luminescence

Donor Bandwidth 450 ± 80 nm

Acceptor Bandwidth 660 ± 100 nm

Orbital Averaging OFF

Multichromatics Plate

Measurement Type Precision

PMT Gain 3600

Focus Perform adjustment

FlexStation 3

Measurement Mode FLEX

Excitation Wavelength 485 nm

Emission Wavelength 525 nm

Auto Emission Cut-Off 515 nm

PMT Sensitivity 6

Pipette Height 80 µL

Transfer Volume 20 µL

Compound Concentration 5X

Addition Speed 2

PHERAStar [Time-Resolved Fluorescence]

Optic Module HTRF

Simultaneous Dual Emission ON

Signal Integration Start Time 50 µs

Signal Integration Time 400 µs

Settling time 0.1 s



No. of flashes per well 200

Focus Perform adjustment

PHERAStar [Luminescence]

Optic Module LUM

Simultaneous Dual Emission OFF

Orbital Averaging OFF

No. Multichromatics 1

PMT gain 3600

Settling time 0.1 s

Measurement interval time 1.0 s

Focus Perform adjustment
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Appendix B: Assay Optimisation Data

Figure B.1: Homogenous time-resolved fluorescence (HTRF) cAMP production assay optimi-
sation (part 1). (A) Buffer composition and agonist incubation time. HEK293 cells expressing
the human oxytocin receptor (HEK293-OTR) were incubated with forskolin (1 µM) for 5 - 60
min in HBSS or DMEM assay buffer supplemented with IBMX. (B) Optimal assay cell density
was determined by incubating HEK293-OTR cells (0.25 - 16 × 103 cells/well) with forskolin (1 -
10 µM) for 5 min. The cell density which yielded the widest dynamic range between basal and
forskolin-induced cAMP response was selected for subsequent assays. A higher cell density (2×103

cells/well) was preferenced to reduce assay variability.



Appendix B: Assay Optimisation Data

Figure B.2: Homogenous time-resolved fluorescence (HTRF) cAMP production assay optimisa-
tion (part 2). (A) The effect of antibody incubation time on assay sensitivity was assessed by
incubating HEK293 cells expressing the human oxytocin receptor (HEK293-OTR) with forskolin
(10 µM) for 5 min, followed by incubation with cAMP-d2 and Ab-cryptate fluorophores for 1 or 24 h
at 20°C. No significant differences were observed between treatments (t-test, unpaired, p=0.3038).
(B) The effect of serum starvation on constitutive cAMP production in HEK293-OTR cells. No
statistically sigificant differences were observed between treatments (t-test, unpaired, p=0.3789).
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Figure B.3: Bioluminescence resonance energy transfer (BRET) β-arrestin recruitment assay -
optimisation of luminescence donor and acceptor fluorophore concentration. (A) The optimal
concentration of luminescence donor plasmid (OTR-Nluc) was determined by transfecting wild-
type HEK293 cells with sequentially diluted OTR-Nluc against a fixed concentration of acceptor
fluorophore plasmid (arr2-HaloTag). The donor plasmid concentration which yielded the highest
BRET value following OT treatment (0.02 µg/well) was selected for subsequent assays. (B) The
optimal concentration of acceptor fluorophore was determined by varying the concentration of
(arr2-HaloTag) against a fixed concentration of OTR-Nluc previously determined in the dilution
assay. The condition which yielded the highest BRET value between basal and OT (10 µM) induced
recruitment of β-arrestin (1:10) was used to determine donor:acceptor ratio (1:10) and acceptor
plasmid concentration (0.2 µg/well).


