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Our brain is endowed with an incredible capacity to be social, to trust, to cooperate, to be altruistic, to feel empathy and love. Nevertheless, the biological underpinnings of such behaviors remain partially hardwired. Seminal research in rodents has provided important insights on the identification of specific genes in modulating social behaviors, in particular, the arginine vasopressin receptor and the oxytocin receptor genes. These genes are involved in regulating a wide range of social behaviors, mother-infant interactions, social recognition, aggression and socio-sexual behavior. Remarkably, we now know that these genes contribute to social behavior in a broad range of species from voles to humans. Indeed, advances in human non-invasive neuroimaging techniques and genetics have enabled scientists to begin to elucidate the neurobiological basis of the complexity of human social behaviors using “pharmacological fMRI” and “imaging genetics”.

Over the past few years, there has been a strong interest focused on the role of oxytocin in modulating human social behaviors with translational relevance for understanding neuropsychiatric disorders, such as autism, schizophrenia and depression, in which deficits in social perception and social recognition are key phenotypes. The convergence of this interdisciplinary research is beginning to reveal the complex nature of oxytocin’s actions. For instance, the way that oxytocin does influence social functioning is highly related to individual differences in social experiences, but also to the inter-individual variability in the receptor distribution of this molecule in the brain. Remarkably, despite the increasing evidence that oxytocin has a key role in regulating human social behavior, we still lack of knowledge on the core mechanisms of action of this molecule. Understanding its fundamental actions is a crucial need in order to target optimal therapeutic strategies for human social disorders.

The originality of this Research Topic stands on its translational focus on bridging the gap between fundamental knowledge acquired from oxytocin research in voles and monkeys and recent clinical investigations in humans. For instance, what are the key animal findings that can import further knowledge on the mechanisms of actions of this molecule in humans? What are the key experiences that can be performed in the animal model in order to answer significant science gaps in the treatment of neuropsychiatric disorders? Hence, within this Research Topic, we will review the current state of the field, identify where the gaps in knowledge are, and propose directions for future research. This issue will begin with a comparative review that examines the role of this peptide in diverse animal models, which highlights the adaptive value of oxytocin’s function across multiple species.  Then, a series of reviews will examine the role of oxytocin in voles, primates, and humans with an eye toward revealing commonalities in the underlying brain circuits mediating oxytocin’s effects on social behavior. Next, there will be a translational review highlighting the evidence for oxytocin’s role in clinical applications in psychopathology. Hence, via the continuum of basic to translational research areas, we will try to address the important gaps in our understanding of the neurobiological routes of social cognition and the mechanisms of action of the neuropeptides that guide our behaviors and decisions.
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The role of the neuropeptide oxytocin in social behaviors is one of the earliest discoveries in social neuroscience. Influential studies in animal models have delineated many of the neural circuits and genetic components that underlie these behaviors (Insel and Young, 2001; Donaldson and Young, 2008). These discoveries have inspired researchers to investigate the effects of oxytocin on brain and behavior in humans (Kirsch et al., 2005; Kosfeld et al., 2005) and its potential as a treatment for psychiatric disorders (Hollander et al., 2007; Andari et al., 2010; Guastella et al., 2010).

Several criticisms have been raised lately on the effects of intranasal oxytocin (IN-OT) in humans such as weak effect sizes, lack of dose studies and ambiguity about chronic administration. We clearly need more empirical data before drawing conclusions on IN-OT. Yet, how do we approach these needs and how are we making progress with IN-OT or other oxytocin-targeted drugs? Increasing the sample size and performing replications are important factors (Walum et al., 2015), but are only part of the answer. We cannot minimize the importance of innovative medium-sized studies that are based on theoretical frameworks or constructive hypotheses (or even chance observations) that form the foundation of seminal discoveries. Even single-case studies have advanced the field of neuroscience dramatically. Combining large data sets without a theory-based approach and meticulous view of behavior and symptoms can lead to a dilution of important findings and to misleading conclusions. Recent meta-analyses of the effects of IN-OT across all psychiatric disorders and healthy subjects show that the overall effect sizes are low (Bakermans-Kranenburg and Van, 2013; Walum et al., 2015), which some have interpreted to mean that all the effects of IN-OT in humans are likely to be false positives and not true effects (Walum et al., 2015). However, the effects on specific disorders (such as Autism Spectrum or ASD) are medium to high, which indicates that IN-OT can be more beneficial for ASD than for psychiatric disorders in general (Bakermans-Kranenburg and Van, 2013; Young and Barrett, 2015). Oxytocin's role in ASD is further supported by a seminal study showing that chronic IN-OT early in life restored later social behavior in a mouse model of autism (Penagarikano et al., 2015). Other disorders, such as PTSD (Post Traumatic Stress Disorder), might need further investigation. It has been recently observed that IN-OT facilitates extinction of conditioned fear in healthy subjects (Eckstein et al., 2015). Also, IN-OT is more beneficial for some individuals than others within healthy and ASD populations (Andari et al., 2010; Bartz et al., 2010; Marsh et al., 2012; Riem et al., 2014) and some studies include hypotheses and outcome measures that represent oxytocin's effects and its function better than others.

More research on how individual social aptitudes and emotional regulation, clinical characteristics, receptor distribution and genetic polymorphisms can affect the social outcome of oxytocin-based treatments is needed. It is crucial to know more precisely who can benefit from oxytocin-related treatments, which outcome measures will best represent its effects, how it should be administered, and what are the brain mechanisms. This “precision medicine” approach for IN-OT is in line with the Research Domain Criteria of the U.S. National Institute of Mental Health (Cuthbert and Insel, 2013).

This special issue collects 12 interesting papers on the many facets of the oxytocin system and social behavior. This topic embraces a very interesting aspect of oxytocin biology, which is the evolution of its function (Knobloch and Grinevich, 2014, this issue). Oxytocin-like genes and peptides are highly conserved and homologs are even observed in primitive invertebrate species such as insects and mollusks. However, the oxytocin system went through tremendous microanatomical and cytological transformations during evolution. Along with the development of the forebrain, the ancestral preoptic nucleus in basal vertebrates (fish) diverged into a polycentric oxytocin system (paraventricular and supraoptic nuclei) in advanced vertebrates (reptiles, birds and mammals). Oxytocin neurons acquired a voluminous dendritic trees and branching axons along with an expansion of oxytocin axonal projections to forebrain regions, a physiological advancement that shapes the complexity of evolved social behaviors. This topic also includes a novel finding on the distinct regional developmental changes in oxytocin receptor density (OXTR) over postnatal time in a mouse model (Hammock and Levitt, 2013, this issue). OXTR density or distribution or gene polymorphisms can shape social behavior and can be a moderator of the degree of susceptibility to early adverse experiences (Anacker and Beery, 2013, this issue; Parker et al., 2014; Barrett et al., 2015). In this issue are two genetic imaging papers that showed correlations between polymorphisms of the OXTR gene and social outcome and the BOLD activity of social brain regions in humans (Verbeke et al., 2013, this issue; Michalska et al., 2014, this issue). Not only does oxytocin system shape social outcomes, environmental factors like early-life stress can also impact the oxytocin system such as its endogenous release (Crockford et al., 2014, this issue).

Also included in this topic are two papers on rhesus macaques, which are a valuable model for examining the neurobiology of socioemotional behaviors due to the physiological and social complexity that they share with humans. Authors found that peripheral measures of oxytocin and vasopressin in juveniles rhesus monkeys are influenced by early involvement in friendship (Weinstein et al., 2014, this issue). In another interesting study, IN-OT enhanced socially-reinforced learning in rhesus monkeys which were trained on an implicit visual matching task (Parr, 2014, this issue). These results are, in part, congruent with the model proposed in this special issue stating that IN-OT is likely to increase reward sensitivity and reduce anxiety in order to enhance social salience and social cognition (Bethlehem et al., 2014, this issue).

There is a current debate in the literature on whether oxytocin is promoting positive prosocial behaviors or whether it is triggering negative behaviors such as defensive mechanisms. In this special issue, authors found that IN-OT increased the bias for “liking” in-group stimuli and did not increase out-group derogation in humans (Ma et al., 2014, this issue). IN-OT is not necessarily the peace or the war molecule; its role in social functioning is likely to be more complex. Its action is likely to be adaptive in impacting a variety of socio-emotional behaviors based on contextual demands and individual predispositions, possibly through its interaction with GABAergic neurons (Tyzio et al., 2014), serotonin (Mottolese et al., 2014), reward system (Burkett and Young, 2012) and neuronal signaling (Owen et al., 2013; Marlin et al., 2015). Pro-social behaviors but also dominance, defensive behaviors and other behaviors are necessary for our social structure and adaptation. In a very interesting review (Ebitz and Platt, 2013, this issue), authors stressed how for a greater evolutionary fitness, oxytocin's function is adaptive and is species-specific. Notably, in another review, authors discussed the variability and the different types of social behavior (aggression, engagement, grooming, dominance) between species (Anacker and Beery, 2013, this issue), a fact that should be taken into account when drawing conclusions on the effects of oxytocin on behavior.

Despite the progress in this field, there are important questions that still need to be addressed. Who can benefit from oxytocin intake? How do we measure the predicted value of oxytocin-based benefits? Does IN-OT penetrate the brain? IN-OT increases oxytocin levels in the brain (Neumann et al., 2013; Striepens et al., 2013) and increases brain activity and resting cerebral blood flow (Domes et al., 2013; Gordon et al., 2013; Paloyelis et al., 2014). More research dissociating exogenous from endogenous effects of oxytocin can lead the field forward. Importantly, in this special issue, authors raised precautions about the risks and the effects of chronic IN-OT in pediatric populations (Taylor et al., 2014, this issue). A few chronic IN-OT studies have shown that it is safe in young (7–18 years old) and adult populations but with ambiguous social outcomes (Anagnostou et al., 2012; Tachibana et al., 2013; Dadds et al., 2014; Guastella et al., 2015). Recently, it has been shown that stimulating the oxytocin system endogenously with melanocortin-4 receptor agonist (Barrett et al., 2014; Modi et al., 2015) or MDMA (Dumont et al., 2009) is promising but also needs more investigation. More research on the primary outcome measures, the methods of treatment (drugs, doses, chronic administration with behavioral therapies), and the individual variability in endogenous oxytocin release following new drug treatments and their side effects, is needed.

Oxytocin is an exciting target for improving social function, yet there is a gap between theory and actual therapeutic applications. Studying interactions between neuropeptides, brain mechanisms of social functions, inter-individual variability, and combining neurobiology with behavioral therapies can lead to better outcomes. With a powerful sense of determination and optimism, respect of each other fields, multidisciplinary collaborations, careful replications and adoption of a “precision medicine” approach within fundamental science and human research; we together can help men and women who suffer from brain dysfunctions.
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The central oxytocin system transformed tremendously during the evolution, thereby adapting to the expanding properties of species. In more basal vertebrates (paraphyletic taxon Anamnia, which includes agnathans, fish and amphibians), magnocellular neurosecretory neurons producing homologs of oxytocin reside in the wall of the third ventricle of the hypothalamus composing a single hypothalamic structure, the preoptic nucleus. This nucleus further diverged in advanced vertebrates (monophyletic taxon Amniota, which includes reptiles, birds, and mammals) into the paraventricular and supraoptic nuclei with accessory nuclei (AN) between them. The individual magnocellular neurons underwent a process of transformation from primitive uni- or bipolar neurons into highly differentiated neurons. Due to these microanatomical and cytological changes, the ancient release modes of oxytocin into the cerebrospinal fluid were largely replaced by vascular release. However, the most fascinating feature of the progressive transformations of the oxytocin system has been the expansion of oxytocin axonal projections to forebrain regions. In the present review we provide a background on these evolutionary advancements. Furthermore, we draw attention to the non-synaptic axonal release in small and defined brain regions with the aim to clearly distinguish this way of oxytocin action from the classical synaptic transmission on one side and from dendritic release followed by a global diffusion on the other side. Finally, we will summarize the effects of oxytocin and its homologs on pro-social reproductive behaviors in representatives of the phylogenetic tree and will propose anatomically plausible pathways of oxytocin release contributing to these behaviors in basal vertebrates and amniots.
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INTRODUCTION

The concept of neurosecretion (Scharrer and Scharrer, 1945) was based on the discovery of large glandular cells (later named magnocellular neurons) that contained colloid product and resided in the hypothalamus of the teleost fish minnow Phoxinus laevis (Scharrer, 1928)1. A similar glandular cell type containing oxytocin (OT)- and vasopressin (VP)-like substances was—a few decades later—visualized by histochemical reactions (such as Gomori's method with aldehyde-fuchsin; Puchtler et al., 1979) in other vertebrates too. Indeed, the 60–80's of the 20th century were the time of extensive exploration of the phenomenon of neurosecretion (Scharrer, 1978), the diversity of nonapeptides (Acher, 1978) and the anatomy of hypothalamic neurosecretory centers (Polenov, 1978). One of the main directions at that time was the comparative anatomical analysis of hypothalamic nuclei in representatives of most vertebrate classes (Zeballos et al., 1967; Watkins, 1975; Moor and Lowry, 1998). Furthermore, the aspect of environmental physiology was excessively studied, focusing on migrating and spawning animals and monitoring challenges in the activity of their neurosecretory system during reproduction (Peter, 1977; Polenov et al., 1979; Arshavskaya et al., 1985). This direction of research led to fascinating environmental socio-biological insights into the contribution of hypothalamic neuropeptides on the formation of pair bonding in social mammalian and non-mammalian species (Carter et al., 1995; Goodson and Bass, 2000; Insel and Young, 2000; Goodson et al., 2009). However, the continuing shift toward studying the genetics, molecular biology and electrophysiology of the magnocellular neurons (Murphy et al., 2012) resulted in a deep understanding of detailed mechanisms but was lacking a general picture about the phylogenetic transformations of magnocellular neurons. We intend therefore to link the morphological transformations and the route of oxytocin release with the behavior observed in more basal vertebrates vs. amniots.

MACROANATOMICAL TRANSFORMATION OF THE HYPOTHALAMIC-NEUROHYPOPHYSIAL SYSTEM IN VERTEBRATES

In more basal vertebrates (paraphyletic taxon Anamnia), composed by agnathans, fish and amphibians, magnocellular neurosecretory neurons express homologs of OT (mesotocin, isotocin, glumitocin, valitocin, aspargtocin) and VP (vasotocin) (Acher, 1978; Donaldson and Young, 2008). These neurons reside in the ancestral preoptic nucleus (PON; Diepen, 1962; Figure 1), which became recently a subject of genetic studies, using transgenic fish models (Gutnick et al., 2011; Herget et al., 2013). Magnocellular neurons of adult Anamnia are quite randomly distributed within the PON, existing intermingled with other types of cells. However, there is a ventro-dorsal gradient in size and morphology of neurons—while ventrally located neurons are rather small, more dorsally residing ones are bigger, and neurons reaching the upper pole of the PON are gigantic (Polenov, 1974; Garlov, 2005). This gradient reflects a “physiological regeneration” of the nucleus, which is caused by short periods of increased secretory activity (migration in fish and seasonal changes in frogs) and subsequent death of the gigantic neurosecretory neurons (Polenov, 1974; Garlov, 2005). This cell loss is, hence, compensated by newly born neurons (Chetverukhin and Polenov, 1993; Polenov and Chetverukhin, 1993). Although in non-mammalian species of vertebrates pronounced adult neurogenenesis is reported for various brain regions (see Kaslin et al., 2008 and Refs therein), in mammals this process is rather unique. Here it occurs only in specific areas, such as the subventricular zone and the dentate gyrus of the hippocampus (Ming and Song, 2011) as well as in the peptidergic hypothalamic arcuate nucleus, where cell turnover occurs at a low rate (Kokoeva et al., 2005).
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FIGURE 1. Schematic presentation of magnocellular hypothalamic nuclei in representative examples of basal and advanced vertebrates (drawings are based on Grinevich and Polenov, 1994). 3v, third ventricle; F, columns of fornix; LV, lateral ventricle; MFB, medial forebrain bundle; OC, optic chiasm; OT, optic tract; PON, preoptic nucleus; PVN, paraventricular nucleus; SON, supraoptic nucleus. Accessory nuclei: 1—extrahypothalamic; 2—anterior commissural; 3—circular; 4—fornical; 5—nucleus of the medial forebrain bundle; 6—dorsolateral.



In advanced vertebrates (monophyletic taxon Amniota: reptiles, birds, and mammals), there is a clear partition of magnocellular neurons in two separate nuclei—the paraventricular (PVN) and supraoptic (SON) nuclei (Meyer, 1935; Diepen, 1962; Figure 1). Some authors further subdivide the SON into main- and retrochiasmatic or postoptic part. However, the latter is absent in most evolutionarily conserved reptiles such as turtles (Fernández-Llebrez et al., 1988), and the retrochiasmatic part exists only in ancient mammals, such as platypus, that lack the typical SON. The PVN—in contrast to Anamnia's PON—is in rats composed by up to eight parts, and three of them comprise predominantly the magnocellular neurons (Swanson and Sawchenko, 1983; Armstrong, 2004; Simmons and Swanson, 2008). Although such strict territorial segregation is typical for rodents (especially for rats), but there are no reports on such segregations in other mammalian species, including humans (Swaab et al., 1993). Besides the main nuclei, PVN and SON, Amniota also possess groups of magnocellular neurons, termed accessory nuclei (AN)2, located in the territory between SON and PVN. There is some inconsistency in the naming of groups and their recognition as independent groups or parts of the PVN or SON. Some authors, for example, consider the “anterior commissural nucleus” (ACN) as an independent AN (Rhodes et al., 1981; Grinevich and Akmayev, 1997) while others classify it as division of the PVN (Swanson and Kuypers, 1980). Importantly, an AN of similar localization and composition (such as circular, fornical, and dorsolateral) exists in reptiles and various mammals (see Grinevich and Polenov, 1994). However, in birds—a highly specialized group of Amniota—the main and AN are not clearly bordered, and the subdivisions of PVN and SON as well as the AN are not homologous to those in other representatives of Amniota (Oksche and Farner, 1974; Grinevich and Polenov, 1994). Importantly, studies in rats (Rhodes et al., 1981) revealed that about 1/3 of all magnocellular neurons locate in AN, thereby pointing to their functional significance. In that line, we showed recently that the dorsolateral AN is the main source of OT projections to the central amygdala and is certainly involved in the attenuation of fear responses via OT release within this target structure (Knobloch et al., 2012).

The cause of the formation of a polycentric OT system in evolution is unclear. It could be speculated that the presence of the AN intermediate to the PVN and SON reflects the process of separation of the ancestral PON into the PVN and SON, leaving remnant cell groups in between. During this separation the dorsal part of the PON—the magnocellular preoptic nucleus—likely remained as PVN in amniotes as was recently shown in larval and adult zebra fish by comparing gene expression profiles with mammals (Herget et al., 2013). As for the SON, it was speculated that neurons located in the ventral PON migrate in ventro-lateral direction to the place of the later SON (Herget et al., 2013), leaving remaining cells of further AN. It is interesting that in one of the most primitive modern mammals—monotreme platypus Ornithorhynchus anatinus, most of the magnocellular OT neurons reside in the stream between the PVN and the retrochiasmastic part of the SON and never form the main nuclei found in other mammals (Ashwell et al., 2006).

The process of PON divergence in reptiles (paralleled by the first appearance of AN) coincides with the process of forebrain development (encephalization) and the respective formation of large fiber tracts connecting brainstem and spinal cord to the forebrain. The migrating magnocellular neurons and growing axonal bundles, such as the medial forebrain bundle could have been interfering with each other, as proposed in the following. During the embryogenesis of Amniota, magnocellular neurons possibly migrate along radial glia from the 3rd ventricle into ventro-lateral direction; the association of radial glia and magnocellular neurons was reported in the wallaby, the representative of marsupial mammals (Cheng et al., 2002). Similar migrations are known for the radial development of spinal cord, cerebellum and cortex (Hatten, 1999; Nadarajah and Parnavelas, 2002; McDermott et al., 2005) and are also observable in cell culture studies where neuroblasts migrate back and forth until finding their destination (Hatten, 1990). The bidirectional movement of magnocellular neurons might have been physically blocked by the growing fibers of the solid medial forebrain bundle (phylogenetically evolving in amphibians and reptiles; Herrick, 1910; Nieuwenhuys et al., 1982), thereby hindering neuronal migration from the supraoptic region back to the 3rd ventricle and entrapping cells (i.e., SON) latero-dorsally to the optic tract. This process of magnocellular nuclei formation in the embryogenesis (resembling phylogenetic development in accordance to Ernst Haeckel's law), in any case, requires further scientific investigations employing genetic and viral approaches combined with time-lapse imaging.

CYTOLOGICAL CHANGES IN MAGNOCELLULAR NEURONS ALONG THE EVOLUTION

Dendro-ventricular contacts 3

Like probably many other neuronal cell types (Arendt, 2008), the hypothalamic magnocellular neurons underwent tremendous modifications in term of location and cytological organization during evolution (Polenov, 1978; Scharrer, 1978). The most primitive neurosecretory neurons were observed in Amphioxus (lancelet) (Obermüller-Wilén, 1979), which split from vertebrate ancestors ~550 million years ago (Gee, 2008; Figure 3). In Amphioxus, the neurosecretory cell bodies are lying between the ependymal cells and extend their axonal process through the inner wall of the ventricle to the ventral brain surface (Obermüller-Wilén, 1979). In fish, especially in the basal members of Actinopterygii (ray-finned fish) (e.g., sturgeon, sterlet), the cells extend their dendrites with expanded terminal parts into the lumen of the ventricle while their axons run away from the ventricle roughly at 90° angle. In addition, it seems that in Anamnia these dendrites are not only capable to release neuropeptides into the lumen of the third ventricle but also may sense (at least in the case of vasotocin neurons) via cilia the chemical content of the cerebro-spinal fluid (CSF, Tessmar-Raible et al., 2007). In mammals, a portion of these ventricle contacts seem to remain: using viral based technique the location of OT fibers (axons and/or dendrites) could be shown in intimate proximity to the 3rd ventricle and even in between of ependymal cells, contacting directly with the CSF (Figure 4C). Further along the phylogenic tree (see Figure 2) the majority dendrites and cell bodies of magnocellular neurons move away from the 3rd ventricle and undergo “neuronalization”4 forming rich dendritic trees and unique axonal specializations (the latter is described in great details in sections below). In respect of progressive changes of dendritic trees in evolution, it should be mentioned here that even in mammals (rats, dogs and monkeys) a fraction of OT neurons carries features of relatively simply organized neurons (Hatton, 1990; Armstrong, 1995; and references therein). These cells, visualized by Golgi (silver impregnation) technique, mostly reside in the SON, representing about half of neuronal population in this nucleus. They are bipolar neurons, similar to those observed in basal vertebrates, fish and frogs, while another half of SON neurons are multipolar cells with elaborated dendritic trees (Hatton, 1990; Armstrong, 1995, 2004; and references therein). The number of spines (as well as synapses) on dendrites of OT neurons is relatively modest (~500–600 synapses per OT neuron; William Armstrong, personal communication) especially compared to principle neurons of hippocampus (~10,000 synapses per single CA1 or CA3 neuron; Megias et al., 2001; Hosseini-Sharifabad and Nyengaard, 2007). However, during maternity period OT neurons undergo plastic changes (swelling, arborization) with ultrastructural reorganization of synaptic contacts (Stern and Armstrong, 1998; Theodosis and Poulain, 2001).
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FIGURE 2. Anatomy and position (in relation to the lumen of the ventricle) of magnocellular neurosecretory neurons in the hypothalamus of representatives of the phylogenetic tree. v, ventricle.



Axo-adenar contacts

Axo-adenar contacts are typical for magnocellular cells in Anamnia. Cells are sending axonal terminals close to the adenohypophysis (syn.: anterior pituitary, see Figure 3) where they are forming a root-like structure directly contacting adenohypophyseal cells. Hence, released neuropeptides affect subsequently the release of various pituitary hormones in paracrine fashion (Denef, 2008). However, the density of such contacts is gradually decreased in evolution. In fact, although we were able to detect a few examples of such contacts in adult rats (see Figure 4), only one paper reports on their presence in amniots: i.e., in the adenohypophysis of fetal sheep (Hoffman et al., 1989). The paracrine action of OT on pituitary cells (Hoffman et al., 1989) may occur during mammalian embryogenesis in the immature portal blood system. In general, the regress of direct axo-adenar contacts during evolution may parallel the process of anatomical separation of adenohypophysis and neurohypophysis by septal connective tissue (Enemar, 1960) and coincides with the development of an effective portal blood system from reptiles onwards (Enemar, 1960). By exception, in some highly specialized teleost fish (Baskaran and Sathyanesan, 1992) and advanced groups of amphibians, like anurans (Cruz, 1956; Lametschwandtner and Simonsberger, 1975), a portal system, albeit a primitive version, may already exist. Via the portal route, OT reaches epithelial cells of the adenohypophysis and modulates the release of adenotrophic hormones (Horn et al., 1985; Sheward et al., 1990; Denef, 2008).
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FIGURE 3. Contacts of OT neurons and respective routes of OT release in the brain of basal and advanced vertebrates. 1—dendro-ventricular contacts (trans-ventricular route of OT action); 2—axo-vasal contacts (release into systemic blood circulation); 3—axo-adenar contacts (paracrine action on adenotrophes); 4—axovasal contacts with portal venes; 5—dendritic release; 6—axonal release. 3v, third ventricle; PV, portal vessels.
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FIGURE 4. Rat oxytocin (OT) neurons residing in PVN and SON (and AN; not depicted here) were visualized with the green fluorescence-protein Venus in rats using recombinant adeno-associated virus technique, thereby revealing the complexity of the central OT system (A) as well as of single OT neurons (B; arrow: dendrite/dendritic collateral; asterisk: likely axon/axonal collateral; double asterisk: contact to second OT cell; arrow head: fiber below ventricular ependyma). The 3rd ventricle is surrounded by OT fibers (C) that extend below the ventricle-lining ependymal layer (arrow head) or reach the ventricle lumen (asterisk; C2 magnification of ventral part of the 3rd ventricle shown in C1). Release of OT into the circulation occurs via the median eminence (internal and external layer; D) and the posterior pituitary (E; E2 inset shows a pituitary gland overview). Of note are OT fibers innervating the pituitary intermediate lobe in rats of reproductive state (E). OT forebrain innervation for central OT release is likely the evolutionarily youngest features of the OT system (F). Exemplarily, fibers in the medial amygdala (F1) and anterior olfactory nucleus (F2) are depicted (insets: magnified fibers) both structures functionally linked to reproductive and pro-social behaviors. 3V, 3rd ventricle; ac, anterior commissure; aL, anterior lobe; AN, accessory nuclei; iL, intermediate lobe; MEe, medial eminence, external layer; Mei, medial eminence, internal layer; opt, optic tract; pL, posterior lobe; PVN, paraventricular nucleus; SON, supraoptic nucleus.



Axo-vasal contacts

Endocrine neurosecretion in its classical meaning refers to the release of OT, VP and their homologs into the blood stream (Figure 3), which carries it to peripheral target organs such as the uterus, penis, mammary glands (also organs of the reproductive tract of non-mammalian species), the heart and also the skin (van Kesteren et al., 1995; Satake et al., 1999; Melis and Argiolas, 2011; Garrison et al., 2012; Gutkowska and Jankowski, 2012; Deing et al., 2013). Axo-vasal contacts are axonal terminals within the posterior pituitary lying in close proximity to fenestrated capillaries separated only by a basal membrane and the processes of pituicytes. This general structure of the posterior pituitary remained constant throughout the vertebrate evolution (Belenky, 1998) down to the phylogenetically old Actinopterygii (ray-finned) fish (Egorova et al., 2003). Besides this specialized structure, OT neurons also form axonal contacts with primary capillaries of the external zone of the median eminence (Figure 4). Hereby, OT is reaching the portal blood and directly acts on corticotrophes, lactotrophes, gonadotrophes and other cell types (Horn et al., 1985; Sheward et al., 1990; Denef, 2008).

Likely due to the vital importance of peripheral OT- and VP (and their homologs) hormones for reproductive physiology and water metabolism, the neurohypophysis exhibits a unique capacity for regeneration. After axonal damage of magnocellular neurons by pituitary stalk transection, the pituitary stalk undergoes an extensive hypertrophy and transforms into a new neurohemal organ, called “miniature neurohypophysis” (Spatz, 1958). This capacity of regeneration together with the astonishing survival of the magnocellular somata after axonal transection was demonstrated in both mammalian (including monkeys) and non-mammalian species (Atunes et al., 1979; Polenov et al., 1981; 1997).

ROUTES OF OXYTOCIN RELEASE WITHIN THE BRAIN

As emphasized above, the evolutionarily oldest preserved OT processes contact the ventricle system (Figures 2, 4C). But given their rather low rate in mammals, the high OT concentrations in the CSF—exceeding those in blood (Kagerbauer et al., 2013)—likely arises from another source. Due to the fact that the CFS is composed of 1/3 extracellular fluid and 2/3 of blood plasma, the extracellular fluid, enriched by OT released from somas and dendrites of OT neurons (Ludwig and Leng, 2006) is most probably the main source of OT in the CSF (Landgraf and Neumann, 2004).

From an evolutionary point of view it is remarkable that OT homologs are present in primitive invertebrates species (such as annelids, nematods, mollusks, insects; van Kesteren et al., 1995; Satake et al., 1999; Stafflinger et al., 2008; Garrison et al., 2012), although no pituitary or other typical neuropeptide pathway through the body is available. Hence, the functional significance of evolving diverse distribution modes is not clear. However, it has been postulated that neuropeptides may initially have served as primitive neurotransmitters or modulators of neurotransmission (Jackson, 1980)—a functional implication that is still an aspect in mammalian species. Importantly, about 80% of the brain regions surrounding the ventricle system and the subarachnoid space express OT receptors in mammals. Therefore, diffusion of OT within the fluid of extracellular space (at least to a certain spatial extent) could be underlying behavioral effects of this neuropeptide in mammals, as found in countless studies with intracerebroventricular administration of OT during the last 30 years (Veening et al., 2010). It is assumed that intranasally applied in pharmacological doses (which are ~1000 times higher than the OT blood concentration; Huang et al., 2013; Neumann et al., 2013) OT may reach the CSF and exert substantially delayed and long lasting effects (starting from 30 to 45 min after application and lasting ~60–90 min) as was shown for various neuropeptides by Born et al. (2002). However, due to the short half-life of about 20 min of brain OT (Mens et al., 1983) it is unlikely that somatodendritically released OT reaches distant extrahypothalamic regions within a narrow time frame to achieve defined and rapid behavioral responses.

Simple uni- and bipolar cells forming ventricular contacts have been replaced during evolution by cells with extended dendritic trees (see Figure 2). This shift might have facilitated and intensified somatodendritic release of OT (Pow and Morris, 1989; Ludwig and Leng, 2006), which allows auto- and paracrine action of OT within OT-ergic nuclei under specific demand such as lactation (Landgraf and Neumann, 2004). Dendritically released OT is stimulating coordinated OT neuron activity during lactation, resulting in a pulsatile bolus release of OT into the blood (Lincoln et al., 1973). In parallel, OT release might be induced from axons in extrahypothalamic regions. This assumption was confirmed experimentally with 30 Hz optical stimulation, resembling the bursting activity of OT neurons during suckling (Wakerley and Lincoln, 1973; Poulain and Wakerley, 1982) and inducing axonal OT release in various brain regions (Knobloch et al., 2012, 2014)5.

There is a general agreement that parvocellular OT neurons project extensively toward the brainstem and spinal cord to form synaptic contacts with local neurons (Swanson and Sawchenko, 1983). However, these neurons are distinct from magnocellular ones in that they are not releasing OT into the systemic blood circulation. Although the presence of parvocellular OT-like neurons within the PON of Anamnia, e.g., teleost fish, was sporadically reported (Goodson et al., 2003; Thompson and Walton, 2013) the evolutionary transformation of this cell lineage has not been studied. Therefore, we leave this subject for further analysis, which will require the identification of genetic markers to specifically target parvocellular OT neurons.

During the pioneer times of neuroendocrine pathway research, ascending OT-ergic fibers were found in a limited number of extrahypohalamic forebrain regions such as the amygdala, bed nucleus of stria terminalis (BNST) and septal nuclei of rats (Buijs, 1978; Sofroniew, 1980), non-human primates (Atunes and Zimmerman, 1978; Kawata and Sano, 1982; Caffé et al., 1989; Wang et al., 1997) and human (Fliers et al., 1986) in addition to prominent descending brain stem- and spinal cord-innervating fiber tract. However, these studies suffered from technical limitations (such as deficient immunohistochemical feasibility) so that ascending fibers could only be revealed to a minor extent (Buijs, 1978; Sofroniew, 1980; Fliers et al., 1986). However, recent reports from Larry J. Young's (Ross et al., 2009) and our group (Knobloch et al., 2012), employing fluorogold- and viral-vector based techniques, respectively, clearly demonstrated that magnocellular OT neurons extensively innervate major forebrain regions in voles and rats. Interestingly, the number of OT axons in most forebrain regions is rather limited (Knobloch et al., 2012), hence explaining that they had been overlooked. The enormous number of OT molecules per large dense core vesicle (~85,000; Leng and Ludwig, 2008) and the extremely high (nM range) OT receptor affinity (Akerlund et al., 1999) still allows OT to sufficiently exert its effects in various forebrain regions. In line with this assumption, we demonstrated the functionality of sparse OT fibers in vitro and in vivo, as we showed that OT is released focally within the structure of demand, e.g., the lateral division of the central amygdala, and, hence, is capable to modify both microcircuit activity and amygdala-dependent behavior, namely conditioned fear response (Knobloch et al., 2012).

Interestingly, the focal, axonal OT release is, in spite of its spatial precision, not defined to a direct (synaptic) cell communication—a finding which is consonant with the initial idea of the Scharrers, who believed that the neurosecretory colloid can be released along the axon into the peri-axonal space (Scharrer, 1936; cited from Watts, 2011). Our hypothesis that OT acts non-synaptically is based on the fact that the onset of both electrophysiological and behavioral responses occur delayed, thereby exceeding the time typically needed for synaptic transmission (1–10 ms) and ranging within seconds in the central amygdala (Knobloch et al., 2012, 2014) and other brain regions, for example, in the anterior olfactory nucleus (personal communication from Dr. Wolfgang Kelsch, Central Institute of Mental Health and Heidelberg University). Importantly, a similar second-range delay of cellular responses was recently demonstrated after evoked somatodendritic release of VP from magnocellular PVN neurons, pointing on a similar non-synaptic, diffusion-like neuropeptide pathway that allows for interpopulational crosstalk within about 100 μm distance (Son et al., 2013). Besides the kinetics, the spatial distribution of large dense core vesicles, containing OT, also point on a non-synaptic transmission. The vesicles are not located in the active zones of pre-synapses in the few OT synapses found in the SON (Theodosis, 1985; Knobloch et al., in preparation) and ventromedial hypothalamic nucleus (Griffin et al., 2010) and OT receptors could not be attributed to the postsynaptic membrane. Taking all these arguments in account we propose that OT release from axons of magnocellular neurons in forebrain regions occurs by non-synaptic fashion. However, this should be further confirmed by the time-lapse imaging, implementing recently developed techniques for monitoring, docking and release of large dense core vesicles (de Wit et al., 2009; van de Bospoort et al., 2012). These techniques will also allow to dissect the role of glutamate-containing synaptic vesicles in OT neurons (Hrabovszky et al., 2006; Kawasaki et al., 2006), which remain enigmatic as no one was able to show fast synaptic transmission from axons of magnocellular OT neurons either in the hypothalamus or extrahypothalamic places (Knobloch et al., 2012, 2014).

Axonal projections to diverse brain areas are likely provided by distinct subgroups of OT neurons, implying an anatomical heterogeneity of OT neurons (Knobloch and Grinevich, personal observation). It is remarkable that there have been few if any studies on collaterals of OT neurons to different areas. Despite this, our ongoing research (manuscript in preparation) allows us to assume that in certain situations of life, such as love or fear, distinct populations of OT neurons may be activated, which—via specialized axonal projections—modulate specific brain areas and ultimately distinct behaviors in a pro-social or in-group supporting way. Indeed, recently we could show that associative fear learning induces the activation of a small subset of OT neurons, which specifically project to the central nucleus of the amygdala and, furthermore, evoked OT release from their axons within the central nucleus of amygdala readily attenuates fear response (Hasan et al., 2013; Kernert et al., 2013).

With respect to the evolution, there is a unique observation in a representative of the highly specialized and diverse group of teleost fish: in trout several mesotocin (and vasotocin) neurons project toward the forebrain (Saito et al., 2004). In analogy to rats (Knobloch et al., 2012), the authors furthermore demonstrated, using in vitro electrophysiology combined with biocytin-filling of cells, that magnocellular neurons of trout project to the posterior pituitary and—at the same time—to telencephalon and thalamus (Saito et al., 2004). This unique feature can be seen as an evolutionarily early advancement that later re-appeared in amniots. Indeed, ascending mesotocin or OT projections have been clearly demonstrated only in reptiles (Thepen et al., 1987; Silveira et al., 2002) and different mammals (Sofroniew, 1980; Fliers et al., 1986; Ross et al., 2009; Knobloch et al., 2012).

EFFECTS OF OT AND ITS HOMOLOGS ON PRO-SOCIAL AND REPRODUCTIVE BEHAVIOR OF BASAL AND ADVANCED VERTEBRATES

Since the turn of the last century the extract of the posterior pituitary has been known to stimulate contractions of the uterus and mammary glands (Oliver and Schäfer, 1895; Dale, 1909; Ott and Scott, 1910; Schäfer and Mackenzie, 1911). Subsequent comparative studies between numerous species conducted in the first half of the 20th century revealed that in both mammalian and non-mammalian species OT/mesotocin stimulates the activity of smooth muscle in reproductive tracts (Figure 5), furthermore the egg laying, sperm movement, ejaculation, as well as uterus contraction and milk let down in placental and non-placental mammals (Moore, 1992; Sebastian et al., 1998). Importantly, in non-placental marsupials OT and its homolog mesotocin co-exist in the hypothalamus. Together, they stimulate long lasting milk ejection (Nicholas, 1988), thereby prevailing different phases of the milk secretion to regulate lactation from neighboring breasts asynchronously, which is necessary for the contemporaneous development of offspring of different age (Nicholas, 1988; Sebastian et al., 1998).
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FIGURE 5. Main pathways of OT release reflect its peripheral and central effects on reproduction in basal and advanced vertebrates. While OT release into systemic blood circulation (via axo-vasal contacts) modulates motility of the reproductive tract, central OT release either into the cerebro-spinal fluid (via dendro-ventricular contacts) or into brain tissue (via axonal release) orchestrates reproductive behavior. Peripheral release of OT into the blood occurs in all vertebrates, however, release into the cerebro-spinal fluid is prevailing in basal vertebrates, which exhibit rather simple, stereotyped forms of OT-dependent reproductive behavior. In contrast, axonal OT release seemed to appear only in advanced vertebrates, especially in mammals. Taking in consideration the parallelism of appearance of OT axons in the forebrain and complex OT-mediated forms of reproductive and pro-social behavior, we speculate about a causative relation between these two processes in high vertebrates. 3v, 3rd ventricle; BV, blood vessels.



Beside these neuroendocrine effects, countless publications convincingly demonstrate that in mammals OT is a key peptide for orchestrating reproductive, pro-social and in-group supporting behavior (Bosch and Neumann, 2012; Lukas and Neumann, 2013 and references therein). Based on that, OT is considered as a positive factor for species propagation (Lee et al., 2009) in all vertebrates. We here give a brief overview on aspects of OT involvement without providing a comprehensive analysis but rather a correlative view on the central OT pathways and the corresponding non-apeptide-mediated behaviors in vertebrates.

In a specialized marine teleost fish, the plainfin midshipman fish, Goodson and colleagues showed that central isotocin and vasotocin modulate social vocalization, in a sex- and type-specific manner (Goodson and Bass, 2000). Isotocin applied to the preoptic area of the anterior hypothalamus (the primary regions for endocrine and behavioral integration, e.g., in vocal production) modulates reproduction-unrelated social vocalization in females and type I males, both of which typically do not display parental care. In contrast, vasotocin applied to type II males, which are parental, modulates social vocalization according to the reproductive context—a courtship situation or the defense of the nest, eggs and hatchlings. Furthermore, isotocinergic axons were found in the ventral telencephalon and numerous hypothalamic and brainstem regions, which are components of ascending auditory pathways (Goodson et al., 2003). Unfortunately, there are no studies on the contribution of OT homologs to reproductive behaviors in agnathans, such as hagfish and lampreys, in cartilaginous fish (e.g., sharks and rays) or in primitive actinopterygians (e.g., sturgeon, beluga etc.). This gap makes it impossible to draw any definite conclusion about behavioral role of isotocin and its homologs in the first steps of vertebrate evolution.

In amphibians, especially in the evolutionarily advanced Anura, receptors for mesotocin are spread over brain regions implicated in reproductive behavior (Do-Rego et al., 2006). In addition, mesotocin is thought to stimulate the synthesis of neurosteroids, which target brain circuits controlling male calling and, again, reproductive behaviors (Do-Rego et al., 2006). Since in fish (except teleost) and amphibians isotocin/mesotocin projections reaching extrahypothalamic or reproduction-related brain regions could not be demonstrated, it is likely that these nonapeptides act trans-ventricularly, especially since courtship and reproductive behaviors do not require immediate effects and may last several days or weeks, depending on the species.

In reptiles, reports on OT effects are limited to nesting behavior (Carr et al., 2008). As in other nesting animals, typical nesting behavior in turtles consists of a sequence of actions such as nest-site selection, nest-site preparation, egg-cavity construction, oviposition and nest covering (Carr et al., 2008 and refs therein). Surprisingly, systemic application of OT (intramuscular injection) led to an atypical behavior with decoupled oviposition and nesting behavior, a phenomenon termed “false nesting” (Tucker et al., 1995). In turtles OT application evokes nest-covering behavior that precedes oviposition for up to 417 h (Carr et al., 2008). This study demonstrates that OT is powerful enough to induce nesting behavior even without egg laying. Involved central OT targets have yet not been dissected yet, and our literature search revealed only limited report on OT effects in reptilian reproductive behavior. However, further inside to this uniquely located group of animals—situated between basal vertebrates and mammals—would indisputably be beneficial for our understanding of the evolutionary role of OT homologs on the formation of behaviors as reptiles being the first group that carry a polycentric OT system with advanced multipolar neurons projecting extrahypothalamically. Presumably due to these achievements, reptiles display an extreme divergency of sexual behaviors, ranging from monogamous to “harem” behaviors (Bull, 2000; Godwin and Crews, 2002).

In birds, as shown in zebra finches, mesotocin seems to be a key peptide for the prolongation of time spent in large groups and—most importantly—with familiar conspecifics (Goodson et al., 2009). Furthermore, pro-social behavior elicited by central mesotocin infusion was dependent on the mesotocin receptor density in the lateral septum of female birds (Goodson et al., 2009). In fact, the reported effects of mesotocin resemble effects of OT on pair bonding observed in voles (Carter et al., 1995; Insel and Young, 2000). As in mammals with their specific OT fiber pattern, it is likely that also mesotocin-expressing species possess long-range axons to respective brain regions, such as to the lateral septum in birds, and regulate behavior with spatial precision.

In non-mammalian vertebrates vasotocin and its homologs modulate reproductive behavior and, in fact, seem to hold an even more important role than OT-like neuropeptides. Vasotocin is involved in the induction of vocalization, courtship behavior (like male amplectic clasping behavior), female sexual receptivity, alternative mating and many more social behaviors (Moore, 1983; Wilczynski et al., 2005; Balment et al., 2006; Soares et al., 2012). Such diverse effects in non-mammalians are not surprising since many extrahypothalamic vasotocin-expressing regions and the arising wide-spread projections are comparable to the extrahypothalamic VP system of mammals (de Vries and Miller, 1998). Summing up the impact of both peptides—OT/OT homologs and VP/VP homologs—in different species, it seems that the latter holds a dominant role in regulating reproductive behavior in fish and amphibians, while OT-like peptides are more important in birds (Goodson et al., 2012) and mammals (Lee et al., 2009), which display more complicated reproductive rituals. Nevertheless, the picture seems to be very complex as in many behavioral and cognitive aspects both peptides modulatory interact (Neumann, 2009; Bosch and Neumann, 2012; Stoop, 2012) and furthermore, as constituting a sexual dimorphic systems, vary in their relative priority in males or females (Veenema et al., 2013).

CONCLUSIONS

During evolution OT-like genes and peptides remained highly conserved, which could be demonstrated via genomic integration of the OT homolog isotocin of the teleost Fugu rubripes (blowfish) in rat (Venkatesh et al., 1997; Murphy et al., 1998) and mouse (Gilligan et al., 2003), resulting in correct expression in hypothalamic OT neurons and furthermore preserved responsiveness to physiological stimuli. Despite the gene conservation, neurons expressing OT-like peptides underwent tremendous evolutionary transformations. Compared to primitive OT neurons contacting the ventricle system or acting in paracrine manner on epithelial cells of the pituitary, OT neurons in advanced vertebrates acquired a voluminous dendritic tree and bifurcating/branching axons supplementary to the preserved early features. The classical neuroendocrine action of systemic release via the posterior pituitary to affect, e.g., the reproductive system and basal reflex-like reproduction was here expanded to influence also cognitive processes in favor of reproduction-related and pro-social behaviors, e.g., to impact partner preference and pair bonding as well as parental care and gregarious socialization. It is difficult to assess when in evolution neurohormonal effects of OT on the reproductive physiology were supplemented by its effects on reproductive behavior. It seems that all vertebrates successfully operate both mechanisms. At least in mammals there is anatomical evidence for dual projection of OT neurons to the systemic release site (the posterior pituitary) and central release sites (the nucleus accumbens and central amygdala) (Ross et al., 2009; Knobloch et al., 2012). Accordingly, synergistic effects of peripherally and centrally released OT were reported for some situations, including stress (Neumann and Landgraf, 2012 and references therein). Such correlation and its functional significance should be further explored in the context of reproduction-related and pro-social behavior, especially in primates.

Going back to the central effects of OT on behavior, it should be noted that in basal vertebrates the behavioral responses are rather slow and stereotypic, therefore, it is likely that they are mostly mediated by trans-ventricular action of OT homologs. In mammals, the evolution established social effects of OT, which exceed classical mating and reproductive behaviors (Figure 5). To exemplify, it was recently reported that central administration of OT in marmoset fathers facilitates food sharing with their infants (Saito and Nakamura, 2011). Such complex and rapidly occurring paternal behavior is likely mediated by targeted OT axonal release (Knobloch et al., 2012) in high brain areas, allowing for modulation of higher order social processing. OT is supposed to preferentially act on interneurons (Knobloch et al., 2012; Owen et al., 2013), which, in turn, relatively rapidly (i.e., within the range of seconds) modify the network activity of certain brain region(s), resulting in fast emotional, behavioral or cognitive responses. Following this idea, the demonstration of universality of the axonal route for central OT release in the context of modulating forebrain activity and elaborate behaviors should be further explored and extended to the advanced placental mammals, namely primates. One day, the stimulation of endogenous OT in the brain might be one approach helping to cure or simply improve the situation of humans afflicted with autism spectrum disorders (Meyer-Lindenberg et al., 2011)—a disease characterized by a deficient social competence on the recognition- as well as the prospecting level, accompanied by reproductive problems reaching up to asexuality (Gilmour et al., 2012).
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FOOTNOTES

1. ^It is important to note that the observation of first gland-like neurons was reported by Speidel (1919; cited from Watts, 2011) in the spinal cord of fish. These cells (known as Dahlgren cells) and their axons form an unique caudal neurosecretory system in fish, terminating in the urophysis and secreting urotensins and CRH to the systemic blood in the same fashion as the release of hypothalamic nonapeptides from the posterior pituitary (McCrohan et al., 2007). For the history of the concept of neurosecretion and the establishment of neuroendocrinology as a new discipline linking neuroscience and endocrinology see the excellent review of Watts (2011).

2. ^The AN (in rats) were first described by Peterson (1966). For the anatomy of the AN in representatives of the phylogenetic row and their respective nomenclature see the review of Grinevich and Polenov (1994).

3. ^Here we follow the terminology for contacts of magnocellular neurons from Polenov (1978).

4. ^The term “neuronalization” was introduced by Andrey L. Polenov about 40 years ago to describe the process of evolutionarily transformation of primitive unipolar neurosecretory cells to typical neurons, which preserved capacity to produce and secret neurohormones (Polenov, 1978). However, presently the term “neuronalization” is used to name the appearance of neuron-like cells from adult liver or bone marrow stem cells (Deng et al., 2006). Therefore—to avoid confusion—we will not further use the term “neuronalization” in the present review.

5. ^Early reports (Landgraf et al., 1988; Russel et al., 1992) showed that the local osmotic or naloxone stimulation of the PVN or SON induces an increase in OT concentrations in extrahypothalamic forebrain regions, such as lateral septum, suggesting the central OT release from processes of OT neurons. However, the anatomical and functional evidences for distant axonal OT release were obtained relatively recently (Ross et al., 2009; Knobloch et al., 2012).
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Oxytocin (OXT) has drawn increasing attention as a developmentally relevant neuropeptide given its role in the brain regulation of social behavior. It has been suggested that OXT plays an important role in the infant brain during caregiver attachment in nurturing familial contexts, but there is incomplete experimental evidence. Mouse models of OXT system genes have been particularly informative for the role of the OXT system in social behavior, however, the developing brain areas that could respond to ligand activation of the OXT receptor (OXTR) have yet to be identified in this species. Here we report new data revealing dynamic ligand-binding distribution of OXTR in the developing mouse brain. Using male and female C57BL/6J mice at postnatal days (P) 0, 7, 14, 21, 35, and 60 we quantified OXTR ligand binding in several brain areas which changed across development. Further, we describe OXTR ligand binding in select tissues of the near-term whole embryo at E18.5. Together, these data aid in the interpretation of findings in mouse models of the OXT system and generate new testable hypotheses for developmental roles for OXT in mammalian systems. We discuss our findings in the context of developmental disorders (including autism), attachment biology, and infant physiological regulation.

Summary: Quantitative mapping of selective OXTR ligand binding during postnatal development in the mouse reveals an unexpected, transient expression in layers II/III throughout the mouse neocortex. OXTR are also identified in several tissues in the whole late embryo, including the adrenal glands, brown adipose tissue, and the oronasal cavity.

Keywords: oxytocin, adrenal gland, kidney, oronasal cavity, autism, autoradiography, experience-dependent plasticity, neocortex

INTRODUCTION

There is substantial experimental evidence in humans and pre-clinical models that oxytocin (OXT) plays a role in adult behavior. In humans, whereas data from genetic association studies are difficult to replicate (Bakermans-Kranenburg and van Ijzendoorn, 2013), results from studies with intranasal treatment with OXT are consistent with a role for OXT in adult human social behavior (Guastella and Macleod, 2012). In mice in which Oxt has been constitutively deleted, adults exhibit poor social recognition behavior (Ferguson et al., 2000; Macbeth et al., 2009). Similarly, adult OXT receptor (Oxtr) knock-out mice also display evidence of poor social recognition behavior (Takayanagi et al., 2005; Lee et al., 2008a; Macbeth et al., 2009). OXTR signaling seems to play more of role in intrastrain social recognition, which is a more difficult perceptual and memory task than interstrain social recognition (Macbeth et al., 2009). In addition, the adult Oxtr KO mouse is seizure-prone and has poor reversal learning, a laboratory proxy of poor cognitive flexibility (Sala et al., 2011). Maternal care is partially impaired in both lines of mice (Takayanagi et al., 2005; Pedersen et al., 2006).

Hypotheses of the underlying mechanisms that generate these behavioral phenotypes in mutant mice, in which target genes are deleted constitutively from all tissues, have been informed mostly by our understanding of OXTR ligand binding distribution in the adult mouse brain. For example, the septum, the hippocampus, the amygdala, and the piriform cortex have all been implicated. The possibility also exists that congenital OXTR loss throughout mouse development makes a significant contribution to reported disruption of adult behaviors, as has been shown for the serotonin (5-HT) 1a receptor (Gross et al., 2002). To selectively ascertain a role for OXTR in the adult brain, Lee et al generated a floxed Oxtr mouse, which has been used to delete Oxtr from selective brain areas in the adult by introduction of a cell type specific Cre recombinase (Lee et al., 2008a,b; Macbeth et al., 2009; Pagani et al., 2011). Despite a growing number of studies in mouse genetic models (Table 1), distribution data regarding the contribution of OXTR signaling during experience-dependent development has not been established in the mouse, but instead has been guided by developmental expression patterns obtained in rats (Shapiro and Insel, 1989; Snijdewint et al., 1989; Tribollet et al., 1989) and voles (Wang and Young, 1997), which differ from each other. Tritiated oxytocin and 125I-labeled selective antagonist mapping of developing rodent brains demonstrate robust receptor presence in postnatal development (Tribollet et al., 1989, 1991, 1992; Wang and Young, 1997). Some brain areas show dense ligand binding during postnatal development with very little expression in adults. While the location of the receptor binding varies with species, rats and voles have a peak of OXTR binding in some brain areas in the 2nd and 3rd postnatal weeks. The species diversity in developmental OXTR distribution raises the question of the similarities and differences in the characteristics of OXTR expression patterns in the developing mouse brain compared to other species.

Table 1. Mouse models of oxytocin system function.
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Because of observed species diversity in OXTR expression patterns and because OXTRs have not been mapped developmentally in mice, we questioned the potential role for M. musculus-specific developmental expression patterns that might better inform hypotheses of behavior in mouse genetic models (Table 1) in which OXTR signaling is altered genetically either directly, or indirectly through ligand alteration.

In this report, we qualitatively map and quantitate developmental expression of OXTR ligand binding in the postnatal C57BL/6J mouse brain. We also identify OXTR binding in the near term mouse embryo (E18.5) to identify potential OXT sites of action in the whole organism in the transition to postnatal life.

MATERIALS AND METHODS

MICE

Mice used in this study were bred in our animal facility from adult C57BL/6J mice obtained from Jackson Laboratories (Bar Harbor, ME). All procedures were performed after approval by the Institutional Animal Care and Use Committee of Vanderbilt University in accordance with state and federal guidelines. Timed pregnancies were generated, and females were checked daily for litters. The first morning appearance of a litter was noted as postnatal day 0 (P0). Pre-weaning litters were harvested on P0, P7, and P14. Individual litters each contributed to one time point only. Two litters were harvested immediately after weaning at P21, and individuals from several more litters were harvested at P35 and P60. E18.5 embryos were harvested from a timed-pregnant C57BL/6J mouse purchased from Jackson Laboratories and gestational age was confirmed by crown-rump length (20 ± 0.5 mm). Oxtr mice (Oxtrtm1.1Knis) were a generous gift from Larry Young (Emory University). We backcrossed these mice to C57BL/6J and confirmed achieving congenic status with strain specific markers (Speed Congenics Service, Jackson Laboratories, Bar Harbor, ME).

SEX DETERMINATION

Sex determination of mice aged P14 and older was performed by an experienced rater (Elizabeth A. D. Hammock) by anogenital distance. Embryonic mice and mice aged P0 and P7 were genotyped to determine genetic sex using established methods (Jimenez et al., 2003). The forward primer (5′-ccgctgccaaattctttgg-3′) and the reverse primer (5′-tgaagcttttggctttgag-3′) generate a 290 bp product from the Smcy gene on the Y chromosome, and a 330 bp product from the Smcx homolog on the X chromosome under the following thermal cycling conditions: 95°C for 7 min; 35 cycles of 93°C for 30 s, 58°C for 30 s, 72°C for 30 s; 72°C for 10 min.

RECEPTOR AUTORADIOGRAPHY

Each age for analyses of OXTR ligand binding consisted of animals from at least two separate litters. For the quantitative binding study, a total of 3 males and 3 females for each age were used. For the post-natal experiments, the autoradiography was performed 3 separate times with each age and sex represented. E18.5 whole embryos were harvested for examining tissue patterns of OXTR ligand binding. Brains (or embryos) were frozen in powdered dry ice and stored at −80°C until cryosectioning. Tissue was cut at 20 μm in 6 series and thaw mounted onto Superfrost Plus slides. Sections were stored at −80°C until used in the receptor autoradiography protocol. Receptor autoradiography was performed exactly as described previously (Hammock and Levitt, 2012) on rostro-caudal series of sections with 50pM of selective 125I OXTR ligand: ornithine vasotocin analog (vasotocin, d(CH2)5[Tyr(Me)2, Thr4, Orn8,[125I]Tyr9 NH2]; ([125I]-OVTA, NEX254, Perkin-Elmer, Inc., Boston, MA). Autoradiographic films (Kodak Biomax MR film, Carestream Health, Inc., Rochester, NY, USA) were developed after a 70 h co-exposure with 14C autoradiographic standards (American Radiolabeled Chemicals, St. Louis, MO, USA).

IMAGE ANALYSIS

After receptor autoradiography, slides were post-processed for acetylcholinesterase (Lim et al., 2004) and/or Nissl staining following standard protocols (Catania et al., 2008). Autoradiographic films and processed slides were scanned at 1200 dpi at 8-bit with a high resolution flatbed scanner (Epson Perfection V600, Suwa, Japan) and regions of interest were identified by comparison of the film image to landmarks in the post-processed slides. Image measurements were obtained in ImageJ (NIH, Bethesda, MD) from three consecutive sections with hand selected ROI and analyzed by interpolation “interp1,” Matlab 7.0.4 (TheMathworks, Natick, MA, USA) to the linear range of the 14C autoradiographic standard on the same film (Miller and Zahniser, 1987). Tissue background values were obtained from the dorsal striatum of each sample and subtracted from the region specific data to generate net values reflected in the graphed data. This resulted in average values of 0 μCi/g for each quantified brain area in Oxtr KO. For quantification, no adjustments were made to the images other than image inversion. Composite images for figures were created with the TurboReg (Thevenaz et al., 1998) plug-in for ImageJ using the rigid body alignment algorithm. For pseudocolor composites, the autoradiography images were adjusted for brightness to minimize the appearance of the film background.

RESULTS

As previously established, the ligand ([125I]-OVTA) used in this report is highly selective for OXTR in mice, rats, and voles as determined by displacement with a competitive unlabeled ligand (Elands et al., 1988; Insel and Shapiro, 1992; Insel et al., 1993), and by absence of specific binding in the OXTR KO mouse (Figure 1) above tissue background, as others have shown (Takayanagi et al., 2005; Lee et al., 2008a). We observed ligand binding (Figure 1) in several brain regions previously reported for high OXTR ligand binding in adult mice (Insel et al., 1993). For example, the OXTR ligand binding was evident in the lateral septum, diagonal band, piriform cortex, the central and medial amygdala, the hypothalamus, and CA3 of the hippocampus. By comparison to post-processed neuroanatomical landmarks and a neuroanatomical atlas (Paxinos and Franklin, 2001) (Allen Brain Atlas), we confirmed binding in the following areas (Figure 1) at most ages examined: accessory and main olfactory bulbs, claustrum, endopiriform cortex, bed nucleus of the stria terminalis, ventral caudatoputamen, and the periventricular thalamus. We also identified a developmental peak of ligand binding in the neocortex, evident in pre-weaning mice (Figures 1, 2).


[image: image]

FIGURE 1. Receptor autoradiography in C57BL/6J mice at several post-natal ages and coronal levels reveals brain areas of OXTR ligand binding, and the lack of specific OXTR ligand binding in OXTR KO brain assessed at P60. (A) accessory (a) and main (b) olfactory bulbs (B) neocortex (c), septum (d), claustrum (e), endopiriform cortex (f), piriform cortex (g), diagonal band of Broca (h), (C) bed nucleus of the stria terminalis (i), ventral caudatoputamen (j), (D) periventricular thalamus (k), CA3 hippocampus (l), central amygdala (m), medial amygdala (n), hypothalamus (o). Scale bar = 1 cm.
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FIGURE 2. Quantification of receptor autoradiography for OXTR in C57BL/6J mice demonstrates transient developmental profiles. OXTR binding with highly selective OXTR ligand is evident in (A) the CA3 of the dorsal hippocampus, (B) the septum, and (C) the neocortex sampled at S1. For all three brain regions, there was a main effect of age. In the septum and the hippocampus, this was driven by the difference in binding between P0 and P14–P21. In the neocortex, the main effect of age was stronger and driven substantially by the peak at P14. *p < 0.05.



To ascertain developmental shifts in receptor density, we quantified several brain areas that exhibited unique patterns of binding (Figure 2): the hippocampus, the lateral septum, and the neocortex. Each brain area was analyzed by Two-Way ANOVA for sex and age. The hippocampus measured dorsally at CA3 showed no main effect of sex [F(1, 24) = 0.73, p = 0.40], a significant main effect of age [F(5, 24) = 7.93, p < 0.001], and no sex × age interaction [F(5, 24) = 0.41, p = 0.84]. The septum showed a trend for a main effect of sex [F(1, 24) = 3.34, p = 0.08], a main effect of age [F(5, 24) = 7.87, p < 0.001], and no sex × age interaction [F(5, 24) = 0.75, p = 0.59]. OXTR density captured throughout all layers of S1 neocortex indicates no main effect of sex [F(1, 24) = 2.31, p = 0.14], a main effect of age [F(5, 24) = 26.24, p < 0.0001], and no sex × age interaction [F(5, 24) = 0.19, p = 0.96]. Bonferroni-corrected post-hoc tests indicate that for the septum and the hippocampus, the P0 time-point was significantly different from the peak between P14 and P21 (p < 0.05). However, post-hoc tests for the neocortex showed that P14 was a significant peak of ligand binding which differed statistically from earlier (P0) and later (P35, P60) time points (p < 0.05). Thus, there are distinct regional patterns of differential OXTR ligand binding during postnatal development.

Based on these data, we performed a secondary, layer-specific analysis of the developing neocortex. Post-processed neuroanatomical landmarks of the same tissue used in the receptor autoradiography facilitated localization of OXTR to layers II/III in the pre-weaning neocortex (Figure 3). We quantified OXTR binding in specific layers (II/III, IV, V, VI) across the neocortex in S1. As with the data from combined neocortical layers, there was no main effect of sex [F(1, 111) = 0.58, p = 0.45], a significant main effect of age [F(5, 111) = 141.31, p < 0.001], and as expected in this analysis, a significant main effect of neocortical layer [F(3, 111) = 117.90,p < 0.001]. There was also a significant age × layer interaction [F(15, 111) = 24.21,p < 0.001] evident in the peak binding of OXTR in layer II/III at P14. Bonferroni corrected post-hoc tests indicated that OXTR ligand binding density in layer II/III at P14 was significantly greater than all other ages and layers examined (p < 0.05).
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FIGURE 3. OXTR ligand binding in the neocortex is prominent in layer II/III. (A) OXTR is abundant in neocortical layers II/III at P14. (B) Nissl counterstain of section in (A). (C) OXTR is pseudo-colored red in a composite image of panels (A) and (B), which indicates that OXTR is prominent in layers II/III but not in layer IV or VI. OXTR is present in upper layer V. There is significantly reduced neocortical OXTR in P60 mice (D) which are only slightly above tissue background compared to OXTR KO P60 neocortex (E). (F) Quantification of OXTR binding demonstrates the transient ligand binding of OXTR in upper layers across post-natal development.



In addition to modest ligand binding in the forebrain, hindbrain, and spinal cord, we observed OXTR ligand binding in several tissues throughout the E18.5 embryo (Figure 4). Dense binding was evident in a very limited number of peripheral tissues, including the dermis, brown fat, adrenal gland, kidney, genitourinary tract, testes (not shown), the olfactory sensory epithelium, and the oral cavity including the tongue, palate, and the anterior mandible.
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FIGURE 4. OXTR ligand binding (A) followed by post-processing with Nissl staining (B) reveals tissue specificity of OXTR in E18.5 embryos. Pseudocolor (OXTR in red) composite (C). Olfactory turbinates/nasal epithelium (a and b), mandible (c), tongue (d), genitourinary tract (e), dermis (f), kidney (g), adrenal gland (h), brown adipose tissue (i).



DISCUSSION

The present study demonstrates an unexpected, transient developmental profile of OXTR ligand binding throughout the neocortex in the developing mouse that is in part different from other species examined previously. These data have direct implications for the interpretation of functional data from mice, as the major model of genetic perturbation of OXTR signaling. Other groups have previously mapped OXTR in developing rodents, using this ligand. Tribollet et al. (1989) and Shapiro and Insel (1989) described the postnatal development of OXTR ligand binding in the rat. They observed continuously high levels of binding in the accessory olfactory bulb, the ventral subiculum, and the central amygdala, which is similar to what we observe in mice. Unlike mice, however, rats show persistent binding in the dorsal caudate-putamen; mice do not show evidence of specific binding in this region at any age. Also unlike mice, rats exhibit transient binding in the dorsal subiculum and anteroventral thalamus. As previously described (Shapiro and Insel, 1989; Tribollet et al., 1989), rats showed dramatic transient OXTR ligand binding in the neocortex, but the expression was limited to the midline cingulate neocortex. The data in rats contrast with our findings in mice, which demonstrate potential for a broader neocortical role for OXTR outside of limbic neocortex. Wang and Young (1997) mapped OXTR with this ligand in postnatal vole brains, with a particular focus on the septum, although the images in that paper demonstrate transient (although not quantified) postnatal OXTR binding throughout the neocortex of voles as well. The unique and species-specific developmental profiles of OXTR distribution patterns allow for a potential neural substrate of species differences in OXT-dependent developmental trajectories. Perhaps as in adults (Insel and Shapiro, 1992; Young et al., 1996a; Young, 1999; Campbell et al., 2009; Ophir et al., 2012), species differences in OXTR distribution patterns in the developing brain may give rise to important species differences in maturation of social behaviors. Despite the variations in expression patterns of OXTR, rodent species in general are consistent in the timing of the transient developmental peak- neocortical OXTR peaks in the 2nd and 3rd postnatal week, paralleling the major time period of synaptic wiring and pruning in subcortical and cortical forebrain regions (Levitt, 2003; Li et al., 2010). This may provide some clues regarding developmental sensitive periods for the early role of OXTR in the ontogeny of circuits that mediate behavioral development.

In rats, Tribollet et al. (1989) defined two areas with post-pubertal onset of ligand binding: the ventromedial nucleus of the hypothalamus and the islands of Calleja of the olfactory tubercle. While we detected some ligand binding in both of these areas of mice, we were unable to detect a similar post-pubertal onset in these areas or any other related structures (data not shown). This is likely due to an actual lack of adult onset of ligand binding in mice. While unlikely, it is possible that there are technical differences in sampling through these nuclei, which would have missed limited regions of expression, due to the smaller brain size of the mouse.

Our discovery of transient OXTR throughout the developing mouse neocortex permits additional interpretations of data from Sala et al. (2011), who report that the OXTR KO mouse has lower seizure thresholds and impaired cognitive flexibility in the reversal of the T maze. The authors conclude that perhaps the loss of OXTR in the adult hippocampus is the mechanism responsible for the lower seizure thresholds. An alternative interpretation is that developmentally transient neocortical OXTR expression influences experience-dependent neocortical development that may be disrupted in the OXTR KO mouse, contributing to lowered seizure thresholds. Orphan data from the initial reports of the OXT KO mouse support this hypothesis: there was robust c-Fos activation present in S1 neocortex of the adult OXT KO mouse after exposure to a social stimulus, compared to an absence of c-Fos activation in the adult WT mouse after similar exposure (Ferguson et al., 2001). Because there are very few OXTR receptors in the adult neocortex, it is possible that this activation difference in adult OXT KO reflects atypical or labored neural processing of social information after a developmental trajectory that could not use OXT signals to shape experience-dependent neocortical development. As observed in the hippocampus (Sala et al., 2011; Owen et al., 2013) and the infralimbic medial prefrontal cortex (Ninan, 2011), OXTR may contribute to signal-to-noise processing throughout the entire neocortex by regulating excitatory and inhibitory balance during post-natal development. The hypothesis that OXT, via OXTR, shapes the experience-dependent plasticity of the entire neocortex during the onset of multisensory integration could be tested using conditional mouse lines in which gene expression would be manipulated with temporal specificity.

Given some of the developmental differences in OXTR across species, there are challenges in determining which animal models provide the most relevant translation to understand the role of OXT signaling in human brain development. Resolving this dilemma becomes especially important with the increased momentum to understand a potential therapeutic role for OXT in autism spectrum and other neurodevelopmental disorders (Bartz and Hollander, 2008; Modi and Young, 2012; Miller, 2013). While a combination of approaches are most likely to yield insight, descriptive data from BrainSpan Allen Institute gene expression data set and from Kang et al. (2011) reveal a peak of OXTR mRNA expression in multiple neocortical regions in postmortem tissue from neonates and infants, with lower levels prenatally and in adolescents and adults. This developmental epoch corresponds to high levels of experience-dependent plasticity for the acquisition of face discrimination (Pascalis et al., 2002, 2005) and language recognition (Kuhl, 2004), as well as peak synaptogenesis (Huttenlocher and Dabholkar, 1997). Perhaps developmental mouse models of OXT system function will be valuable for elucidating a role for OXT in mammalian experience-dependent neocortical development.

A by-product of our developmental study was the generation of unique data prenatally at E18.5, a time proximate to the transition to parturition. Parturition is an important developmental time-point with exposure to high levels of maternal OXT (Kuwabara et al., 1987; Douglas et al., 2002; Tyzio et al., 2006; Khazipov et al., 2008; Mazzuca et al., 2011). Prenatal binding of this OXTR ligand has not been examined in the whole embryo. We observed dense OXTR ligand binding in several embryonic tissues, involved in the regulation of homeostasis and are of great interest in the potential mechanisms of the transition to postnatal life.

These whole embryo OXTR binding data lead to testable novel hypotheses. One testable hypothesis would be to consider the possibility that OXTR in the developing adrenal gland contributes to the stress hyporesponsive period (SHRP)- the period of perinatal development, during which time adrenal activity is suppressed including reduced adrenal sensitivity to ACTH (Rosenfeld et al., 1991) (i.e., less corticosterone release). If OXTR contributed to the SHRP, we would expect a developmental regulation of the levels or function of OXTR in the adrenal gland, with changes in adrenal OXTR function around post-natal day 12–14.

We also observed robust OXTR ligand binding in the oral cavity in near-term embryos, which has not been described previously. In the adult mouse, OXTR has been identified on a subset of glial-like type I taste cells, and in some cells on the periphery of taste buds, where OXT can elicit calcium signals (Sinclair et al., 2010). Our embryo data suggest the following testable hypothesis: OXT present in either amniotic fluid during parturition or in breast milk (Takeda et al., 1986) could activate these receptors to initiate a cascade of signals to help orient the newborn to maternal cues.

OXTR in specific peripheral tissues of the term embryo may facilitate a physiologically coordinated transition to postnatal life. We do not yet know if these peripheral tissues expressing the receptor at E18.5 continue to express OXTR at the same levels, or if there are developmental changes in OXTR in these areas. The data observed in the postnatal brain presented here suggest that OXTR in the neocortex is well-positioned to play a role in the experience-dependent developmental plasticity of the neocortex. These are tractable hypotheses that may lead to a far more detailed understanding of the mechanisms through which OXTR signaling may orchestrate the transition to postnatal life and the developmental emergence of a species-relevant repertoire of social and/or OXT-modulated behaviors (Hammock and Levitt, 2006).

AUTHOR CONTRIBUTIONS

Elizabeth A. D. Hammock designed and performed the ligand binding studies and data analysis, and Elizabeth A. D. Hammock and Pat Levitt prepared the manuscript.

ACKNOWLEDGMENTS

These studies and manuscript preparation were funded by NIH MH080759 to Pat Levitt and a NARSAD Young Investigator Award to Elizabeth A. D. Hammock.

REFERENCES

 Allen Brain Atlas Resources [Internet]. Seattle (WA): Allen Institute for Brain Science. ©2009. Available online at: http:// www.brain-map.org [Online]. [Accessed].

 Bakermans-Kranenburg, M. J., and van Ijzendoorn, M. H. (2013). A sociability gene? Meta-analysis of oxytocin receptor genotype effects in humans. Psychiatr. Genet. doi: 10.1097/YPG.0b013e3283643684. [Epub ahead of print].

 Bartz, J. A., and Hollander, E. (2008). Oxytocin and experimental therapeutics in autism spectrum disorders. Prog. Brain Res. 170, 451–462. doi: 10.1016/S0079-6123(08)00435-4

 BrainSpan Atlas of the Developing Human Brain Website: ©2012 Allen Institute for Brain Science. BrainSpan Atlas of the Developing Human Brain [Internet]. Available online at: http://brainspan.org/ [Online]. [Accessed].

 Campbell, P., Ophir, A. G., and Phelps, S. M. (2009). Central vasopressin and oxytocin receptor distributions in two species of singing mice. J. Comp. Neurol. 516, 321–333. doi: 10.1002/cne.22116

 Catania, E. H., Pimenta, A., and Levitt, P. (2008). Genetic deletion of Lsamp causes exaggerated behavioral activation in novel environments. Behav. Brain Res. 188, 380–390. doi: 10.1016/j.bbr.2007.11.022

 Douglas, A. J., Leng, G., and Russell, J. A. (2002). The importance of oxytocin mechanisms in the control of mouse parturition. Reproduction 123, 543–552. doi: 10.1530/rep.0.1230543

 Elands, J., Beetsma, A., Barberis, C., and de Kloet, E. R. (1988). Topography of the oxytocin receptor system in rat brain: an autoradiographical study with a selective radioiodinated oxytocin antagonist. J. Chem. Neuroanat. 1, 293–302.

 Ferguson, J. N., Aldag, J. M., Insel, T. R., and Young, L. J. (2001). Oxytocin in the medial amygdala is essential for social recognition in the mouse. J. Neurosci. 21, 8278–8285.

 Ferguson, J. N., Young, L. J., Hearn, E. F., Matzuk, M. M., Insel, T. R., and Winslow, J. T. (2000). Social amnesia in mice lacking the oxytocin gene. Nat. Genet. 25, 284–288. doi: 10.1038/77040

 GENSAT. (2003). The Gene Expression Nervous System Atlas (GENSAT) Project, NINDS Contracts N01NS02331 & HHSN271200723701C to The Rockefeller University (New York, NY).

 Gong, S., Zheng, C., Doughty, M. L., Losos, K., Didkovsky, N., Schambra, U. B., et al. (2003). A gene expression atlas of the central nervous system based on bacterial artificial chromosomes. Nature 425, 917–925. doi: 10.1038/nature02033

 Gould, B. R., and Zingg, H. H. (2003). Mapping oxytocin receptor gene expression in the mouse brain and mammary gland using an oxytocin receptor-LacZ reporter mouse. Neuroscience 122, 155–167. doi: 10.1016/S0306-4522(03)00283-5

 Gross, C., Zhuang, X., Stark, K., Ramboz, S., Oosting, R., Kirby, L., et al. (2002). Serotonin1A receptor acts during development to establish normal anxiety-like behaviour in the adult. Nature 416, 396–400. doi: 10.1038/416396a

 Guastella, A. J., and Macleod, C. (2012). A critical review of the influence of oxytocin nasal spray on social cognition in humans: evidence and future directions. Horm. Behav. 61, 410–418. doi: 10.1016/j.yhbeh.2012.01.002

 Hammock, E. A., and Levitt, P. (2012). Modulation of parvalbumin interneuron number by developmentally transient neocortical vasopressin receptor 1a (V1aR). Neuroscience 222C, 20–28. doi: 10.1016/j.neuroscience.2012.07.025

 Hammock, E. A. D., and Levitt, P. (2006). The discipline of neurobehavioral development: the emerging interface of processes that build circuits and skills. Hum. Dev. 49, 294–309. doi: 10.1159/000095581

 Huttenlocher, P. R., and Dabholkar, A. S. (1997). Regional differences in synaptogenesis in human cerebral cortex. J. Comp. Neurol. 387, 167–178. doi: 10.1002/(SICI)1096-9861(19971020)387:2<167::AID-CNE1>3.0.CO;2-Z

 Insel, T. R., and Shapiro, L. E. (1992). Oxytocin receptor distribution reflects social organization in monogamous and polygamous voles. Proc. Natl. Acad. Sci. U.S.A. 89, 5981–5985. doi: 10.1073/pnas.89.13.5981

 Insel, T. R., Young, L., Witt, D. M., and Crews, D. (1993). Gonadal steroids have paradoxical effects on brain oxytocin receptors. J. Neuroendocrinol. 5, 619–628. doi: 10.1111/j.1365-2826.1993.tb00531.x

 Jimenez, A., Fernandez, R., Madrid-Bury, N., Moreira, P. N., Borque, C., Pintado, B., et al. (2003). Experimental demonstration that pre- and post-conceptional mechanisms influence sex ratio in mouse embryos. Mol. Reprod. Dev. 66, 162–165. doi: 10.1002/mrd.10345

 Jin, D., Liu, H. X., Hirai, H., Torashima, T., Nagai, T., Lopatina, O., et al. (2007). CD38 is critical for social behaviour by regulating oxytocin secretion. Nature 446, 41–45. doi: 10.1038/nature05526

 Kang, H. J., Kawasawa, Y. I., Cheng, F., Zhu, Y., Xu, X., Li, M., et al. (2011). Spatio-temporal transcriptome of the human brain. Nature 478, 483–489. doi: 10.1038/nature10523

 Kato, I., Yamamoto, Y., Fujimura, M., Noguchi, N., Takasawa, S., and Okamoto, H. (1999). CD38 disruption impairs glucose-induced increases in cyclic ADP-ribose, [Ca2+]i, and insulin secretion. J. Biol. Chem. 274, 1869–1872. doi: 10.1074/jbc.274.4.1869

 Khazipov, R., Tyzio, R., and Ben-Ari, Y. (2008). Effects of oxytocin on GABA signalling in the foetal brain during delivery. Prog. Brain Res. 170, 243–257. doi: 10.1016/S0079-6123(08)00421-4

 Kuhl, P. K. (2004). Early language acquisition: cracking the speech code. Nat. Rev. Neurosci. 5, 831–843. doi: 10.1038/nrn1533

 Kuwabara, Y., Takeda, S., Mizuno, M., and Sakamoto, S. (1987). Oxytocin levels in maternal and fetal plasma, amniotic fluid, and neonatal plasma and urine. Arch. Gynecol. Obstet. 241, 13–23. doi: 10.1007/BF00931436

 Lee, H. J., Caldwell, H. K., Macbeth, A. H., Tolu, S. G., and Young, W. S. 3rd. (2008a). A conditional knockout mouse line of the oxytocin receptor. Endocrinology 149, 3256–3263. doi: 10.1210/en.2007-1710

 Lee, H. J., Caldwell, H. K., Macbeth, A. H., and Young, W. S. 3rd. (2008b). Behavioural studies using temporal and spatial inactivation of the oxytocin receptor. Prog. Brain Res. 170, 73–77. doi: 10.1016/S0079-6123(08)00407-X

 Levitt, P. (2003). Structural and functional maturation of the developing primate brain. J. Pediatr. 143, S35–S45. doi: 10.1067/S0022-3476(03)00400-1

 Li, M., Cui, Z., Niu, Y., Liu, B., Fan, W., Yu, D., et al. (2010). Synaptogenesis in the developing mouse visual cortex. Brain Res. Bull. 81, 107–113. doi: 10.1016/j.brainresbull.2009.08.028

 Lim, M., Hammock, E., and Young, L. (2004). A method for acetylcholinesterase staining of brain sections previously processed for receptor autoradiography. Biotech. Histochem. 79, 11–16. doi: 10.1080/10520290410001671344

 Macbeth, A. H., Lee, H. J., Edds, J., and Young, W. S. 3rd. (2009). Oxytocin and the oxytocin receptor underlie intrastrain, but not interstrain, social recognition. Genes Brain Behav. 8, 558–567. doi: 10.1111/j.1601-183X.2009.00506.x

 Mazzuca, M., Minlebaev, M., Shakirzyanova, A., Tyzio, R., Taccola, G., Janackova, S., et al. (2011). Newborn Analgesia mediated by Oxytocin during delivery. Front. Cell. Neurosci. 5:3. doi: 10.3389/fncel.2011.00003

 Miller, G. (2013). Neuroscience. The promise and perils of oxytocin. Science 339, 267–269. doi: 10.1126/science.339.6117.267

 Miller, J. A., and Zahniser, N. R. (1987). The use of 14C-labeled tissue paste standards for the calibration of 125I-labeled ligands in quantitative autoradiography. Neurosci. Lett. 81, 345–350. doi: 10.1016/0304-3940(87)90408-3

 Modi, M. E., and Young, L. J. (2012). The oxytocin system in drug discovery for autism: animal models and novel therapeutic strategies. Horm. Behav. 61, 340–350. doi: 10.1016/j.yhbeh.2011.12.010

 Ninan, I. (2011). Oxytocin suppresses basal glutamatergic transmission but facilitates activity-dependent synaptic potentiation in the medial prefrontal cortex. J. Neurochem. 119, 324–331. doi: 10.1111/j.1471-4159.2011.07430.x

 Nishimori, K., Young, L. J., Guo, Q., Wang, Z., Insel, T. R., and Matzuk, M. M. (1996). Oxytocin is required for nursing but is not essential for parturition or reproductive behavior. Proc. Natl. Acad. Sci. U.S.A. 93, 11699–11704. doi: 10.1073/pnas.93.21.11699

 Ophir, A. G., Gessel, A., Zheng, D. J., and Phelps, S. M. (2012). Oxytocin receptor density is associated with male mating tactics and social monogamy. Horm. Behav. 61, 445–453. doi: 10.1016/j.yhbeh.2012.01.007

 Owen, S. F., Tuncdemir, S. N., Bader, P. L., Tirko, N. N., Fishell, G., and Tsien, R. W. (2013). Oxytocin enhances hippocampal spike transmission by modulating fast-spiking interneurons. Nature 500, 458–462. doi: 10.1038/nature12330

 Pagani, J. H., Lee, H. J., and Young, W. S. 3rd. (2011). Postweaning, forebrain-specific perturbation of the oxytocin system impairs fear conditioning. Genes Brain Behav. 10, 710–719. doi: 10.1111/j.1601-183X.2011.00709.x

 Pascalis, O., de Haan, M., and Nelson, C. A. (2002). Is face processing species-specific during the first year of life? Science 296, 1321–1323. doi: 10.1126/science.1070223

 Pascalis, O., Scott, L. S., Kelly, D. J., Shannon, R. W., Nicholson, E., Coleman, M., et al. (2005). Plasticity of face processing in infancy. Proc. Natl. Acad. Sci. U.S.A. 102, 5297–5300. doi: 10.1073/pnas.0406627102

 Paxinos, G., and Franklin, K. B. J. (2001). The Mouse Brain in Stereotaxic Coordinates. San Diego, CA: Academic Press.

 Pedersen, C. A., Vadlamudi, S. V., Boccia, M. L., and Amico, J. A. (2006). Maternal behavior deficits in nulliparous oxytocin knockout mice. Genes Brain Behav. 5, 274–281. doi: 10.1111/j.1601-183X.2005.00162.x

 Rosenfeld, P., Gutierrez, Y. A., Martin, A. M., Mallett, H. A., Alleva, E., and Levine, S. (1991). Maternal regulation of the adrenocortical response in preweanling rats. Physiol. Behav. 50, 661–671. doi: 10.1016/0031-9384(91)90001-5

 Sala, M., Braida, D., Lentini, D., Busnelli, M., Bulgheroni, E., Capurro, V., et al. (2011). Pharmacologic rescue of impaired cognitive flexibility, social deficits, increased aggression, and seizure susceptibility in oxytocin receptor null mice: a neurobehavioral model of autism. Biol. Psychiatry 69, 875–882. doi: 10.1016/j.biopsych.2010.12.022

 Shapiro, L. E., and Insel, T. R. (1989). Ontogeny of oxytocin receptors in rat forebrain: a quantitative study. Synapse 4, 259–266. doi: 10.1002/syn.890040312

 Sinclair, M. S., Perea-Martinez, I., Dvoryanchikov, G., Yoshida, M., Nishimori, K., Roper, S. D., et al. (2010). Oxytocin signaling in mouse taste buds. PLoS ONE 5:e11980. doi: 10.1371/journal.pone.0011980

 Snijdewint, F. G., Van Leeuwen, F. W., and Boer, G. J. (1989). Ontogeny of vasopressin and oxytocin binding sites in the brain of Wistar and Brattleboro rats as demonstrated by lightmicroscopical autoradiography. J. Chem. Neuroanat. 2, 3–17.

 Takayanagi, Y., Yoshida, M., Bielsky, I. F., Ross, H. E., Kawamata, M., Onaka, T., et al. (2005). Pervasive social deficits, but normal parturition, in oxytocin receptor-deficient mice. Proc. Natl. Acad. Sci. U.S.A. 102, 16096–16101. doi: 10.1073/pnas.0505312102

 Takeda, S., Kuwabara, Y., and Mizuno, M. (1986). Concentrations and origin of oxytocin in breast milk. Endocrinol. Jpn. 33, 821–826. doi: 10.1507/endocrj1954.33.821

 Thevenaz, P., Ruttimann, U. E., and Unser, M. (1998). A pyramid approach to subpixel registration based on intensity. IEEE Trans. Image Process. 7, 27–41. doi: 10.1109/83.650848

 Tribollet, E., Charpak, S., Schmidt, A., Dubois-Dauphin, M., and Dreifuss, J. J. (1989). Appearance and transient expression of oxytocin receptors in fetal, infant, and peripubertal rat brain studied by autoradiography and electrophysiology. J. Neurosci. 9, 1764–1773.

 Tribollet, E., Dubois-Dauphin, M., Dreifuss, J. J., Barberis, C., and Jard, S. (1992). Oxytocin receptors in the central nervous system. Distribution, development, and species differences. Ann. N.Y. Acad. Sci. 652, 29–38. doi: 10.1111/j.1749-6632.1992.tb34343.x

 Tribollet, E., Goumaz, M., Raggenbass, M., and Dreifuss, J. J. (1991). Appearance and transient expression of vasopressin and oxytocin receptors in the rat brain. J. Recept. Res. 11, 333–346. doi: 10.3109/10799899109066412

 Tyzio, R., Cossart, R., Khalilov, I., Minlebaev, M., Hubner, C. A., Represa, A., et al. (2006). Maternal oxytocin triggers a transient inhibitory switch in GABA signaling in the fetal brain during delivery. Science 314, 1788–1792. doi: 10.1126/science.1133212

 Wang, Z., and Young, L. J. (1997). Ontogeny of oxytocin and vasopressin receptor binding in the lateral septum in prairie and montane voles. Brain Res. Dev. Brain Res. 104, 191–195. doi: 10.1016/S0165-3806(97)00138-7

 Yoshida, M., Takayanagi, Y., Inoue, K., Kimura, T., Young, L. J., Onaka, T., et al. (2009). Evidence that oxytocin exerts anxiolytic effects via oxytocin receptor expressed in serotonergic neurons in mice. J. Neurosci. 29, 2259–2271. doi: 10.1523/JNEUROSCI.5593-08.2009

 Young, L. J. (1999). Frank A. Beach Award. Oxytocin and vasopressin receptors and species-typical social behaviors. Horm. Behav. 36, 212–221. doi: 10.1006/hbeh.1999.1548

 Young, L. J., Huot, B., Nilsen, R., Wang, Z., and Insel, T. R. (1996a). Species differences in central oxytocin receptor gene expression: comparative analysis of promoter sequences. J. Neuroendocrinol. 8, 777–783. doi: 10.1046/j.1365-2826.1996.05188.x

 Young, W. S. 3rd. Shepard, E., Amico, J., Hennighausen, L., Wagner, K. U., Lamarca, M. E., et al. (1996b). Deficiency in mouse oxytocin prevents milk ejection, but not fertility or parturition. J. Neuroendocrinol. 8, 847–853. doi: 10.1046/j.1365-2826.1996.05266.x

 Zhang, B. J., Kusano, K., Zerfas, P., Iacangelo, A., Young, W. S. 3rd., and Gainer, H. (2002). Targeting of green fluorescent protein to secretory granules in oxytocin magnocellular neurons and its secretion from neurohypophysial nerve terminals in transgenic mice. Endocrinology 143, 1036–1046. doi: 10.1210/en.143.3.1036

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Received: 18 September 2013; Paper pending published: 15 October 2013; Accepted: 22 November 2013; Published online: 11 December 2013.

Citation: Hammock EAD and Levitt P (2013) Oxytocin receptor ligand binding in embryonic tissue and postnatal brain development of the C57BL/6J mouse. Front. Behav. Neurosci. 7:195. doi: 10.3389/fnbeh.2013.00195

This article was submitted to the journal Frontiers in Behavioral Neuroscience.

Copyright © 2013 Hammock and Levitt. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








	
	REVIEW ARTICLE
published: 11 December 2013
doi: 10.3389/fnbeh.2013.00185
	[image: image1]





Life in groups: the roles of oxytocin in mammalian sociality


Allison M. J. Anacker1 and Annaliese K. Beery1,2*



1Neuroscience Program, Smith College, Northampton, MA, USA

2Departments of Psychology and Biology, Smith College, Northampton, MA, USA

* Correspondence: Annaliese K. Beery, Departments of Psychology and Biology, Smith College, Clark Science Center, 44 College Lane, Northampton, MA 01063, USA e-mail: abeery@smith.edu



Edited by:
Alaine Keebaugh, Emory University, USA

Reviewed by:
Francesca Cirulli, Istituto Superiore di Sanità, Italy
 René Hurlemann, University of Bonn, Germany

In recent decades, scientific understanding of the many roles of oxytocin (OT) in social behavior has advanced tremendously. The focus of this research has been on maternal attachments and reproductive pair-bonds, and much less is known about the substrates of sociality outside of reproductive contexts. It is now apparent that OT influences many aspects of social behavior including recognition, trust, empathy, and other components of the behavioral repertoire of social species. This review provides a comparative perspective on the contributions of OT to life in mammalian social groups. We provide background on the functions of OT in maternal attachments and the early social environment, and give an overview of the role of OT circuitry in support of different mating systems. We then introduce peer relationships in group-living rodents as a means for studying the importance of OT in non-reproductive affiliative behaviors. We review species differences in oxytocin receptor (OTR) distributions in solitary and group-living species of South American tuco-tucos and in African mole-rats, as well as singing mice. We discuss variation in OTR levels with seasonal changes in social behavior in female meadow voles, and the effects of OT manipulations on peer huddling behavior. Finally, we discuss avenues of promise for future investigation, and relate current findings to research in humans and non-human primates. There is growing evidence that OT is involved in social selectivity, including increases in aggression toward social outgroups and decreased huddling with unfamiliar individuals, which may support existing social structures or relationships at the expense of others. OT’s effects reach beyond maternal attachment and pair bonds to play a role in affiliative behavior underlying “friendships”, organization of broad social structures, and maintenance of established social relationships with individuals or groups.
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INTRODUCTION

Across the animal kingdom, affiliative social relationships exist between individuals and their parents, offspring, mates, and non-related conspecifics. While most mammals interact prosocially only to mate or rear young, in some cases the benefits of group living have led to the evolution of complex social structures. The behaviors exhibited may vary from species to species and between individuals within a species, but the neurobiological substrates of many of these behaviors likely share common elements. The peptide oxytocin (OT) has been investigated and implicated in the context of a wide variety of social behaviors. While the majority of research on social behavior in mammals has focused on the role of OT in reproductive attachments—between a mother and her young, or between male and female mates—this review focuses on the roles of OT in mammalian social groups, and behaviors that promote group living (sociality).

OT is a nine-amino acid peptide which activates the oxytocin receptor (OTR) both centrally through direct neural release and in the periphery via release from the pituitary. The peptide sequence has remained highly conserved across vertebrate taxa throughout evolution. This may be due in large part to the integral role of OT in physical reproductive functions; peripheral OT release is involved the induction of labor and uterine contractions in parturition, is critical for the muscle contractions involved in milk release for nursing, and has peripheral and central effects on sexual behavior as well (reviewed in Gimpl and Fahrenholz, 2001). The broader role of OT in a variety of social behaviors and related processes may derive from its central role in these reproductive behaviors. While the importance of OT for social functions appears nearly universal, central OTR distribution varies between species and may relate to species-typical social behavior (Insel and Young, 2000; Donaldson and Young, 2008; Figure 1).
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FIGURE 1. Representative variation in OTR distribution in rodent species. Even between closely related rodent species, the density and distribution of OTRs shows striking variation. Top row: schematic diagrams of approximate coronal sections displayed (modified from Paxinos and Franklin, 2012). Left column: labels indicate the nucleus accumbens (NAc), endopiriform nucleus (EN), and islands of Calleja (ICj). Center column: lateral septum (LS). Right column: binding in the hippocampus is seen in some animals, as well as binding in the basolateral and central nuclei of the amygdala (BLA, CeA), and ventromedial hypothalamus (VMH). Brain sections are adapted from figures of I125 OVTA autoradiographic assays conducted in meadow voles (Beery and Zucker, 2010), tuco-tucos (Beery et al., 2008a), naked mole-rats (Kalamatianos et al., 2010), and singing mice (Campbell et al., 2009), used with permission of original authors and publishers. Brain sizes are not to scale and image brightness and contrast have been adjusted across species to approximately match background density; comparisons of distribution of binding may be made between species, but comparisons of density should be avoided. Arrows indicate brain regions indicated in the schema.



Many social behaviors share common features, but what it means to be social may be different for different species (Goodson, 2013). For example, in farm animals it means having a passive tolerance for being surrounded by conspecifics without demonstrating aggression (Estevez et al., 2007), which may be most similar to the mechanisms supporting large aggregations of animals in the wild. In contrast, specific social relationships in some primate species may involve actively engaging with and grooming certain individuals to form bonds or use as currency (Henzi and Barrett, 1999). Large social groups may rely on both specific and non-specific social relationships; for example, in geladas functional social groups are a subset of much larger aggregations (Bergman, 2010). In order to understand the mechanisms supporting naturally occurring mammalian groups, we focus on the roles of OT in support of specific social structures for particular mammalian species. We first review the roles of OT in social behaviors where they have been best studied: maternal affiliation and pair-bonding in prairie voles. We then move on to what is known about the regulation of OT in a variety of mammalian species that spend their lives in social groups. This comparative perspective on sociality will ultimately shed light on common elements of regulation in the OT system, as well as the specific and varied behaviors that permit sociality—including, but not limited to OT-related behaviors.

MATERNAL BEHAVIOR AND FAMILY GROUPS

For most mammals, early life is experienced in a group because of the obligatory role of the mother in nursing and caring for young. Even in species in which the mother’s time nursing is brief, such as rabbits, the early environment is often shared with siblings. Little is known about the role of OT in social behavior among juvenile mammals, but in many species, OT plays a key role in the regulation of maternal behavior, along with other hormones and neurotransmitters (see Bosch and Neumann, 2012; for a recent review).

Recognition is essential for maternal behavior in certain species or at particular phases in development. For sheep, mothers must learn to recognize their own offspring within a few hours of giving birth, as the lamb begins to walk; OT is critical for this attachment (Kendrick et al., 1997). Fifteen-day old rat pups also learn to recognize the scent of their mother, in a process which requires activation of the OTRs, as it is blocked with intra-cerebroventricular administration of a receptor antagonist (Nelson and Panksepp, 1996). There is evidence that OT, specifically acting on receptors in the medial amygdala, is essential for general social recognition in mice (Ferguson et al., 2000, 2001), and OT acting in the olfactory bulb maintains social memory in rats (Dluzen et al., 2000). Further, endogenous OT alters the natural social tendencies of rats and mice, as central administration of an OTR antagonist decreases social investigatory behavior (Lukas et al., 2011).

OT facilitates initiation of maternal behavior, as has been demonstrated by lesion studies and receptor antagonist administration in rats and genetic knockout studies of the OTR in mice (reviewed in Campbell, 2008; Bosch and Neumann, 2012). In addition, administration of OT centrally can induce maternal behaviors in naïve juvenile female rats (Pedersen and Prange, 1979).

Although research on the development of paternal behavior is sparse, there is some evidence for a role of OT in male parenting and alloparenting. Juvenile and adult male prairie voles have a transient increase in OT when exposed to pups (Kenkel et al., 2012). While OT administration does not increase the already high levels of parental behavior in prairie voles, an OTR antagonist (along with a vasopressin receptor antagonist) decreases spontaneous parental behavior, indicating that OT does play a role (Bales et al., 2004). Alloparental behavior among naïve males and females is important in many mammalian species where older siblings or others in the community help rear young, and these communal nests or groups serve as the basic social structure (for review, see Hayes, 2000). Alloparental behavior in juvenile prairie voles is positively correlated with OTR levels in the NAc and caudate-putamen, and negatively correlated with receptor levels in the LS (Olazabal and Young, 2006). A corresponding relationship is seen across species: less spontaneously parental mice and meadow voles have higher receptor levels in the LS and lower levels in the NAc and caudate-putamen than more parental rats and prairie voles (Olazabal and Young, 2006).

OT also plays a role in continued maternal care in rats, such as licking and grooming and arch-backed nursing of young. Central administration of an OTR antagonist decreases levels of licking and grooming in mothers that exhibited a high degree of this type of care (Champagne et al., 2001). Interestingly, OTR levels in several brain regions differ between high- and low-licking and grooming mothers; OTR levels were higher in the bed nucleus of the stria terminalis, central nucleus of the amygdala, ventral LS, medial preoptic area, and paraventricular nucleus of the hypothalamus of the high-licking and grooming mothers (Champagne et al., 2001).

Together with the onset of maternal behaviors such as nest-building and pup retrieval, maternal aggression toward intruder rats appears to involve OT, as has been demonstrated in many studies, although the precise timing and mechanisms are still unclear (Campbell, 2008; Bosch and Neumann, 2012). In addition to protecting young, aggression is a key instrument in determining social relationships and hierarchies. OT is central to multiple aspects of parent-offspring attachments, and for mammals, these relationships form the basis of the first group-living environment experienced by young.

MONOGAMY AND MATE-PAIRS

While cohabiting mate-pairs do not necessarily constitute a group in the sense it is usually considered, they may inform us about the mechanisms that contribute to group living, and the mechanisms supporting pair-wise social bonds are well studied. Monogamy has evolved independently in a variety of taxa. While it is common among birds, occurring in around 90% of avian species, it is rare among mammals, occurring in as few as 3% of species (Kleiman, 1977). Most monogamous species are socially but not genetically monogamous, indicating that they choose to spend their time with one individual with whom they have a pair bond, although extra-pair copulations may occur (e.g., Solomon et al., 2004; Ophir et al., 2008).

Prairie voles are undoubtedly the species for which the neurobiological mechanisms underlying pair bond formation have been best characterized. In conjunction with investigations of prairie voles, a number of studies have compared closely related vole species’ behavior and neurobiology (reviewed in Young et al., 2008). Such comparative studies have examined the expression and distribution of the OT peptide and its receptor. Distribution of OTRs differs between species of voles that vary in mating system, with distinct and almost non-overlapping limbic regions containing dense receptor expression (Insel and Shapiro, 1992). Some particularly interesting conclusions have been made based on comparison of monogamous species (Microtus ochrogaster and M. pinetorum, prairie and pine voles) and non-monogamous species (M. pennsylvanicus and M. montanus, meadow and montane voles), although this remains a small sample size within one particular taxonomic branch. Monogamous prairie and pine voles exhibit significantly lower levels of OTRs in the LS compared to non-monogamous montane and meadow voles. Other regions do not show consistent patterns of differences in expression level between monogamous and non-monogamous vole species. For example, although OTR level is significantly higher in the NAc and bed nucleus of the stria terminalis of prairie voles compared to montane voles, there is no significant difference in these regions when pine voles are compared to meadow voles. The expression of OT itself is quite similar among vole species, indicating that changes in the receptor expression and distribution are more likely responsible for the evolution of relevant differences in social behavior (Wang et al., 1996).

Another comparative study on nonapeptide receptor distribution and mating system examined two species in the genus Peromyscus: the monogamous California mouse (P. californicus) and the polygamous deer mouse (P. maniculatus) (Insel et al., 1991). Differential levels of OTRs are observed in several brain regions, including the LS. However, the direction of the difference is different in the Peromyscus species compared to Microtus: the monogamous P. californicus had greater levels of OTR binding in the LS than did the polygamous P. maniculatus. While these results may not support the hypothesis that the level of OTRs corresponds with the monogamous or promiscuous mating systems, consistent with the idea that there may be important differences in OTR distribution that are relevant for social organization (Insel et al., 1991). In order to understand the significance of these differences it will be important to examine the role of the receptors in each region as they relate to each species’ specific social behaviors.

The functional significance of species differences in OTR expression patterns has been demonstrated by studies of pair bond formation in voles. Partner preference formation in female prairie voles is facilitated by infusion of OT into the NAc (Liu and Wang, 2003) as well as by overexpression of the OTR in the NAc using adeno-associated virus (Ross et al., 2009). It is likely that OT in the NAc is particularly important for the rewarding aspects of social attachments: recent evidence indicates that social reward conditioning in mice requires activation of presynaptic OTRs and postsynaptic serotonin 5-HT1B receptors in the NAc, indicating that this mechanism is not unique to social monogamy in prairie voles (Dolen et al., 2013). Not all affiliation relies on NAc OT, however. Overexpression of the OTRs in female meadow voles, which typically show very little OTR expression in the NAc (Insel and Shapiro, 1992), is not sufficient to induce a partner preference or increase the amount of total time spent in proximity of both stimulus animals. Other social species, such as social tuco-tucos (described below) have no detectable OTR in the NAc. These and other studies indicate that while OTR activation in the NAc is necessary for male-female attachments in female prairie voles (Young et al., 2001; Liu and Wang, 2003), it is not sufficient to induce such attachments in other species; there must be other circuitry that further determines how actions of the OT system affect such relationships.

Within-species variations in social behavior have also revealed a role for the OT system in monogamous behaviors. Male prairie voles that become paired in a semi-natural setting have a higher density of OTRs in the NAc than those that remain single (Ophir et al., 2012), while paired and single females do not exhibit differences in receptor levels except those dependent on pregnancy status (Zheng et al., 2013). Future studies focusing on such individual variability and correlates in the social decision making network will further elucidate the mechanisms that contribute to group-living.

The role of OT in prosocial behavior has also been studied in monogamous primates via manipulations of the OT system. Monogamous marmosets given OT increased social behavior such as initiation of huddling with a partner during cohabitation or decreased the latency to approach the partner during a partner preference test after three weeks of cohabitation; an OT antagonist decreased social behaviors such as initiation of proximity or food sharing with a partner during cohabitation (Smith et al., 2010).

Recent evidence has shown that OT or OT-like peptides are important for the social bond formation between mates in non-mammalian species as well. Zebra finches require activation of OT-like receptors in order to demonstrate preference for a pair-mate (Klatt and Goodson, 2013), and an antagonist decreased bonding (Pedersen and Tomaszycki, 2012), as has been demonstrated in prairie voles. Interestingly, there is evidence that OT is more vital for the development of the social preference in females than in males. Monogamous cichlid fish also regulate social affiliation during bond formation via activation of OT- and vasopressin-like pathways, although the bond formation itself is not affected by manipulation of these pathways (Oldfield and Hofmann, 2011). In each of these species, it is clear that OT plays a central role in the formation of pair bonds between mates—an integral feature of the monogamous mating system.

MECHANISMS SUPPORTING GROUP-LIVING

While the vast majority of mammalian neuroscience research is conducted on rats and mice (Beery and Zucker, 2011), interest in the mechanisms supporting specific social behaviors has necessitated examination of less commonly researched species. Among mammals, investigation of the link between OT circuitry and sociality has begun in a variety of species that live in groups, including African mole-rats, South American tuco-tucos, meadow voles, singing mice, striped mice, and multiple primate species. These studies make use of variation in group-living behavior across species, seasons, and social contexts. A summary of findings concerning specific relationships between OT and social structure in rodents appears in Table 1; we explore those models finding social variation related to OT circuitry in greater detail below. In spite of the variation in OT’s roles in social behaviors and distribution of the receptor across species, the expression of the peptide itself is largely conserved across vertebrate taxa, from production in the hypothalamus to distribution in the forebrain (Insel and Young, 2000). OTR distribution is much more variable; Figure 1 illustrates this variation across several rodent taxa, including some closely related species. Gathering additional neurochemical data on diverse species with variation in sociality will allow us to bridge ecological and behavioral research on social behavior with neurobiology to synthesize key findings (O’Connell and Hofmann, 2011).

Table 1. Rodent species for which OT and group-living behaviors have been examined.
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MEADOW VOLES

Microtine rodents (voles) exhibit a high degree of behavioral diversity, from monogamy to promiscuity, and from territorial aggression to cohabitation and cooperative breeding. Meadow voles (Microtus pennsylvanicus) exhibit the latter dichotomy within a single species under changing environmental conditions. Meadow voles have been extensively studied as a non-monogamous counterpart to prairie voles but while they are often described as “asocial”, this solitary behavior is limited to summer months. Female meadow voles are solitary and aggressive during the breeding season, during which time they maintain non-overlapping territories (Madison, 1980; Webster and Brooks, 1981). In winter months, meadow voles remain active, and as the season progresses they share space and form communal nests of 2–10 individuals (Madison et al., 1984). This seasonal shift in social behavior can be triggered with day length manipulations alone: both male and female meadow voles form selective attachments with same-sex individuals during short, winter-like day lengths in the laboratory (Parker and Lee, 2003; Beery et al., 2008b, 2009; Beery and Zucker, 2010). Male meadow voles exhibit less pronounced seasonal variation in the field as well as in the laboratory (Boonstra et al., 1987, 1993; Beery et al., 2009). Because meadow voles form same-sex partner preferences but are not monogamous, they provide a model for understanding affiliation outside the context of reproduction. Multiple studies have explored the role of OT in this peer affiliation.

Centrally administered OT enhances partner preferences in female meadow voles, indicating that activation of the receptor plays a role in the preference for familiar individuals. However, blockade of the OTR does not block preferences, suggesting that OT is not necessary for baseline preference formation, and that other mechanisms also play a role (Beery and Zucker, 2010). Unlike in prairie voles, blockade of dopamine receptors with haloperidol does not interfere with formation of partner preferences in meadow voles (Beery and Zucker, 2010). Together with the lack of impact of overexpression of OTRs in the NAc of female meadow voles (Ross et al., 2009, described above), this suggests that the circuitry underlying non-reproductive preferences does not include the same NAc oxytocin/dopamine actions involved in the monogamous bonds formed in prairie voles.

Alternative potentially important oxytocinergic pathways have been identified by receptor autoradiography. OTR densities in female meadow voles vary with day length and social behavior in multiple brain regions including the LS and central nucleus of the amygdala (Parker et al., 2001; Beery and Zucker, 2010). The LS in particular holds promise as a potential region of interest; OTR density in the LS is significantly and negatively correlated with time spent huddling in the partner preference test (Beery and Zucker, 2010). This within-species correlation parallels between-species findings, where prairie voles had lower OTR expression in the LS (Insel and Shapiro, 1992) and higher levels of huddling compared with meadow voles (i.e., Lim et al., 2004), as well as findings in tuco-tucos (detailed below).

On first consideration it may seem counterintuitive that OT administration enhances partner preferences but greater OTR level in the LS is associated with decreased huddling time. While OT is best known for enhancing prosocial behaviors, increasingly studies are finding that these impacts are context and circuit specific, and that OT signaling in the LS in particular may contribute to agonistic behaviors or social avoidance. Endogenous OT release in the LS during social defeat stress leads to enhancement of the conditioned fear response in mice, an effect which can be increased by overexpression of the OTR in the septum, but not by exogenous OT administration (Guzman et al., 2013). Exogenous OT administrated to the LS enhances social recognition (although blockade of the OTRs does not block recognition) (reviewed in Gabor et al., 2012), and may serve to decrease tolerance for unknown individuals, similar to ingroup-outgroup dynamics in human studies, discussed below. Partner preference formation in prairie voles is accompanied by an increase in aggression toward unfamiliar individuals (Getz et al., 1981). OT may play an important role in both “approach” and “avoid” aspects of social contact.

At present, these studies demonstrate that the behavioral changes that are central to the seasonally-changing social structure of meadow voles are associated with changes in OTR levels and affected by administration of OT, indicating that the OT system is involved in species-specific social systems. Further confirmation of the role of specific brain regions and oxytocinergic mechanisms in the seasonal shift in social behavior will increase understanding of how these behaviors are shaped naturally, and how changes may be induced.

TUCO-TUCOS

The relation between OTR distribution and group-living is also being explored in the genus Ctenomys (tuco-tucos), which consists of over 50 species of South American burrowing rodents. All tuco-tucos for which behavioral descriptions exist are promiscuous breeders. The majority of species are solitary, but select species including C. sociabilis, C. peruanus, and C. opimus are social, as are the Octodontidae family: degus (Octadon degus) and coruros (Spalacopus cyanus).

Initial neurochemical comparisons have focused on the social tuco-tuco (C. sociabilis) and the solitary Patagonian tuco-tuco (C. haigi). Social tuco-tucos live in groups of up to six females, sometimes accompanied by a male (Lacey et al., 1997; Lacey and Wieczorek, 2004). In contrast, adult Patagonian tuco-tucos do not share burrow systems (Lacey et al., 1998). These species exhibit dramatic variation in OTR distribution and density. Colonial tuco-tucos have higher levels of OTR in the central nucleus of the amygdala than do solitary C. haigi, and strikingly lower levels in the LS (Beery et al., 2008a). These species differences are similar in direction to the differences between monogamous and promiscuous vole species, and to the within-species social behavior differences in meadow voles described in the previous section. Combined evidence from these species suggests that the LS may be a region of particular importance for regulation of social behavior. Role the LS in social behaviors has been repeatedly identified as important (O’Connell and Hofmann, 2011). While LS OTR levels are greater in less social species or individuals in all of the examples mentioned above, OT may yet play a different role in the LS of different species (Insel and Shapiro, 1992). For example, lesions of the LS decrease social behavior in one subspecies of deer mice and increase it for another more social subspecies (MacDougall et al., 1975). Further study of this anatomical region will reveal how these similarities and differences are related to one another.

Unlike monogamous voles and naked mole-rats, neither tuco-tuco species exhibits notable OTR binding in the NAc (Beery et al., 2008a; Figure 1), suggesting that OT reception in this brain region is not a critical component of group living in C. sociabilis and that other mechanisms may support this behavior. While tuco-tucos are evolutionarily distant from new world rodents, they are members of the Histrichognathi suborder of Histrichomorph rodents along with African mole-rats. Broader phylogenetic comparisons of OTR binding will aid in determining how OTR distribution varies with both evolutionary history and social behavior; comparisons of seven tuco-tuco species, degus, and coruros are currently underway (Beery and Lacey, pers. comm.).

MOLE-RATS

The Bathyergidae family of African mole-rats contains classically solitary species as well as the only known mammalian examples of eusociality (a social system in which a colony of animals—often with static castes—exhibits cooperative breeding with only a few members participating in reproduction). The naked mole-rat (Heterocephalus glaber) is the most social of these species. They live in highly cooperative groups of 70–80 (and up to 300) individuals, most of which are reproductively suppressed non-breeders (Sherman et al., 1991). Non-breeders of both sexes provide alloparental care to the pups (Jarvis, 1981; Lacey and Sherman, 1991). Naked mole-rats have been anatomically and histochemically compared to solitary cape mole-rats, and also compared within species across breeding status (Table 1, and findings below).

Studies of oxytocin-neurophysin immunoreactive processes in mole-rats have demonstrated a preponderance of OT fibers in the NAc (Kalamatianos et al., 2010). Naked mole-rats have a greater density of these fibers in the NAc relative to cape mole-rats, with a similar difference in the septum but to a lesser extent (Kalamatianos et al., 2010). OTR densities in these species have also been characterized, with higher receptor density in eusocial naked mole-rats relative to solitary cape mole-rats in the NAc as well as the indusium griseum, nuclei of the amygdala, bed nucleus of the stria terminalis, and hippocampal CA1 region (Kalamatianos et al., 2010). Naked mole-rats have a surprising lack of vasopressin-immunoreactive fibers in the LS (Rosen et al., 2008), as might be expected if vasopressin is associated with mediation of agonistic interactions. While vasopressin and the vasopressin type 1a receptor are thought to be most important for male social behavior (Carter, 2007), a few studies in other mammalian species suggest that vasopressin neurotransmission may also play a role in female behavior (Caldwell and Albers, 2004; Rosen et al., 2006, 2007).

Naked mole-rats also exhibit within-species variation in the OT system that is dependent on breeding status. Subordinate non-breeding mole-rats of both sexes have significantly higher numbers of oxytocin-immunoreactive cells in the paraventricular nucleus of the hypothalamus when compared to breeders, or to subordinates separated from the colony and placed in male-female pairs. Intriguingly, these differences appear to be independent of sex and mating (Mooney and Holmes, 2013). Future studies to more thoroughly explore the OT system (including receptor changes with social status in naked mole-rats) will enhance what this unique family adds to what is known about OT and sociality.

SINGING MICE

Two species of singing mice, Scotinomys teguina and S. xerampelinus, both exhibit remarkable vocal communication and are considered social animals. However, they differ greatly in their social structure as well as in distribution of OTRs. S. teguina exhibits signs of greater maternal investment in offspring, and less dense space use compared to S. xerampelinus. This may be related to greater OTR levels in brain regions associated with sociospatial memory in the more densely living S. xerampelinus, especially in the hippocampus and medial amygdala, which may aid orientation toward particular resources. S. xerampelinus also exhibits higher receptor levels in the shell of the NAc and the central nucleus of the amygdala, both important for maternal behavior (Campbell et al., 2009; Figure 1). While additional studies are needed to determine causality, these results further support a role for OT in behaviors that govern social structure.

HUMAN AND NON-HUMAN PRIMATES

Social structure is maintained in group-living species by many behaviors, from cooperation to aggression. In primates, increased complexity of social systems corresponds with increased neocortical volume (Dunbar, 1998), and many cognitive factors influence social decision making (Carter et al., 1997). Nonetheless, OT both influences and responds to social behavior in these species.

In many non-human primates, relationships are maintained with allogrooming. Allogrooming in chimpanzee dyads with a close social relationship produces a greater increase in OT levels than grooming between less close individuals (Crockford et al., 2013). Among rhesus macaques, there is a positive correlation between social rank and amount of grooming received (Schino, 2001). These kinds of interactions may serve to create and strengthen affiliative alliances between individuals, which can contribute to the structures within social groups.

Behavioral and fMRI studies in humans have demonstrated that intranasal OT administration affects many aspects of social interactions as well as perceptions of social situations (reviewed in Zink and Meyer-Lindenberg, 2012). For example, OT increases trust (Kosfeld et al., 2005), eye gaze (Guastella et al., 2008), and the ability to infer another’s emotional state (Domes et al., 2007). It decreases the reaction to some social stimuli (Kirsch et al., 2005), particularly negative or aversive stimuli. One study examining the cross-generational effects of parenting indicated that both positive parenting behaviors and peripheral OT levels correlated with positive features of interactions between friends in young children (Feldman, 2012). These effects of OT on specific social interactions can shed light on the mechanisms that broader social structure depends upon.

OTHER VERTEBRATES

Although the involvement of oxytocin-related nonapeptides in sociality in non-mammalian species is largely beyond the scope of this review, there is a growing literature in this domain (for reviews, see O’Connell and Hofmann, 2011; Goodson, 2013). Using birds as one example, gregarious and flocking species (Taeniopygia guttata, Lonchura punctulata, and Uraeginthus angolensis) have higher levels of oxytocin-like binding sites in the LS compared to those that are more territorial (Pytilia melba and Uraeginthus granatina) (Goodson et al., 2009). Further, in birds that change their flocking behavior seasonally (Spizella pusilla), mesotocin innervation of the LS increases in flocking months (Goodson et al., 2012). This illustrates that oxytocin-like systems are relevant for group social structures in other vertebrates as in mammals.

NON-AFFILIATIVE BEHAVIORS THAT SUPPORT SOCIAL STRUCTURE

Pro-social behaviors are fundamental building blocks of group living, however these are not the only behaviors necessary for the foundation and maintenance of a social structure. Agonistic social behaviors such as aggression or exclusion of individuals from a group are also vital for aspects of group living such as establishing social hierarchies, and for maintaining group identity or territory in the face of outsiders. There is increasing evidence that OT plays a role in these behaviors in addition to the pro-social behaviors described previously.

OT is involved in both acute aggressive interactions and lasting dominance relationships. The peptide is released in the LS during an acute social defeat in rats (Ebner et al., 2000), which can have lasting effects because initial interactions can be remembered for long periods of time, and thus contribute to a stable social dominance hierarchy (Adkins-Regan, 2005). In established hierarchies, something different is observed. Dominant female rhesus macaques have higher levels of serum OT than subordinates (Michopoulos et al., 2011, 2012), and dominant male squirrel monkeys exhibit greater levels of aggression when given OT infusions (Winslow and Insel, 1991). Conversely, subordinate male rats decrease OTR expression in the long-term establishment of dominance roles (Timmer et al., 2011). Dominant male cichlid fish have higher levels of isotocin in the hindbrain (Almeida et al., 2012), and aggressive dominant three-spined sticklebacks have higher levels of isotocin in the brain as well (Kleszczynska et al., 2012).

OT also contributes to anti-social and agonistic behaviors among humans. Subjects experiencing monetary loss in a laboratory game relative to other (simulated) participants report greater levels of envy and gloating when given intranasal OT, compared to those given a placebo (Shamay-Tsoory et al., 2009). Individuals with borderline personality disorder show decreased trust and cooperation when given OT, compared to placebo, while control participants do not show any significant effects of OT on their responses (Bartz et al., 2011). Several other studies have also demonstrated the importance of individual context in mediating the effects of OT. One showed that OT improves the recollections of maternal care received in more securely attached men, while it worsens recollections in more anxiously attached men (Bartz et al., 2010). Another demonstrated that OT increases the distance men in relationships put between themselves and an attractive female, but does not have the same effect in single men (Scheele et al., 2012). Some negative effects of OT on social behaviors may be due to the peptide’s ability to produce anxiogenic effects, such as increasing startle response and memory of negative stimuli (Striepens et al., 2012; Grillon et al., 2013). For example, participants in a prisoner’s dilemma game making financial decisions on behalf of a group report greater protection and trust of their own in-group when threatened with a non-cooperative out-group, and accordingly make more decisions that would benefit the in-group and punish the out-group when administered OT (De Dreu et al., 2010).

These findings on OT’s role in aggression, dominance, trust, and negative emotions toward others indicate that the OT system is relevant for maintaining group-living not only by influencing pro-social behavior, but also by affecting agonistic social behaviors that can solidify group cohesion and protect against others. Discovery of these processes in comparative studies has translational value such as producing targets to treat disrupted social behavior, a primary component of many psychiatric disorders, in addition to providing a greater appreciation of the diverse mechanisms of sociality.

CONCLUSIONS

OT is involved in sociality at multiple levels, from the support of individual behaviors to associations with specific social structures. In mammals, OT is integral to the development of parental care, recognition, and attachment of mother and offspring. It is also involved in sexual behaviors and in some species the monogamous pair bond. Comparative studies allow for “natural experiments” regarding the roles of OT in animal behavior. Recent studies in group-living meadow voles, tuco-tucos, mole-rats, and singing mice have demonstrated the evolutionary lability of the OTR system, and are helping to identify species-specific strategies for social living. The LS and amygdala have repeatedly been revealed as important neuroanatomical loci for affecting specific social behaviors and social living strategies. These regions may be particularly important for modulating social anxiety and territoriality or aggression, which in turn regulate what kind of group-living can develop. By targeting natural variation in group-living behavior across a variety of mammalian and non-mammalian species we will gain a much better understanding of the mechanisms—oxytocinergic and otherwise—that promote life in groups.
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The neuropeptide, oxytocin, receives increasing attention due to its role in stress regulation and promoting affiliative social behavior. Research across mammals points to a complex pattern whereby social context and individual differences moderate the central release of oxytocin as well as moderate the effects that exogenous administration of oxytocin has on social behavior. In addition, it is becoming evident that measuring endogenous peripheral oxytocin levels is an informative tool. This is particularly so when oxytocin can be measured from non-invasively collected samples, such as in urine. Although it is still debated as to whether peripheral measures of oxytocin relate to central measures of oxytocin, anatomical and functional evidence indicate a link between the two. We argue that non-invasive measures of peripheral oxytocin hold several research and potential therapeutic advantages. Principally, study subjects can be sampled repeatedly in different social contexts where social history between interaction partners can be taken into account. Several hormones can be measured simultaneously allowing examination of the influence of oxytocin interactions with other hormones on motivational states. Valence of relationships as well as changes in relationship quality over time can be measured through endocrine responses. Also, the approach of identifying natural social contexts that are associated with endogenous oxytocin release offers the potential of behavioral therapy as an addition or alternative to chemical therapy in the field of mental health.
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INTRODUCTION

Oxytocin is known to facilitate affiliation, social bonding, and stress regulation. Recently, however, strong indicators have emerged that such beneficial effects of oxytocin may occur only under specific social circumstances (Bartz et al., 2011; Olff et al., 2013). Recent evidence also suggests that slight variation to social circumstances may impact on endogenous oxytocin release (Grewen et al., 2005; Zak et al., 2005; Seltzer et al., 2010; Kéri and Kiss, 2011). Such circumstances include, for example, the subjects' relationship to the interaction partner or whether trust is evoked instead of anxiety. In addition, the effects that oxytocin has and what triggers oxytocin release in a given social context can both vary depending on individual differences such as sex, age, early experience, psychiatric or psychological health (effects of oxytocin: Bartz et al., 2011; Macdonald and Feifel, 2013; Olff et al., 2013; release of oxytocin: Sanders et al., 1990; Turner et al., 1999). In this review, we further examine the extent to which the release of oxytocin and the effects of oxytocin vary according to specific social circumstances or individual differences. We are particularly interested in this question with respect to understanding the dynamic processes of relationship formation, maintenance, and degradation. We discuss the contribution that studies measuring endogenous peripheral oxytocin levels can offer to such questions.

Due to the anxiety-reducing and affiliative effects of oxytocin (Olff et al., 2013), much research effort goes toward the potential clinical use of oxytocin for ameliorating antisocial or isolating behavior, particularly within the context of mental health (Macdonald and Feifel, 2013). Of these studies, the focus has been almost exclusively on determining what oxytocin does, to whom and in what contexts (Bartz et al., 2011; Olff et al., 2013; Veening and Olivier, 2013 for reviews). In order to understand the interaction between the oxytocinergic system, social context and individual differences, it is also important to examine the other side of the system, what social behaviors and contexts trigger the release of endogenous oxytocin. Indeed, endogenous oxytocin may be an important regulator and a biomarker of subjects' social motivation toward, or perception of, a given social context (Bartz et al., 2011; Macdonald and Feifel, 2013).

Various theoretical approaches are available for mapping the complexity and variability within the oxytocinergic system. Comparative studies, for example, have shown that the distribution of oxytocin in the brain is well conserved across mammals. However, oxytocin receptor distributions are highly variable across species, and to some extent within species (Insel, 2010), suggesting considerable functional variation is likely between species (Goodson and Thompson, 2010) and within species (Insel, 2010). Comparative study can show the processes by which competing behavioral and physiological demands on common neural systems interact and constrain each other during evolution (Curley and Keverne, 2005; Goodson and Thompson, 2010). Within-species studies are already demonstrating considerable variation between individuals on the effects that oxytocin has on social behavior, as noted above (for reviews see Bartz et al., 2011; Olff et al., 2013).

An additional major source of variation in oxytocin reactivity to certain social contexts and across individuals is likely related to interactions between the oxytocinergic system and other hormonal and neurotransmitter systems (for reviews see Heinrichs et al., 2009; Soares et al., 2010; Neumann and Landgraf, 2012), such as with cortisol (see Szczepanska-Sadowska, 2008; Heinrichs et al., 2009), vasopressin (Neumann and Landgraf, 2012), estrogens (Amico et al., 1981; Zak and Fakhar, 2006), prolactin (Christensen et al., 2011), endorphins (Dunbar, 2010), testosterone (van Anders et al., 2011), dopaminergic and serotonergic systems (Skuse and Gallagher, 2009). Such interactions may account for different behavioral and motivational states associated with high oxytocin levels in both animal and human studies, for example, relaxed parent-infant interactions that engender affiliative and nurturant—“tend-and-befriend”—motivations, compared with in-group vs. out-group interactions that engender more affiliative and defensive—“tend-and-defend” motivations (Taylor et al., 2006; Campbell, 2008; Ross and Young, 2009; van Anders et al., 2011; De Dreu, 2012). How connections between different endocrine pathways influence engagement in particular social contexts is an emerging field, and one that is likely to be highly fruitful in determining variation in social motivation and perception as well as specific patterns of behavior.

In this review, we further examine under what contextual or individual circumstances endogenous peripheral oxytocin levels vary. In addition, we review suitable theoretical approaches to examine this variation. First, we briefly summarize the effects of oxytocin on social behavior, which have been covered in several recent and extensive reviews (Heinrichs et al., 2009; Ross and Young, 2009; Bartz et al., 2011; Churchland and Winkielman, 2012; De Dreu, 2012; Olff et al., 2013; Veening and Olivier, 2013). We then review known triggers of oxytocin release, to which there has been less focused attention. Research indicates that interactions of the oxytocinergic system with behavior, social environment, and endocrinological environment may be more nuanced in primates than rodents (Curley and Keverne, 2005). Thus, in terms of future directions, we discuss the strengths and weaknesses of the different approaches for examining more nuanced oxytocin-related interactions, and in particular emphasize the contribution of non-invasive approaches for measuring endogenous peripheral oxytocin.

EFFECTS OF OXYTOCIN ON BEHAVIOR AND SOCIAL CONTEXT

Oxytocin has several classes of effects on behavior and social context. Oxytocin is known to play a key role in social bonding (Ross and Young, 2009), having both short-term and long-term effects (Winslow et al., 2003). Oxytocin also has strong anxiolytic—or stress-reducing effects (Churchland and Winkielman, 2012; Veening and Olivier, 2013). Furthermore, it facilitates social cognition, enhances social memory, social recognition and attention, and operates in the reward centers of the brain (Insel, 2010). Finally, in some studies oxytocin only increases positive perceptions or social motivations toward others (Chang et al., 2012; Shamay-Tsoory et al., 2013) and in other studies it also amplifies pre-existing social motivations or perceptions, whether positive or negative (De Dreu, 2012).

There is evidence that oxytocin has short-term effects on bond formation. Indeed, linking measures of central oxytocin to behavior in mammals has been critical for establishing the role of oxytocin beyond its central involvement in child birth and lactation (see Ross and Young, 2009 for a review), to that of a key component in bond formation between mother and offspring as well as in pair bonds. In terms of mothers bonding with their infants, when endogenous central oxytocin production is blocked, or when oxytocin receptors in the brain are blocked, bond formation is impaired (see Ross and Young for a review). In sheep, centrally administered oxytocin can induce maternal behavior in estrogen-primed, non-pregnant ewes (Kendrick et al., 1987). Vaginocervical stimulation, a known potent trigger of oxytocin release, can promote adoption in estrogen-primed ewes (Keverne et al., 1983). Oxytocin is also critical for inducing bonding from the infant toward the mother. For example, in contrast to wild-type mice pups, oxytocin receptor knock-out mice pups showed no preference for their mother over a novel female (Ross and Young, 2009). In terms of pair bonding, female prairie vole mate preferences can be formed by oxytocin infusion (Williams et al., 1994) and blocked by an oxytocin agonist (Insel and Hulihan, 1995).

There is evidence that social experience during childhood has long-term effects on the oxytocin system, impacting on mothering styles later in life. Mothering styles, for example, alter an offspring's oxytocin gene receptor (OXR) expression, which then remains unchanged into adulthood. Cross-fostered rats with foster mothers who licked and groomed them (LG) at low rates become low LG mothers. Whereas pups with high LG foster mothers became high LG mothers. Furthermore, high LG pups had higher OXR binding in the amygdala as adults (Francis et al., 1999, 2000). In addition, a single shot of oxytocin in pups shortly after birth was associated with increased participation in allo-parental care when they became adults (Bales et al., 2007). Also of note, in rhesus macaques, adolescents raised in a nursery by human caregivers had lower cerebrospinal fluid (CSF) oxytocin concentrations than those raised by their mother (Winslow et al., 2003). Similarly, in humans, women who experienced early childhood neglect or abuse had lower CSF oxytocin levels than those who did not report such experiences (Heim et al., 2008). In the latter two studies, what the effects of low CSF oxytocin levels might be for the subjects are not yet clear.

Oxytocin buffers the effects of stress (for recent reviews see Heinrichs et al., 2009; Olff et al., 2013). Oxytocin—and oxytocin-like neuropeptide—administration has long been known to decrease blood pressure in various species (Paton and Watson, 1912; Woodbury and Abreu, 1944). Intraperitoneally-administered oxytocin lowered cortisol release and increased wound-healing in paired hamsters, whereas a centrally-administered oxytocin agonist decreased wound-healing (Detillion et al., 2004). Men performing a stressful task showed the lowest plasma cortisol levels following both receiving 24 IU of intranasal oxytocin and social support from their best friend, compared with receiving a placebo or having no social support (Heinrichs et al., 2003). Also, Ditzen et al. (2009) showed that administering 40 IU of intranasal oxytocin increased positive communication during and decreased salivary cortisol after couple conflict in both men and women. Furthermore, Cardoso et al. (2013) showed that 24 IU but not 48 IU of inhaled oxytocin attenuated salivary cortisol levels during a subsequent physical stressor.

A further effect of oxytocin is in anxiety-reduction (see Churchland and Winkielman, 2012; Veening and Olivier, 2013 for reviews). Centrally-administered oxytocin reduced anxiety-related behavior in male mice during non-social behavioral tasks (Ring et al., 2006). Studies using inhaled oxytocin have demonstrated that exogenous oxytocin has anxiolytic potential, as when angry, happy or neutral faces were rapidly displayed in a computer screen, humans, using a joystick, were more likely to “approach” rather than “retreat” from angry faces following 24 IU of oxytocin (Radke et al., 2013). It has been considerably debated to what degree oxytocin actually induces changes in social perception or motivation toward being more prosocial, as detailed below, or rather that changes are a by-product of oxytocin reducing social fear and anxiety (see Churchland and Winkielman, 2012). It has also been argued that these purported effects of oxytocin do not have to be mutually exclusive but may operate in tandem (Bartz et al., 2011).

Oxytocin also effects social cognition, particularly in capacities that are likely to facilitate social interaction. It increases gaze to faces and improves social recognition (see Guastella and MacLeod, 2012 for review). It also activates social memory areas in the brain (Dantzer et al., 1987; Ferguson et al., 2000). Exogenous oxytocin may also change individuals' perceptions or social motivation toward others or within a particular social context to become more affiliative, attentive, prosocial, or empathetic. In rhesus macaques, for example, Chang et al. (2012) found that subjects that engaged in a food sharing task showed first greater selfish choices and after 2 h greater prosocial choices after inhaling oxytocin. Parr et al. (2013) found that inhaled oxytocin affected the monkeys' social perceptions by reducing their attention to negative but not neutral facial expressions. In another study, administering oxytocin into peripheral blood in meerkats induced a whole suite of cooperative behaviors including pup-feeding, guarding, digging and decreased aggression (Madden and Clutton-Brock, 2011), suggestive of enhanced prosocial motivation. Furthermore, using an in-group vs. out-group paradigm, Shamay-Tsoory et al. (2013) showed that for Israeli Jewish subjects, inhaled oxytocin increased empathy toward potential out-group (Palestinian Arab) members but not to potential in-group members where empathy levels were already high.

As a final effect of oxytocin, it is thought that under certain circumstances, oxytocin may activate a positive feedback system, such that oxytocin may trigger a behavior or motivation, or vice versa. Then, the behavior or motivation may trigger further oxytocin release, which may again initiate more of the behavior (Uvnäs-Moberg, 1998; De Dreu, 2012). There are indications for this in the context of labor during child birth (Russell et al., 2003), and this is hypothesized, for example, in the context of affiliation (Uvnäs-Moberg, 1998) and cooperation (see De Dreu, 2012). However, a critical aspect of examining a positive feedback system will be to measure endogenous oxytocin levels, not only to administer oxytocin.

BEHAVIORS AND SOCIAL CONTEXTS THAT TRIGGER THE RELEASE OF OXYTOCIN

Behaviors identified as triggering the release of oxytocin can be broadly classified into two groups: first, sexual and intimate behaviors, and second, stressful events. Mating-induced effects, specifically vaginocervical stimulation in rodents (Sansone et al., 2002) and sheep (Kendrick et al., 1986), and orgasm in men and women (Ogawa et al., 1980; Carmichael et al., 1987) increase plasma oxytocin levels, whilst vaginocervical stimulation in prairie voles increases oxytocin levels in the brain (Ross et al., 2009a,b). In terms of mother-infant behavior, Juszczak and Stempniak (1997) found that suckling caused the release of stored oxytocin from the neurohypophysis into the blood of female rats. Likewise, others have found that suckling or nipple stimulation increases plasma oxytocin in rats (Neumann et al., 2000) as well as in full-term pregnant women (Christensson et al., 1989). There is also evidence that touch alone, outside of sexual or parental relationships, triggers oxytocin release. Stimulation of peripheral afferent nerves with pleasant (stroking) or unpleasant (foot pinching) touch rapidly increased plasma oxytocin levels in rats, as did direct electrical stimulation of the vagal and sciatic nerves (Stock and Uvnäs-Moberg, 1988). In humans, however, only affiliative touch has been associated with increased salivary oxytocin (Holt-Lunstad et al., 2008) and plasma oxytocin levels (Turner et al., 1999). It is not clear if, like with rodents, unpleasant touch in humans also releases oxytocin.

In terms of stress-related oxytocin triggers, both non-social and social stressors are associated with oxytocin release (DeVries et al., 2003; Bartz and Hollander, 2006; Table 1). Socially isolated rats receiving stressors of restraint and ether, but not cold, showed raised plasma oxytocin levels (Gibbs, 1984), indicating that some, but not all, non-social stressors precipitate peripheral oxytocin release. In humans, however, non-social stress alone does not always trigger the release of oxytocin. Seltzer et al. (2010) showed that urinary oxytocin levels were only raised following a stressor when the stressor was followed by a comforting vocal or physical contact with subjects' mothers. In the control condition, where exposure to a stressor was followed by subjects watching a film on their own, elevated salivary cortisol but not urinary oxytocin levels were detected. In another study, oxytocin was released following a non-social stressor, but only for certain types of individual. Indeed, high emotionality—or anxious—women, but not low emotionality women or men, showed raised plasma oxytocin after hearing noise through headphones that they could not control compared to noise that they could control, whilst completing a memory task (Sanders et al., 1990). Whilst the relationship between stress and oxytocin may be straightforward in rodents, the relationship may be more dependent on social context in humans.

Table 1. The relationship between specific social behaviors and endogenous peripheral oxytocin levels compared with baseline levels, according to species.
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THE ROLE OF OXYTOCIN IN SOCIAL BONDING BETWEEN FRIENDS

The above section shows that the main known triggers of oxytocin release are related to sexual or maternal behaviors. More recent studies with humans show that oxytocin release in association with affiliative touch and other contexts does occur but is subject to changes in social circumstances and individual differences, the particular effects of which are not yet well established. Also, for humans stressors alone do not readily trigger oxytocin release (see Table 1). In some large social mammals, maintaining “friendships” (defined here as “enduring close social bonds”) outside of mating or maternal relationships carries fitness benefits by enhancing own and offspring survival (Seyfarth and Cheney, 2012). Individuals who maintain bonds between same-sex adults compared with those who do not, have more offspring, live longer and are healthier (monkeys: Schülke et al., 2010; feral horses: Cameron et al., 2009; humans: Holt-Lunstad et al., 2010). In some cases these beneficial bonded relationships are with kin, such as between sisters (Silk et al., 2003, 2010), but in some cases they are between non-kin (Cameron et al., 2009; Schülke et al., 2010; humans: Holt-Lunstad et al., 2010). This begs the question, how are close social bonds maintained between friends, in the absence of potent oxytocin releaser behaviors such as lactation and orgasm? There is some evidence that oxytocin release is more likely during interactions with certain individuals, such as bond partners (Seltzer et al., 2010; Crockford et al., 2013). It may be that oxytocin released during interactions with bond partners enhances the social memory of those interactions (see Choleris et al., 2009; Ross and Young, 2009; Brent et al., 2013 for reviews), reinforcing partner-specific preferences. For bond formation, and particularly bond maintenance to be successful, the oxytocin system may link in to other mechanisms, for example, to connect with the neural reward system. In monogamous but not polygamous vole species, oxytocin receptors are found in the nucleus accumbens, a neural center associated with reward and reinforcement (Liu and Wang, 2003). Behaviors or social contexts associated with oxytocin may be influenced by an associated sense of reward and may thus, be more likely to occur again (Broad et al., 2006). This is potentially a crucial feature of social bond formation and maintenance (Broad et al., 2006; Insel, 2010).

Thus, there are three aspects likely to be of particular importance when trying to understand the dynamic processes and trajectory of social interactions and relationships. Oxytocin is an enhancer of certain aspects of social cognition, such as social attention, memory, and prosocial motivation. It is associated with neural reward and reinforcement. In combination, these neural effects are likely to selectively increase the probability of repeated, affiliative social interactions with particular individuals, such as bond partners. The chances of such an effect occurring increase when considering a third aspect, that there may be a positive feedback system between oxytocin release and certain behaviors or motivations. Whether positive feedback might happen under some or all conditions of initial oxytocin release is not known. Likewise, what precipitates cessation of such a positive feedback loop is also unknown. Nonetheless, these features of the oxytocin system may be contributors to both bond formation and bond maintenance.

THE STRENGTHS AND WEAKNESSES OF EXAMINING EXOGENOUS VS. ENDOGENOUS PERIPHERAL OXYTOCIN WITH ASSOCIATED BEHAVIOR

A significant limitation of studying central oxytocin is that it requires direct access into the brain, often by sacrificing study subjects. This is an acceptable practice for work with rodents. It is of course not possible when studying how oxytocin works in larger mammals, particularly in primates, whether human or otherwise. fMRI techniques are also not yet at a point where study subjects can be anything other than restrained during the examination (e.g., Bethlehem et al., 2012; Rilling et al., 2012), rendering them impractical for examining natural triggers or effects of oxytocin on animals and humans when engaged in contexts representative of natural social and environmental life. A necessary feature of researching the changes in relationships over time is being able to conduct repeated sampling from repeated interactions over time, again difficult to conduct with current invasive methods.

Thus, several additional, less invasive approaches for examining the interaction between social behavior and oxytocin have been established. The first approach is to administer oxytocin into the peripheral system and examine effects on subsequent behavior. The second approach is to observe or manipulate behavior and then measure subsequent endogenous levels of peripheral oxytocin. However, both of these less invasive approaches have been criticized (see Macdonald and Feifel, 2013 for review). Exogenous oxytocin studies are introduced briefly below. Studies that measure endogenous oxytocin, being the main focus of this paper, are explained in detail. We examine the gains and limitations of each approach.

EXOGENOUS PERIPHERAL OXYTOCIN STUDIES

Although it has not been clear if or how inhaled oxytocin might affect the brain (See Veening and Olivier, 2013 for in-depth review), many studies have shown correlations between inhaled oxytocin and predicted behavior. More recently, Neumann et al. (2013) in mice and rats, and Chang et al. (2012) in rhesus monkeys showed that inhaled oxytocin arrives in the behaviorally-relevant parts of the brain and in the CSF, respectively, although the exact route remains elusive. Furthermore, Neumann et al. (2013) demonstrated that following inhaled oxytocin, plasma levels of oxytocin paralleled central levels.

The considerable recent research investment in oxytocin-associated studies is linked to its perceived potential to be a modern day panacea to resolve many social problems, especially those related to ameliorating antisocial or isolating behavior. Many studies show ameliorating effects of oxytocin on psychological stress and psychiatric disorders (Striepens et al., 2011; Macdonald and Feifel, 2013). However, a number of studies in healthy people, as well as in patients with psychological or psychiatric disorders show that administration of oxytocin leads to negative not positive social effects (Epperson et al., 1996; Bartz et al., 2011; Feifel, 2011; Mah et al., 2012), suggesting that exogenous oxytocin does not always lead to increased affiliation. Some of these effects may be accounted for by dosage issues mentioned below. Also, how much these differences are related to interactions between oxytocin and other hormonal interactions, neural connectivity, genetic expression, developmental history and social context remains to be seen.

In a recent and detailed review, Olff et al. (2013) suggest that oxytocin may augment pre-existing social perceptions or the valence of specific relationships, whether positive or negative. This is especially evident in studies relating to behavioral and physiological differences with in-group compared to out-group contexts, where oxytocin typically increases cooperation toward those perceived as being in-group members but simultaneously decreases cooperation and increases negative attitudes toward out-group members (see De Dreu, 2012 for a review). A notable exception comes from Shamay-Tsoory et al. (2013) showing that under some circumstances administered oxytocin may alter the valence of out-group perception from negative to more positive.

One way to disentangle contradictory results from studies examining interactions between oxytocin, behavior, other hormones and genes is to examine similar social contexts and hormones in closely-related animal models. Here, using free-living animals may be critical, however. Given the apparent sensitivity of the oxytocinergic system as well as of social and emotional development to psychological trauma during ontogeny (Francis et al., 1999, 2000; Winslow et al., 2003; Heim et al., 2008), careful examination of life-histories should be considered before embarking on oxytocin-related studies with captive animals. Captive apes, for example, have often experienced early trauma, lived in isolation or have suffered abuse. Those that have, often show disturbed behavior and social interactions compared to those who have not (Ferdowsian et al., 2011; Clay and de Waal, 2013). Likewise, in addition to laboratory experiments, examining the effects of administered oxytocin in healthy humans as they interact in more natural contexts with known social partners is likely to help clarify how contextual variation and individual differences alter relationship dynamics over time (Seltzer et al., 2010; Feldman, 2012).

The current limitations of the inhaled oxytocin approach are that as yet, dosage has been hard to control and indeed there is no consensus on optimal doses for use in studies (Cardoso et al., 2013). Studies that have controlled for dose show important dose-dependent variation on physiology (Cardoso et al., 2013) or social cognition (Goldman et al., 2011; Hall et al., 2012). Middle doses (20–24 IU) have the greatest positive effects, whereas low (10 IU) or high doses (48 IU) show blunted effects (Goldman et al., 2011; Hall et al., 2012; Cardoso et al., 2013). It is possible that some studies with contradictory results may arise from administering particularly high oxytocin doses. There is some evidence that with high concentrations in the brain, oxytocin begins to occupy structurally related arginine-vasopressin receptors. Given that vasopressin has opposing effects on behavior to oxytocin, this could account for contradictory results (Legros, 2001; Olff et al., 2013). Likewise, determining how applied doses may relate to endogenous oxytocin levels and their effects has not been addressable, partly because few studies measure endogenous oxytocin levels in conjunction with oxytocin administration (review: Bartz et al., 2011; Olff et al., 2013).

ENDOGENOUS PERIPHERAL OXYTOCIN STUDIES

Apart from administration of oxytocin into the periphery, a second approach for examining peripheral oxytocin has been to measure endogenous levels of peripheral oxytocin from plasma, urine or saliva following involvement in a certain social context or behavior. Whilst studies examining exogenous oxytocin studies are critical for determining the effects of oxytocin on other physiological processes as well as on behavior and cognition, they tell us little about what factors precipitate oxytocin release. As with examining the effects of exogenous oxytocin, examination of endogenous oxytocin levels indicate that factors that precipitate oxytocin release vary depending on social context as well as on individual differences (Table 1).

Many studies now examine peripheral measures of oxytocin in relation to pathological conditions in humans (e.g., depression, autism, schizophrenia) (for review see Macdonald and Feifel, 2013). Some studies link peripheral oxytocin measures to oxytocin receptor genotype findings, for example, that negative correlations between salivary oxytocin and chronically depressed mothers, their husbands, and children are more prevalent in people with certain genotypes (Apter-Levy et al., 2013; Feldman et al., 2013). However, it is beyond the scope of this review to examine the literature researching the link between oxytocin function and psychiatric disorders. Here, we focus on what peripheral oxytocin measures can tell us about natural or normal biological systems and evolutionary traits.

Tracking relationship valence between interaction partners using endogenous oxytocin measures

Several studies show that peripheral oxytocin levels provide an objective measure of relationship strength or quality in both human and non-human primates and therefore, might be useful in animal behavior and cognition studies, as well as in human research or therapy validation (Table 1). In primates, a study in pair-bonded tamarins examining behavioral correlates over time with repeated samples of urinary oxytocin, showed that pairs that had a closer bond, defined as engaging in higher rather than lower rates of affiliative and sexual behaviors over several weeks also had higher urinary oxytocin concentrations during the same time period (Snowdon et al., 2010). These results parallel those of an exogenous oxytocin study on marmosets where daily treatment of 50 μg for 30 days facilitated pair-bond formation (Smith et al., 2010). Also, composite measures of mothers' suckling and grooming rates with offspring collected over a 3-month period correlated positively with one-off plasma oxytocin samples in rhesus macaques (Maestripieri et al., 2009). Free-ranging male and female chimpanzees had higher urinary oxytocin levels following at least 10 min of grooming with a bond partner compared with resting controls. However, urinary oxytocin levels were not different from resting controls when grooming occurred with a non-bonded partner (Crockford et al., 2013).

The finding in chimpanzees that a close social relationship in combination with affiliative touch was associated with high urinary oxytocin levels concurs with studies on humans showing that prolonged affiliative touch alone is not always an efficient way to increase endogenous oxytocin levels. Morhenn et al. (2008) showed that in both men and women, plasma oxytocin levels were raised following a combination of 15 min of massage followed by a monetary trust game. Plasma oxytocin levels, however, were not raised following either a massage or trust game alone. In a study with women, Turner et al. (1999) showed that a raise in plasma oxytocin following gentle massage occurred only in women who did not report relationship anxiety. Also, salivary oxytocin levels increased after several weeks of long-term couples practicing gentle massage intervention with each other (Holt-Lunstad et al., 2008). Taken together, these studies suggest that at least for humans and chimpanzees, a complex set of social factors influence whether affiliative touch triggers endogenous oxytocin release. This may not be the same for rats, where both positive and negative touch resulted in raised plasma oxytocin levels (Stock and Uvnäs-Moberg, 1988). See Table 1.

In other human studies, Fries et al. (2005) showed that children who played with their principle carer rather than with strangers showed higher urinary oxytocin levels whereas orphans who had suffered severe neglect showed no change in urinary oxytocin levels across conditions. In contrast, however, Bick and Dozier (2010) showed that mothers had higher urinary oxytocin after playing with a stranger child compared with their own child. Other studies show that high plasma oxytocin levels correlated postively with the level of mother-infant bondedness (Feldman et al., 2007) and father-infant synchrony (Gordon et al., 2010). Grewen et al. (2005) found positive correlations between personal ratings of partner support and plasma oxytocin levels both in baseline conditions and following 10 min of warm contact. The studies in both human and non-human primates suggest that endogenous oxytocin measures may act as a biomarker for the valence and strength of the relationship between interaction partners.

In conclusion, most of the studies on human and non-human primates suggest that the oxytocin release associated with affiliative or trusting contact with a bonded other is a result of a psychological component, such as an affiliative or trusting perception or motivation toward a specific other, within the context of affiliative touch. However, to determine how much oxytocin release is dependent on an individuals' perception or motivation rather than the physical properties of the social interaction (how gentle or intimate the affiliative touch is), careful assessment is needed of both the physical properties of the interaction as well as subjects' perceptions and motivation prior to and following the social interaction. That oxytocin release may depend more on an individuals' social perception of an interaction than on the properties of the interaction itself mirrors other studies on human and non-human primates which suggest that inhaled oxytocin changes individuals' perception or motivation toward a social context (Chang et al., 2012; Parr et al., 2013, for reviews see: Bartz et al., 2011; Olff et al., 2013). Whether such a mirroring effect again points to a positive feedback system between oxytocin release and an interaction of social context with the perception of that context, remains to be seen.

The finding that oxytocin release is associated with an interaction between affiliative touch and a psychological component related to the touch context suggest that endogenous oxytocin can be used to track valence changes in relationships over time, in both males and females. This could be useful in animal studies to provide physiological validation of behavioral observations. It could also be useful in human relationship therapy as a biomarker of therapy progress. The oxytocin system of children who have suffered severe neglect appeared less responsive to contact with bond partners (Fries et al., 2005). Whether this low reactivity reflects the childrens' feelings of emotional engagement with their carers remains to be examined. In some studies, both baseline measures of endogenous oxytocin and oxytocin responsiveness to particular social circumstances correlate with subjective ratings of feelings and emotional states (e.g., Grewen et al., 2005) and thus may act as an objective measure of capacity to bond as well as progress in bonding therapy.

Endogenous oxytocin varies depending on cooperative behavior and cooperation partner

Some cooperative behavior is associated with the social motivation to trust and the perception that others are trustworthy. Zak et al. (2005) found that individuals receiving trusting money offers had higher plasma oxytocin levels 2 min later than those who did not. Likewise, Kéri and Kiss (2011) tested subjects engaging with an experimenter in a trust task (sharing a personal secret) and found that those who exchanged a secret with the experimenter as opposed to exchanging neutral information or engaging in a (non-social) stress condition, had raised plasma oxytocin immediately afterwards.

De Dreu (2012) underlines the importance of examining oxytocin in a broader range of behavioral contexts that also include interactions between individuals with a shared interaction history, whether of cooperation or potential conflict. Indeed, Declerck et al. (2013) have shown that for a subset of human subjects with greater prosocial as opposed to selfish tendencies, cooperative choices in a one-shot prisoner's dilemma game were more positively influenced by brief prior contact with their game partner than by 24 IU of intranasal oxytocin. Although endogenous measures of oxytocin were not taken in this study, the results suggest that, at least for certain personality types, even brief prior contact can have a significant impact on cooperative outcome.

Two studies examining cooperative acts and oxytocin conducted on wild chimpanzees in the Budongo Forest, Uganda show a more complex relationship between cooperative acts and shared interaction history (Crockford et al., 2013; Wittig et al., 2014). Two cooperative behaviors, allo-grooming and food sharing, were associated with significantly higher urinary oxytocin levels than non-cooperative behaviors, feeding in the presence of others without sharing, or resting. In the grooming context, only subjects who groomed with bond partners, as opposed to known but neutral others, had higher urinary oxytocin levels than in the resting condition. In the food sharing context, however, urinary oxytocin levels were high irrespective of the valence of the relationship between sharing partners. The effects were similar whether subjects were donors or recipients of grooming or food sharing, and whether donors and receivers were male or female. The results suggest that engaging in certain, but not all, cooperative acts with a bond partner results in a stronger positive correlation with urinary oxytocin levels than cooperating with mere acquaintances.

There are further implications of the chimpanzee studies. There is some indication that variation in endogenous levels of oxytocin may be an indicator not only of the strength of a relationship but also of the bonding value of a particular behavior or a social context. Both cooperative acts, that is food sharing and high rates of grooming interactions, are considered key indicators of enduring, bonded relationships in chimpanzees (Langergraber et al., 2007; Mitani, 2009). Thus, it is interesting that we found variation in chimpanzee urinary oxytocin levels in relation to the cooperative context. Food sharing, a relatively rare behavior, was associated with significantly higher urinary oxytocin levels than grooming with bond partners (Wittig et al., 2014). Further testing is required, however, in both the chimpanzee and the human studies mentioned in the previous section, to determine if significantly higher urinary oxytocin levels are indicative of greater subsequent bonding or cooperative exchange than lower oxytocin levels.

The result that not self-feeding but food sharing per se is associated with high urinary oxytocin levels suggests caution is needed when using feeding paradigms in oxytocin studies. Uvnäs-Moberg et al. (1985), for example, tested dogs and pigs in suckling and feeding contexts. Using a catheter attached to the subjects' leg they could obtain plasma samples every 30 s. They found increased plasma oxytocin in mothers during suckling, as well as when mothers and adult males themselves fed. Interestingly the study also showed an anticipatory raise in oxytocin up to 2 min prior to receiving food. Another study with dogs also showed a rise in oxytocin following feeding (Mitsui et al., 2011). In both studies however, the influence of the animal carer providing the food is not considered. Indeed, a subsequent study showed that 3 min after dog owners stroked their dogs, dog plasma oxytocin levels had increased (Handlin et al., 2011). It may be that in the feeding studies, social interaction with feeding, rather than feeding itself, was the oxytocin trigger. This would need to be verified in further studies.

Taken together studies on relationship quality, cooperative acts and endogenous oxytocin suggest complex, nuanced interactions between endogenous oxytocin, social context, social motivation and perception. Participants' shared history with the interaction partner has clear, and to some extent predictable associations with endogenous oxytocin levels. Some cooperative acts are associated with higher oxytocin levels than others, such as food sharing compared to grooming. Whether higher endogenous oxytocin levels following participation in certain cooperative acts compared to others indicates that they have greater bonding potential remains to be tested.

Determining multi-hormonal profiles for differing social relationships or cooperative contexts

A potential but as yet little used role for measuring endogenous hormone levels would be to examine links between complex behavior and motivation, such as, do cooperative tasks that require different motivational states, such as “tend-and befriend” compared with “tend-and-defend” motivations, have predictable hormonal interaction patterns (Taylor, 2006; Campbell, 2008; van Anders et al., 2011; De Dreu, 2012)? “Tend-and befriend” has been defined as nurturant behavior combined with the motivation to create and maintain a social network (Taylor, 2006). “Tend-and-defend” has been defined as the coinciding motivations to trust and cooperate with the in-group but engage in defensive behavior toward the out-group (De Dreu et al., 2010). Presumably the answer to the above question depends on what simultaneous physiological systems, whether hormones or neurotransmitters, are activated (for reviews see Skuse and Gallagher, 2009; Heinrichs et al., 2009; Neumann and Landgraf, 2012). In chimpanzees, hormonal interaction patterns are likely to differ depending on the cooperative task. In the context of food sharing in wild chimpanzees, urine samples following naturally-occurring food sharing events had low testosterone levels (Sobolewski et al., 2012) and high oxytocin levels (Wittig et al., 2014). A different pattern between these two hormones might be expected in in-group vs. out-group cooperative contexts. In wild chimpanzees, for example, territories require cooperative defense at a group level in the form of territorial boundary patrols. Sobolewski et al. (2012) showed that urinary testosterone was significantly higher following territorial boundary patrols compared with before patrols. Since intense grooming often occurs immediately prior to patrols, it might be expected that oxytocin, like testosterone, would also be high following patrols. Taken together, these studies suggest that high oxytocin and low testosterone might induce gentle affiliation, or nurturant behavior (van Anders et al., 2011)—a similar pattern as is expected for new human fathers (Storey et al., 2000; Gordon et al., 2010). In contrast, high oxytocin and high testosterone might induce loyal comradeship required for dangerous or risky group action that individuals are less likely to engage in alone (De Dreu, 2012), such as dare-devil acts or warfare.

When considering the oxytocinergic and the hypothalamic-pituitary-adrenocortical axis stress systems, different relative plasma concentrations of oxytocin and cortisol are evident depending on different social contexts and environmental influences. After an acute stressor, oxytocin may act as a buffer against stress (Heinrichs et al., 2009). In this case, following a stressor, endogenous peripheral hormone measures would be expected to show raised oxytocin but reduced cortisol concentrations. Seltzer et al. (2010) have shown, however, that for human children, after being exposed to an acute stressor, comforting physical or vocal contact with their mother increased urinary oxytocin levels and decreased salivary cortisol levels more quickly than in control conditions with no mother contact. This suggests that, at least in certain contexts for certain individuals, affiliative social contact may be required to trigger oxytocin release after an acute stressor. In contrast, a different pattern of endogenous cortisol and oxytocin levels may be apparent in praire voles subjected to a non-social stressor (cage flooding) whilst in a normal social context (being with their cage mates). Yee et al. (cited in Olff et al., 2013) showed that female voles pretreated with peripheral oxytocin had subsequent raised plasma oxytocin levels 95 min later. In the condition of oxytocin administration before the stressor, heart rate was lower than in the non-oxytocin condition. In contrast to other studies, this study also found a trend toward raised, rather than lowered cortisol. The interpretation is that maintaining higher cortisol levels could amount to maintaining vigilance, critical in a natural setting when facing a danger. Simultaneously maintaining higher oxytocin levels could result in increased social contact rather than promoting dispersal. A third hormonal interaction pattern for oxytocin and cortisol is shown by two other studies. Turner et al. (1999) and Taylor et al. (2006) found that older women who simultaneously maintained high baseline levels of plasma oxytocin and cortisol also had chronic relationship anxiety. Whether the pattern of simultaneously maintaining both high oxytocin and high cortisol levels in a chronic context (Turner et al., 1999; Taylor et al., 2006) shares any functional parallel with the similar pattern observed in a short-term context in the prairie voles, remains to be tested. For example, maintaining vigilance might be related to the threat of a physical stressor in the case of the praire voles, and a social stressor in the case of the older women. Finding that predictable patterns in endogenous hormonal sampling of several hormones simultaneously are dependent on social context interactions would prove highly illuminating in understanding underlying social motivations, perceptions and actions, as suggested by multi-hormone models (e.g., van Anders et al., 2011).

The interrelationship between oxytocin and cortisol raises further questions. As stated above, oxytocin seems to act as a buffer against stress. In some contexts in humans, however, its release seems more likely when a stressor is followed by affiliative contact (e.g., Seltzer et al., 2010). Might post-stressor oxytocin priming increase the likelihood of initiating affiliative social interactions that further buffer the effects of stress (Taylor, 2006)? Might the phenomenon of rapid and intense bonding between people during major stressors, people's first day at school or college or during major disasters such as train crashes, be accounted for by such mechanisms? Also, might people who can rapidly buffer stress through affiliative social contact be later less vulnerable to negative moods, or following major stressors, to post-traumatic stress disorders (see Bradley et al., 2013)? Clearly, however, stress does not always lead to affiliation, for example, in situations where the stressor was a conflict, one conflict can lead to another. Are such outcomes more likely in scenarios when oxytocin is not released following a stressor? Perhaps oxytocin is released but engenders a different emotional state, as shown in “tend-and-defend” in-group vs. out-group studies (De Dreu, 2012). Studies examining interactions of more than one hormone within particular social contexts could address such questions (van Anders et al., 2011; Neumann and Landgraf, 2012).

A potential problem for endogenous peripheral measures of oxytocin is, given both stress and affiliation are triggers of oxytocin release, can one be sure when measuring endogenous oxytocin whether it was released due to stress or affiliation? Interestingly, in a study in humans using an acute stressor (Seltzer et al., 2010), there was no signal that urinary oxytocin was raised or higher than baseline, unless there was subsequent affiliation or cooperation. Indeed, although rodent studies show oxytocin release in response to non-social stressors (e.g., Wotjak et al., 1998), few human—or non-human primate—studies have done so (see Sanders et al., 1990).

The limitations of the endogenous oxytocin approach

It is still debated if or how peripheral measures of oxytocin relate to central measures of oxytocin and therefore, whether measurements of peripheral oxytocin levels hold biological validity (see Macdonald and Feifel, 2013 for review of both sides of the debate). However, there is some evidence from both anatomical and functional studies showing a correlation between central and peripheral oxytocin release. From the anatomical side, two independent studies identified concomitant axonal projections from magnocellular neurons to various extra-hypothalamic brain regions and to the posterior pituitary. Stimulation of axonal projections led to release of oxytocin into the brain and the periphery (Ross et al., 2009a,b; Knobloch et al., 2012) resulting in expected changes to rat behavior (Knobloch et al., 2012). From the functional side, Wotjak et al. (1998) demonstrated that peripheral and central concentrations of oxytocin are simultaneously raised during forced swimming stress, suggesting a coordinated release of oxytocin into central and peripheral areas.

Most studies that link hormone levels with behavioral events demonstrate that oxytocin levels concur with predicted behavioral functions. In independent studies in rodents and sheep, contexts or behaviors shown to have central oxytocin involvement also show positive increases in plasma oxytocin levels (rodents: Ogawa et al., 1980; Carmichael et al., 1987; Stock and Uvnäs-Moberg, 1988; Juszczak and Stempniak, 1997; Neumann et al., 2000; sheep: Keverne et al., 1983; Kendrick et al., 1986). Congruent patterns are observed when linking social behaviors to endogenous measures of oxytocin in plasma, urine or saliva in non-human primates (Seltzer and Ziegler, 2007; Maestripieri et al., 2009; Snowdon et al., 2010; Crockford et al., 2013) and humans (Christensson et al., 1989; Holt-Lunstad et al., 2008; Morhenn et al., 2008; Gordon et al., 2010).

Several biological validations of oxytocin assays have been completed (see Macdonald and Feifel, 2013 for review). In tamarins, for example, Snowdon et al. (2010) implanted three males with an estradiol pellet (1.5 mg continuous release over 30 days) and collected urine samples before and during the period of the implant. Estradiol increased significantly in all three males (t = 3.64, P = 0.04) ensuring the effectiveness of the pellets in raising estradiol. Male oxytocin response varied substantially, but two of the three males showed a large increase in oxytocin following the estradiol elevation (mean pre OT = 17 ± 5 pg/mg Cr, mean post OT = 100 ± 15 pg/mg Cr). These data are consistent with what is known about the stimulatory effect of estradiol on oxytocin (Pedersen and Prange, 1979; Ochedalski et al., 2007) and suggest that elevating estradiol causes the release of pituitary stored oxytocin. This release is reflected in the urine as elevated oxytocin levels indicating that functional changes in oxytocin can be measured in urine. Juszczak and Stempniak (1997) found that female rats had lowered neurohypophyseal oxytocin levels and higher plasma oxytocin levels compared with basal levels 15 min after suckling offspring, suggesting that suckling caused the release of stored oxytocin from the neurohypophysis into the blood.

As with the measurement of circulating levels of oxytocin, determination in the urine requires validation of the methodology, the timing of release, and metabolic changes that may occur to the peptide excreted into the urine. For humans and the common marmoset, radiolabeled studies have indicated a time course from circulation into the urine as 30–60 min for peak levels to appear (Amico et al., 1987; Seltzer and Ziegler, 2007). This indicates that when examining responses to an event, the desired collection time would be within this window and the window appears to be consistent across the primate order. In plasma samples, oxytocin has a proteolytic enzymatic breakdown that occurs rapidly and requires an inhibitor added to the sample. Urine is acidic and limits the breakdown of oxytocin compared with the blood. However, there are metabolic processes that occur to oxytocin before it is excreted in the urine. HPLC separation and validation with the assay antibody can assure that the assay is exclusively measuring the intact oxytocin and/or peptides that stem from the oxytocin metabolism in the sample (Seltzer and Ziegler, 2007). Validations to test for this have been performed for several primate species (cotton-top tamarins: Snowdon et al., 2010; marmoset: Seltzer and Ziegler, 2007; humans: Seltzer et al., 2010; chimpanzees: Ziegler et al., unpublished data).

OUTLOOK FOR MEASURING ENDOGENOUS PERIPHERAL OXYTOCIN

Clearly, a complex and nuanced pallet of oxytocin, its releasers and its effects are emerging, which to some extent depend on the age, sex, previous experience, early attachment, psychiatric or psychological condition of the individual as well as the current social or non-social context, the social motivation or perception of individuals to the task at hand. In this review, we have referred to the three predominant theoretical approaches for examining how oxytocin effects or is released by social context or behavior. The most precise but most invasive is to examine the oxytocinergic system centrally. A less invasive option for examining the effects of oxytocin on behavior or social context is to administer oxytocin into the peripheral system. The least invasive option, and one suited to examining which behaviors and social contexts trigger the release of oxytocin, is to measure peripheral endogenous oxytocin levels. As pointed out in the review, all have their strengths and weaknesses. Thus, it is likely that to really understand the influences involved in the oxytocinergic system, a greater synthesis of these theoretical approaches will be necessary in the future. This is likely to be the case for determining how peripheral oxytocin actually links to central oxytocin, for further examination of the positive feedback mechanism between oxytocin and behavior or stress (Russell et al., 2003; De Dreu, 2012; Yee et al. in Olff et al., 2013), and for examining interactions between oxytocin and other hormones in different social contexts (see Heinrichs et al., 2003; Szczepanska-Sadowska, 2008; Skuse and Gallagher, 2009; van Anders et al., 2011; Neumann and Landgraf, 2012). Several recent studies that have produced particularly insightful results have combined inhaled oxytocin with subsequent measures of endogenous oxytocin and other hormones, such as cortisol, within particular social contexts (for review see Olff et al., 2013).

Studies using exogenous oxytocin have highlighted how a possible effect of oxytocin is to change individuals' social motivations or perceptions of a current social context, such that individuals that inhale oxytocin compared with those that do not, become more affiliative, attentive, prosocial or empathetic to the same social stimuli (e.g., Bartz et al., 2011; Chang et al., 2012; Parr et al., 2013; Shamay-Tsoory et al., 2013). Interestingly, studies that include measures of endogenous peripheral oxytocin indicate that individuals' social expectations or perceptions of a current social context may be a critical factor in determining whether or not oxytocin release is triggered. More research is needed to tease apart how much the release of oxytocin is dependent on the physical properties of a social interaction, such as how gentle or intimate is a bout of affiliative touch, or rather, how much the release of oxytocin is dependent on individuals' social perception or expectation of the social interaction, such as how trusting or intimate they perceive the bout of affiliative touch to be.

We stress that one strength of measuring peripheral, endogenous oxytocin lies in its non-invasive quality. Given that oxytocin is sensitive to stressors and several aspects of social context as well as the perceptions or social motivations of human and non-human primates alike, non-invasive sampling allows repeated measures to be examined in relation to particular social interactions or individuals within the subjects' normal social and physical environment (Holt-Lunstad et al., 2008; Crockford et al., 2013; Wittig et al., 2014). Importantly, variation in oxytocin response can be examined within-subjects to determine the impact of the type of social interaction, whether affiliative or trusting, and the relationship with the interaction partner, whether stranger, bond partner, in-group or out-group member. Another strength of non-invasive sampling is that several hormones can be measured simultaneously allowing examination of the influence of oxytocin interactions with other hormones on motivational states. Finally, as subjects can be sampled repeatedly over hours, days, or months whilst engaging in the normal influences and pressures of their social life, it is possible to examine complex questions such as how oxytocin contributes to the establishment and maintenance of a relationship, the related influence of anxiety and stress on social bond formation and maintenance, and the influence of social bonds on cooperation.

IMPLICATIONS FOR HUMAN RESEARCH

Oxytocin administration can lead to short-term improvements in the social interactions of people with psychiatric or psychological disorders (Macdonald and Feifel, 2013). However, first indications exist that chronic exposure to exogenous oxytocin can lead to a dampening of this effect and to even counterproductive results (Bales et al., 2013; but see Young, 2013). The results from Bales et al. (2013) to some extent reflect those of a study on women examining endogenous oxytocin levels, where high basal plasma oxytocin levels were associated both with relationship anxiety and attenuated plasma oxytocin levels following massage or positive emotion (Turner et al., 1999).

If oxytocin administration might not provide long term benefits, a more productive approach may be to invest in the identification of behaviors that trigger endogenous oxytocin release. Indeed, several recent studies show that changes in behavior achieved by oxytocin administration can also trigger endogenous oxytocin release and subsequent predicted changes in behavior. For example, in ewes, central administration of oxytocin induces maternal behavior (Kendrick et al., 1986) and vaginocervical stimulation induces lamb adoption (Keverne et al., 1983; humans: Seltzer et al., 2010). In rodents, central oxytocin induces grooming (Argiolas and Gessa, 1991) and in humans, under certain social circumstances, affiliative touch increases plasma oxytocin, as can vocal reassurance (Seltzer et al., 2010). In rodents, the primary form of food-sharing, lactation, is precipitated by central oxytocin (Ross and Young, 2009) and oxytocin is released during suckling across mammals (Argiolas and Gessa, 1991). In chimpanzees, food sharing between adults is associated with high urinary oxytocin levels (Wittig et al., 2014). Taken together, such studies suggest that oxytocin-associated social situations, such as food sharing or massage with bond partners, have the potential to function as natural oxytocin releasers. (Macdonald and Feifel, 2013) suggest that is likely to be more efficient to replace or augment some oxytocin administration therapy with non-drug therapies, especially in the long-term, for example, with cognitive therapy (Chou et al., 2012) or behavioral therapy. We suggest that including social interactions known to lead to endogenous oxytocin release in non-drug therapies may enhance therapy success.

It should be noted that research also begins to show that even when engaged in oxytocin-associated social interactions, like massage, endogenous oxytocin levels can be moderated by additional factors, such as the quality of the relationship between the subject and the interaction partner, the subjects' psychological state or perception of the current social context. More research is needed to determine key social contexts in which oxytocin administration is likely to be beneficial. Additionally, measures of endogenous peripheral oxytocin may act as a biomarker for the dynamic processes of social relationships, the strength, and valence of relationships and how these change over time.
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There are currently no drugs approved for the treatment of social deficits associated with autism spectrum disorders (ASD). One hypothesis for these deficits is that individuals with ASD lack the motivation to attend to social cues because those cues are not implicitly rewarding. Therefore, any drug that could enhance the rewarding quality of social stimuli could have a profound impact on the treatment of ASD, and other social disorders. Oxytocin (OT) is a neuropeptide that has been effective in enhancing social cognition and social reward in humans. The present study examined the ability of OT to selectively enhance learning after social compared to nonsocial reward in rhesus monkeys, an important species for modeling the neurobiology of social behavior in humans. Monkeys were required to learn an implicit visual matching task after receiving either intranasal (IN) OT or Placebo (saline). Correct trials were rewarded with the presentation of positive and negative social (play faces/threat faces) or nonsocial (banana/cage locks) stimuli, plus food. Incorrect trials were not rewarded. Results demonstrated a strong effect of socially-reinforced learning, monkeys’ performed significantly better when reinforced with social vs. nonsocial stimuli. Additionally, socially-reinforced learning was significantly better and occurred faster after IN-OT compared to placebo treatment. Performance in the IN-OT, but not Placebo, condition was also significantly better when the reinforcement stimuli were emotionally positive compared to negative facial expressions. These data support the hypothesis that OT may function to enhance prosocial behavior in primates by increasing the rewarding quality of emotionally positive, social compared to emotionally negative or nonsocial images. These data also support the use of the rhesus monkey as a model for exploring the neurobiological basis of social behavior and its impairment.

Keywords: oxytocin, social reward, learning, monkey, autism, facial expressions, emotion

Oxytocin (OT) is a neurohypophyseal peptide that acts as a neuromodulator in the brain where it plays a key role in regulating social and emotional behaviors (Neumann et al., 2013). In rodents, for example, OT is important for pair bonding and affiliation, social recognition, and alloparental care (Ross and Young, 2009). Because of these prosocial effects, the oxytocinergic system has emerged as a leading target for the development of novel pharmacotherapies for treating social impairments, like those seen in autism spectrum disorders (ASD; Guastella and MacLeod, 2012; Modi and Young, 2012). Although nonapeptides, like OT and vasopression, are large molecular weight compounds that do not readily cross the blood brain barrier when given peripherally, several studies have now confirmed the effectiveness of an intranasal (IN) administration route for delivering these compounds to the central nervous system (CNS) in humans and animals (Born et al., 2002; Chang et al., 2012; Neumann et al., 2013; Striepens et al., 2013; Modi et al., 2014). Using this method, studies have reported broad effects of OT on the perception of social stimuli including increasing the salience of the eyes in faces (Guastella et al., 2008; Andari et al., 2010), altering the perception of facial expressions (Domes et al., 2007a,b; Fischer-Shofty et al., 2010; Gamer et al., 2010; Parr et al., 2013), enhancing memory for face identity (Savaskan et al., 2008; Rimmele et al., 2009), and decreasing social vigilance (Ebitz et al., 2013). Additionally, several studies have proposed a positive relationship between OT and social reward (Strathearn et al., 2009; Hurlemann et al., 2010). In a clever study, Hurlemann et al. (2010) examined the effects of OT on an implicit learning task when participants were reinforced with either social or nonsocial stimuli. Participants were required to categorize a series of 3-digit number strings into one of two randomly assigned categories. In the social condition, each trial began with the number string and a neutral face. After correct responses, the neutral face changed to a happy, smiling expression but after incorrect responses, the neutral face turned angry. In the nonsocial condition, the trial began with the number string and a black circle which turned green if the subject chose correctly and red if the answer was incorrect. These authors found that IN-OT enhanced subjects performance when reinforced with social compared to nonsocial images.

The positive relationship between OT and social reward has important implications for the development of treatments for individuals with ASD. For example, the Social Motivation Theory proposes that individuals with ASD fail to find social stimuli or social interactions intrinsically rewarding, thus contributing to their social impairments by reducing attention to social cues and dampening interest in social interactions (Dawson et al., 1998; Chevallier et al., 2012). Neuroimaging studies have reported reduced activation in the striatum of individuals with ASD in response to social but not nonsocial (monetary) rewards (Scott-Van Zeeland et al., 2010; Delmonte et al., 2012). The striatum is a key structure in the brain’s neural reward circuitry and is responsible for associating a reward value to specific behaviors. In the case of ASD, failure to develop rewarding contingencies between social stimuli and behavior could lead to impaired social learning, reduced social interest, and long-term deficits in social cognition. OT represents an exciting potential pharmacotherapy for the treatment of social impairments because any drug that could increase the salience of social cues and prosocial motivation, or enhance the rewarding value of social stimuli and interactions could significantly improve the outcome of existing therapies for individuals with ASD and related disorders. Examining social deficits in autism from the perspective of reward processing may lead to novel insights for potential treatments and interventions.

To date, several single dose studies using intranasal OT have shown promising results by improving attention to social cues and reducing repetitive behaviors in adults with ASD (Hollander et al., 2003; Andari et al., 2010; Guastella et al., 2010; Domes et al., 2013; Preti et al., 2014). Despite these encouraging results, many questions remain including where in the brain OT is exerting its prosocial effects, its mechanism of action, the best way to administer peptides to young children, effects of repeated treatments, and the range of therapeutic doses (Churchland and Winkielman, 2012). Animal models are critically needed to address these questions. Monkeys represent an ideal species for this purpose because the distribution of OT receptors in the brain has been mapped and rhesus monkeys share many of the same socio-cognitive behaviors with humans (Chang and Platt, 2013; Freeman et al., 2014). However, only a handful of studies have examined the prosocial effects of OT in nonhuman primates (Winslow and Insel, 1991; Smith et al., 2010; Saito and Nakamura, 2011; Simpson et al., 2014). Using an IN aerosolized (AE) administration procedure, Parr et al. (2013) reported that OT reduced monkeys’ (N = 6) attention towards negative facial expressions, while increasing attention to direct vs. averted gaze faces. They concluded that IN-OT may reduce the negative, aversive, or threatening quality of social images which may, in turn, enable monkeys to engage in more prosocial behaviors and/or enhance social learning. Similarly, Ebitz et al. (2013) reported that IN-OT reduced social vigilance in rhesus monkeys, decreasing subjects’ attentional bias to dominant faces, and diminishing the distraction caused by threatening facial expressions in a directed saccade task. Subject numbers for the tasks performed in this study ranged from 2–4. In a study directed more at social motivation and reward, Chang et al. (2012) reported that when monkeys (N = 2) were given the choice between rewarding themselves (with juice) compared to another monkey, they chose selfishly, an act not affected by IN-OT. However, if the choice was between rewarding another monkey vs. rewarding no one, IN-OT enhanced the subjects’ choice to reward the other, suggesting that IN-OT enhanced social reward vicariously.

It was the goal of the current study to explore directly the influence of IN-OT on social reward in rhesus monkeys by modifying the experimental paradigm of Hurlemann et al. (2010). Monkeys were trained to perform an implicit visual matching task in which correct answers were rewarded with food, in addition to either an emotionally positive or negative social (facial expressions) or nonsocial image (familiar objects). We hypothesized that, like humans, IN-OT would enhance socially-reinforced learning in our monkeys and that this would be greater when the reinforcing images were emotionally positive compared to negative.

METHODS

SUBJECTS

Four adult male rhesus monkeys (aged 6–13 years) were used in these studies. All were born into large social groups and mother-reared for the first year of life at the Yerkes Primate Center field station. All had been used in previous studies of face processing and one prior study of intranasal OT and social attention (Parr, 2011; Parr et al., 2013). All subjects were housed in same-sex pairs in the same colony room and were not food or water restricted for participation in these studies.

TESTING PROCEDURE AND STIMULI

Subjects were tested in their home cage using a touchscreen-based matching-to-sample (MTS) task. A custom panel containing a touchscreen monitor and opening for an automated feeder was inserted into the doorway of each subject’s home cage. In brief, the MTS task first presented subjects with a 300 pixel stimulus (the sample) located centrally on the upper portion of the screen. After touching this stimulus, it disappeared from the screen and was followed by the presentation of two comparison images (155 × 155 pixels). If subjects contacted the correct comparison image, both were removed simultaneously from the screen and replaced by a centrally-located reward stimulus (500 × 500 pixels). This remained on the screen for approximately 4 s during the automatic delivery of a small food-reward. The screen then returned to black for an intertrial interval (ITI) of 1 s. After this, the next sample image appeared on the screen designating a new trial. If subjects selected the incorrect image, the screen immediately went black, there was no food reward, and the ITI was increased to 5 s. All subjects had been trained on the basic MTS procedures prior to this study (Parr, 2011).

For the present study, subjects were presented with four different trials, each showing a unique combination of three different clip art images (the sample image plus two comparisons, per trial). The correct pair for each trial was chosen arbitrarily prior to testing and there was no obvious relationship between the matching pair of images in terms of content or shape. Sample images were presented in color and the comparison images in black and white to eliminate the potential use of color cue. To perform the task correctly, subjects simply had to remember which of the two comparison clip art images was rewarded and select it in subsequent trials. After the correct completion of each trial, subjects were presented with one of four “reinforcement” images, e.g., either positive or negative social or nonsocial image. The positive social image was a monkey play face and the positive nonsocial image was a picture of a banana. The negative social image was a monkey open mouth threat face and the negative nonsocial image was a picture of a cage lock. Figure 1 illustrates examples of each type of MTS trial showing the positive (Figure 1A) and negative (Figure 1B) reinforcement stimuli.


[image: image]

FIGURE 1. An example of an implicit visual matching trial where the reinforcing stimuli are positive social and nonsocial (A) and negative social and nonsocial (B).



It was unknown how quickly subjects would learn the implicit matching task or when, if ever, ceiling effects would be achieved. In previous MTS studies, these same subjects routinely completed sessions containing up to 100 MTS trials without fatigue (Parr, 2011). Thus, in this experiment, subjects were presented with a total of 80 trials, representing 20 different presentations of each of the four clip art matching trials. These were presented in a pseudorandom, counterbalanced order. To assess learning, performance was averaged across 10, 8-trial blocks, totaling the 80 trial session. Two testing sessions were performed overall for each treatment condition (OT and P) and each contained novel stimuli.

OXYTOCIN ADMINISTRATION PROCEDURE

Prior to testing, subjects were administered either a 48IU dose of OT (Sigma #06379, 1.71 μg/IU in a 2 ml volume saline) or 2 ml of saline placebo in aerosol form using a pediatric nebulizer.1 This method has been proven effective in delivering OT to the central nervous system (CNS) in rhesus monkeys (Chang et al., 2012; Parr et al., 2013; Modi et al., 2014). The same monkeys used here had been trained for this procedure for a previous study (Parr et al., 2013). In brief, each subject was placed in a specially designed cage that contained a clear Plexiglas panel to which the nebulizer was attached. Also inserted into this panel was a small tube through which a slow stream (9 ml/min) of fluid reward (diluted yogurt) was delivered. This encouraged subjects to maintain their face in a position over aerosol stream and breathe through their nose while sipping the fluid. Subjects were required to sip on this tube for 4 cumulative min within a 7 min window while AE saline was delivered just below the nose of the subject through the nebulizer tube. Given the broad range of doses and administration routes used in previous animal and human studies, no attempt was made to correct the dose for subjects’ body weight (Guastella et al., 2013). Weights of subjects ranged from 7 to 15 kg.

For each task, the order of treatment condition (placebo vs. OT) was counterbalanced across subjects for the two testing sessions. Half of the subjects were first tested in Placebo condition while the other half received the OT condition and this order was then reversed in session 2. Testing on each treatment condition was separated by a minimum of 7 days. Testing began ~60 min after dosing, comparable to the peak of OT in CSF (Chang et al., 2012; Modi et al., 2014). During this time, subjects rested in their home cage. After 60 min, a custom designed touchscreen panel was attached to the subject’s home cage to administer the task. All procedures were approved by the Institutional Animal Care and Use Committee of Emory University and were in compliance with regulations governing the ethical treatment of animals.

DATA ANALYSIS

An initial repeated measures ANOVA was performed to determine whether performance differed between the two testing sessions. Performance was then analyzed using a full factorial repeated measures ANOVA that contained 2-levels of treatment condition (OT vs. P), 2-levels of social content (social vs. nonsocial), and 10 levels of trial block as the within-subject factors. Because treatment conditions were performed on different days, subsequent analyses compared the influence of social content (social vs. nonsocial) on performance (N = 10 trial blocks) separately for each treatment condition. A final repeated measures ANOVA was performed comparing the effect of emotional valence (positive vs. negative) and social content (social vs. nonsocial) on subjects’ performance. Follow-up analyses were performed using paired t-tests, where appropriate. Levels of significance were set at p < 0.05 (two-tailed) and effect sizes are reported.

RESULTS

An initial repeated measures ANOVA revealed no main effect of testing session, F(1,1) = 1.42, p = 0.45, so the data were combined and subsequent analyses were performed on the complete dataset.

A repeated measures ANOVA was first used to examine the effects of treatment condition (OT vs. P), social content (social vs. nonsocial), and trial block (n = 10) on subjects’ task performance. This revealed main effects of social content, F(1,3) = 29.10, p = 0.012, eta2 = 0.91, and trial block, F(9,27) = 2.80, p = 0.018, eta2 = 0.48. Subjects performed significantly better on trials that were reinforced with social vs. nonsocial images (73% vs. 52%, respectively), and performance showed a significant improvement across the 10-trial blocks, linear: F(1,3) = 12.15, p = 0.04, eta2 = 0.80. There was also a significant interaction between treatment condition and social content, F(1,3) = 11.49, p = 0.043, eta2 = 0.79. To further examine this interaction, a follow-up analysis compared performance on the social vs. nonsocial trials within each treatment condition. This revealed significant effects of socially-reinforced learning, e.g., improvements in performance after social vs. nonsocial reinforcement, for in both treatment conditions but this effect was considerably stronger for the OT, t(3) = 6.26, p = 0.008, compared to Placebo, t(3) = 3.78, p = 0.032, condition. Figures 2, 3 show the mean performance across trial blocks for the social and nonsocial trials in the Placebo and OT conditions, respectively.
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FIGURE 2. Mean proportion of correct responses (+sem) for socially and non socially-reinforced trials in the Placebo condition. Overall performance (%correct) is listed for each category.
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FIGURE 3. Mean proportion of correct responses (+sem) for socially and non socially-reinforced trials in the OT condition. Overall performance (%correct) is listed for each category.



The decision to give subjects 80 trials to assess socially-reinforced learning was based on the need to provide a large enough number of trials to ensure that some learning would take place but also understanding that ceiling effects may occur, particularly towards the end of the testing session. Therefore, to assess differences in the rate of learning across the 80-trial sessions, we conducted a series of post-hoc analyses on the data presented in Figures 2, 3 that increased the number of trial blocks in a stepwise manner to determine how many blocks would be needed before learning effects could be detected in each treatment condition. These results can be seen in Table 1. This revealed consistently stronger and sustained effects of treatment condition and treatment condition by trial block interactions for socially-reinforced trials in the OT compared to Placebo conditions.

Table 1. Results of post-hoc repeated measures ANOVAs focused on main effects of social condition and social condition by trial block interactions for increasing numbers of trial blocks.
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Finally, to determine whether the emotional valence of the reinforcement stimuli (positive vs. negative) influenced subjects’ performance, an additional repeated measures ANOVAs was performed for each treatment condition using social condition (social vs. nonsocial), valence (positive vs. negative) and trial block (10) as the within-subject factors. In the Placebo condition, there was a main effect of trial, F(9,27) = 2.89, p < 0.02, eta2 = 0.49, showing that performance improved over time. No other main effect or interaction reached significance. In the OT condition, however, there were significant main effects of social condition, F(1,2) = 35.27, p < 0.03, eta2 = 0.95, and stimulus valence, F(1,2) = 96.59, p < 0.01, eta2 = 0.98. Performance was significantly better after social compared to nonsocial reinforcement (social = 74% vs. nonsocial = 48%) and when the reinforcement images were emotionally positive compared to negative (positive = 66% vs. negative = 55%).

DISCUSSION

This study is the first to demonstrate an enhancing effect of OT on socially-reinforced learning in a nonhuman primate, the rhesus monkey. The analyses revealed two main findings that were independent of treatment condition and confirm the validity of our experimental design. First, as expected, subjects’ performance improved steadily over time, revealing significant effects of learning on a simple implicit, visual matching task within a single 80-trial session. Demonstrating the ability of this task to elicit learning within a single trial block was extremely important since the effects of OT begin to degrade an hour after administration (Chang et al., 2012; Modi et al., 2014). Additionally, this task has high translational value as it was adapted from a study of socially-reinforced learning in humans (Hurlemann et al., 2010) and is highly amenable to repeated testing within subjects by simply changing the matching pairs of images. The second main finding was that subjects performed better after being reinforced with social stimuli (plus food) compared to nonsocial stimuli (plus food). In this experiment, social stimuli consisted of species-typical facial expressions, play faces and open mouth threats, while nonsocial stimuli consisted of object categories that were familiar to the subjects, bananas and cage locks. It should be noted that the manner in which subjects were rewarded in this study differed from the procedures used in the original human study (Hurlemann et al., 2010). As stated earlier, the testing procedure for humans was to reinforce subjects with a positive social or nonsocial image when the response was correct and use negative social or nonsocial images when the responses were incorrect, thus providing a type of punishment. However, for the present study, food rewards were necessary to reinforce the monkeys’ behavior and provide positive feedback for successful performance on the task. If the incorrect trials were not food rewarded, but rather followed by negative images, one could not dissociate whether any observed learning in the monkeys was due to the presence of the negative image, or the absence of the food. Thus, correct responses by the monkeys were always rewarded with food but additionally reinforced with an image, while incorrect responses were never followed by food or image presentation.

Importantly, this study also demonstrated that the effect of socially-reinforced learning was enhanced, subjects learned faster and performed better, after OT compared to placebo treatment. In the OT condition, performance was significantly better for the trials reinforced with social compared to nonsocial images across each of the 10 trial blocks, whereas this finding was much weaker and occurred across a smaller number of trial blocks in the placebo condition. Therefore, similar to humans (Hurlemann et al., 2010), these results confirm the ability of IN-OT to enhance socially-reinforced learning in rhesus monkeys. Future studies should examine these findings with greater detail using a variety of social and nonsocial images paying special attention to the salience of the images, in addition to their social content. It is possible that the social images used in the present study, e.g., facial expressions, elicited greater attention than the nonsocial images due to their overall salience. While this is interesting and the salience of facial expressions is undoubtedly tied to their social nature, it would be informative to delve further into the extent to which the OT-enhanced effects of learning reported here are really unique to social stimuli, or whether they could extend to other highly salient but nonsocial categories. Interestingly, the worst performance in this study occurred in the placebo condition for trials reinforced with the positive, nonsocial stimulus, e.g., the banana. While this is difficult to interpret, perhaps strong interest in this desirable food item produced a type of appetitive interference which inhibited any reinforcing effects on learning.

Finally, subjects’ performance was also influenced by the emotional valence of the reinforcement images, positive or negative. There were no significant effects of stimulus valence or social content in the placebo condition. However, in the OT condition, subjects performance was significantly better when subjects’ were reinforced with social compared to nonsocial images, e.g., socially-reinforced learning, and their performance was significantly better when the reinforcing images were emotionally positive compared to negative, but the interaction between social content and stimulus valence was not significant. Again, this result confirms the overall findings that OT enhances socially-reinforced learning and that positive social stimuli facilitate learning. In general, the valence effects found in monkeys are consistent with reports from human studies showing that IN-OT does not affect the perception of all social stimuli the same way, rather it can selectively affect the perception of positive or negative emotional stimuli, depending on the nature of the task (Domes et al., 2013).

There has been some debate about the general mechanisms behind the effects of OT on primate behavior, both in humans and animals (Churchland and Winkielman, 2012). OT, a large molecule peptide, is unable to cross the blood brain barrier if administered peripherally. However, an early study in humans showed that a related peptide, vasopressin, was able to achieve central penetrance after IN administration (Born et al., 2002), possibly through a “direct transport route” where OT obtains rapid access to the CNS through numerous perineuronal spaces in the nasal cavity where it can then enter the CSF (Veening and Olivier, 2013). Moreover, a recent study has now reported that IN-OT administration in humans does increase central concentrations of OT (Striepens et al., 2013). However, the procedure for administering IN-OT to humans is very precise and tightly controlled. Subjects are instructed to self-administer the OT spray by closing one nostril and deeply inhaling (sniffing) as they spray the OT into the open nostril. A typical dose of OT nasal spray (Syntocinon, Novartis) is 24IU which corresponds to 6, 4IU squirts, three given to each nostril. Nonhuman primates cannot easily be trained to follow these procedures that require them to actively sniff as the spray is delivered by a human experimenter. Instead, primate researchers have adopted a modified IN procedure using a passive breathing method where OT is delivered in aerosol form using a nebulizer. Chang et al. (2012) were the first to demonstrate that an AE IN route is effective in increasing the central penetrance of OT in rhesus monkeys. Our group has further compared several methods of OT administration in rhesus monkeys, including IN, AE and intravenous (IV) and found that only the AE was effective in elevating central OT levels (Modi et al., 2014). Additionally, these studies also report large and long-lasting elevations of peripheral OT in blood after all administration routes and thus the behavioral effects of IN or AE OT could also be influenced by positive feedback from peripheral OT receptors (Neumann et al., 2013; Veening and Olivier, 2013). The importance of this discussion is that working with young human infants presents many of the same methodological challenges as monkeys, thus the AE method may actually represent the most effective and least stressful method for administering IN-OT in this population.

The results of the present study have important implications for the development of treatments for social deficits, such as those observed in individuals with ASD. According to the social motivation theory of autism, individuals with ASD fail to find social stimuli rewarding, reducing their attention and/or willingness to interact with others (Chevallier et al., 2012). This lack of social interest can have long lasting effects on the developing social brain and may contribute substantially to the social communication deficits that comprise a core symptom of ASD. Neuroimaging studies during an implicit learning task in which subjects were reinforced with social (faces) vs. nonsocial (money) rewards, found greater activation in the brain’s reward circuitry, the anterior cingulate cortex, ventral prefrontal cortex, and striatum, in response to the social reward condition in typical compared to individuals with ASD. This study suggests that neural reward circuitry may be dysregulated in individuals with ASD compared to typicals, supporting the social motivation theory (Scott-Van Zeeland et al., 2010). Interestingly, differences in the activation of reward circuitry between ASD and control individuals were only found using a between-group analysis. Within the ASD group, this study did not find differences in reward circuitry in response to social vs. nonsocial reward and, interestingly, studies have reported typical reward circuitry activation in individuals with ASD in response to their preferred objects, e.g., those valued by the subjects like trains and electronics (Dichter et al., 2012). This finding has important treatment-related implications as it suggests that the general reward circuitry of the ASD brain may not be completely dysregulated, rather it may not be activated by typical social rewards, like faces. Considering these findings, it may be possible to use IN-OT in combination with behavioral therapies to increase the rewarding quality of typical social stimuli, like eyes and faces, in children with autism, or at risk for developing ASD, to advance social learning and perhaps alleviate some of the more long-lasting deficits observed in social cognition.
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The neuropeptides oxytocin (OT) and arginine vasopressin (AVP) are involved in social bonding in attachment relationships, but their role in friendship is poorly understood. We investigated whether rhesus macaques’ (Macaca mulatta) friendships at age one predicted plasma OT and AVP at two later time points. Subjects were 54 rhesus macaques at the California National Primate Research Center (CNPRC). Blood was drawn during a brief capture-and-release in the home cage, and plasma assayed for OT and AVP using an enzyme immunoassay (EIA). Separate linear mixed models for each sex tested the effects of dominance rank, age, sampling time point, housing condition, parturition status, two blood draw timing measures, and five friendship types: proximity friendships, play friendships, reciprocal friendships (a preference for a peer that also preferred the subject), multiplex friendships (friendships displayed in more than one behavioral domain), and total number of friendships. Females’ number of reciprocal and play friendships at age one significantly predicted later OT; additionally, these two friendship types interacted with rank, such that high-ranking females with the fewest friendships had the highest OT concentrations. Friendship did not predict later OT levels in males, however proximity, play, reciprocal, and total number of friendships predicted males’ plasma AVP. Play and total number of friendships also tended to predict AVP in females. Our results show that peripheral measures of neuroendocrine functioning in juvenile rhesus monkeys are influenced by early involvement in friendships. Friendships have an especially strong impact on an individual’s psychosocial development, and our data suggest OT and AVP as potential underlying mechanisms. Moreover, sex differences in the functioning of the OT and AVP systems, and their relation to friendship, may have important clinical implications for the use of OT as a therapeutic, as well as informing the social context in which it is administered.
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INTRODUCTION

Friendships are critically important for healthy development throughout the lifespan, and a lack of friends increases vulnerability to mental disorders such as depression, physical illnesses such as cardiovascular disease, and mortality (Cohen and Wills, 1985; House et al., 1988; Uchino et al., 1996; Thorsteinsson and James, 1999). Friendships are particularly vital for successful psychosocial adjustment in children, and greater involvement in friendships is associated with more positive school perceptions and performance gains in kindergartners (Ladd, 1990), decreased feelings of loneliness and depression in 3rd-6th graders (Nangle et al., 2003), lower levels of teacher reported maladjustment during adolescence (Waldrip et al., 2008), and decreased loneliness and self-reported victimization in adolescents suffering from social anxiety (Erath et al., 2010). Preadolescence may be an especially critical time period for the successful development of adult social skills and ties (Fullerton and Ursano, 1994), and the consequences of friendship formation during this period may be far reaching; for example, friended preadolescents report higher levels of self-worth in adulthood when measured 12 years later, while the absence of friendship is associated with psychopathological symptoms in adulthood (Bagwell et al., 1998). It is notable that while having high quality, supportive relationships both with attachment figures (i.e., parents) and with peers impacts children’s psychosocial development, having high quality peer friendships can buffer the negative consequences experienced by children with low parental support (Rubin et al., 2004).

Nonhuman primate friendships are characterized by many of the same features as human friendships (Smuts, 1985; Silk, 2002), and are linked to many similarly beneficial consequences. Having strong, long-lasting friendships enhances longevity, infant offspring survival, and offspring longevity (Silk et al., 2003, 2009, 2010), and friends buffer individuals’ behavioral and physiological responses to stressors (Higley et al., 1992; Gust et al., 1994; Boccia et al., 1997; Beehner et al., 2005; Crockford et al., 2008; Wittig et al., 2008). As with human children, befriending peers is vital for nonhuman primate youngsters to establish independence from their mothers and successfully integrate themselves into the wider network of their social group (Hinde and Spencer-Booth, 1967), as well as to learn social skills necessary for successfully navigating the complex relationships that they will encounter as adults (Poirier and Smith, 1974; Joffe, 1997). In rhesus macaques (Macaca mulatta), friendships are clearly identifiable at least as early as 1 year of age, and, like children’s friendships, their formation and persistence are influenced by individual-level characteristics such as personality and relationship-level qualities such as reciprocity (Weinstein and Capitanio, 2008, 2012). Juvenile rhesus monkeys reap short-term benefits from their friends, such as an attenuated distress response in a novel context (Higley et al., 1992), as well as long-term advantages such as facilitating dominance rank acquisition during adolescence (de Waal and Luttrell, 1985; Datta, 1988). Rhesus macaques have long been regarded as a valuable model system in which to examine socioemotional development, due to the cognitive abilities, physiological and neuroanatomical characteristics, and socioemotional complexity which they share with humans (Suomi, 2005; Capitanio and Emborg, 2008; Weinstein et al., 2008; Nelson and Winslow, 2009; Weiss et al., 2011), and may therefore be uniquely capable of filling the large gap that exists between human and rodent research on the neurobiological basis of affiliative relationships (Weinstein and Capitanio, 2005). The few studies thus far that have attempted to close this gap suggest that the neuropeptides oxytocin (OT) and arginine vasopressin (AVP) play a key role.

OT and AVP are nine-amino acid peptides produced in the hypothalamus and released into circulation via the posterior pituitary (Zingg, 2002). OT and AVP differ only by two amino acids (Sofroniew, 1985) and can bind to each other’s receptors (Gimpl and Fahrenholz, 2001). In both nonhumans and humans, OT plays a role in mother-infant interactions (Pedersen and Prange, 1979; Feldman et al., 2010b), father-infant interactions (Feldman et al., 2010a), and adult romantic attachments (Carter et al., 1995; Cho et al., 1999; Gordon et al., 2008; Scheele et al., 2012), and AVP underlies male pair-bonding (Winslow et al., 1993; Cho et al., 1999; Lim and Young, 2004; Jarcho et al., 2011) and parenting behavior (Wang et al., 1998; Bales et al., 2004b). Though OT and AVP are rarely studied in the context of non-attachment relationships such as friendships, they are strong candidates for several reasons. First, OT has previously been implicated in behaviors known to be important to friendship including trust (Zak et al., 2005; Kéri and Kiss, 2011; Zhong et al., 2012), generosity (Zak et al., 2007; Baumgartner et al., 2008), social support (Heinrichs et al., 2003; Buchheim et al., 2009), and reciprocal or synchronous behaviors (Atzil et al., 2012). Notably, in wild chimpanzees, grooming with a “bond partner” (defined by mostly positive dyadic social behaviors, such as grooming, coalitionary support, etc.) resulted in higher urinary OT levels following grooming, regardless of whether the bond partner was related or not (i.e., a friend; Crockford et al., 2013). Second, AVP has a role in enhancing the recognition of emotional states (Guastella et al., 2010) and in sex-specific perceptions of the friendliness of faces (Thompson et al., 2006). Finally, OT and AVP can have far-reaching developmental effects on behavior and vice versa (Carter, 2003; Bales and Perkeybile, 2012; Veenema, 2012). Pharmacological exposure to OT or AVP either at birth (Bales and Carter, 2003a,b; Bales et al., 2004a, 2007a,b; Gregory et al., 2013), later in the perinatal period (Stribley and Carter, 1999), or in the peri-adolescent period (Bales et al., 2013) can have long-term, organizing effects on social behaviors, anxiety behaviors, and neural systems. Conversely, early experiences, such as the quality of parental care received, can shape both humans’ and animals’ neuropeptide response (Bartz et al., 2010; Bales and Perkeybile, 2012; Veenema, 2012; Feldman et al., 2013). Given the impact of early parental experience on an offspring’s OT and AVP systems, it is likely that early peer experiences, particularly friendship involvement, would similarly influence later OT and AVP responses.

In the current study, we examined how friendships in yearling rhesus macaque males and females predicted plasma OT and AVP concentrations approximately 1–3 years later. Though many animal studies of OT and AVP have measured central concentrations or receptor distributions, studies of humans rely almost exclusively on peripheral measures, whose meaning is still being unraveled, but which may reflect responses to a range of stimuli, including social stimuli (Kenkel et al., 2012). It is likely that peripheral levels do not fully capture central levels (Kagerbauer et al., 2013), although they may be correlated under certain conditions (Landgraf and Neumann, 2004). It is important to continue to examine the utility and predictive value of peripheral peptide measures, because until non-invasive technology advances significantly, central measures in living humans are difficult to obtain. Because previous research has shown numerous sex differences in baseline neuropeptide concentrations (Kramer et al., 2002; Miller et al., 2013), regulation by gonadal hormones (Witt et al., 1991; De Vries and Villalba, 1997; Cushing et al., 2003), and sensitivity to exogenous stimulation (Carter, 2003, 2007), we hypothesized that we would find sex-specific associations between plasma OT, AVP, and friendship. As high peripheral levels of OT and AVP have been associated with improved social functioning in the case of children with autism spectrum disorders (Modahl et al., 1998; Green et al., 2001), we specifically predicted that having more friendships (and particularly higher-quality friendships) would be associated with high OT in females and high AVP in males. However, high plasma OT and AVP levels in adult humans may sometimes be associated with a social challenge, such as a distressed pair-bond relationship (Taylor et al., 2006, 2010); therefore an alternate prediction was that the stress associated with fewer social connections would result in higher levels of peptides later (presumably, higher OT in females and higher AVP in males). The most recent data suggest that OT and AVP levels may often exhibit complex, nonlinear relationships with social variables; a recent study with a very large sample showed a U-shaped relationship between OT levels and trust (Zhong et al., 2012). We therefore also tested whether friendship involvement in our subjects would demonstrate a non-linear relationship with neuropeptide levels measured later in development.

MATERIALS AND METHODS

SUBJECTS AND HOUSING

Subjects were 54 rhesus macaques (29 males) that had participated in our previous study of yearling friendships (Weinstein and Capitanio, 2008; note that our original N = 57, however only 54 animals were available for blood sampling for the current study). Subjects were housed in half-acre (0.19 ha) outdoor breeding corrals at the California National Primate Research Center (CNPRC). Each corral housed approximately 90–150 animals of all age/sex classes year-round, and, like wild rhesus monkey troops, groups were organized around female-headed extended families (matrilines). Each corral contained several separate matrilines, which in turn typically comprised several generations of kin. Corrals were constructed of chain-link sides and top measuring 30.5 m wide × 61 m deep × 9 m high, a natural substrate floor, several wooden A-frame structures, PVC-coated perches, a variety of climbing devices, and several food hoppers. Primate laboratory chow was provided twice daily, fruit and vegetable supplements were provided twice weekly, and water was available ad libitum.

For the yearling behavioral data collection portion of the study, all subjects were housed in the outdoor breeding corrals described above. However, shortly before the first blood sample was collected, six subjects were removed from their natal groups due to social instability. Five of these animals were sampled while pair-housed in standard indoor living cages measuring 0.58 × 0.66 × 0.81 m, and one subject was sampled while living in an outdoor corncrib. Corncrib groups contained 1 adult male and 3–6 adult females and their offspring, and consisted of two outdoor cylindrical structures approximately 4 m in diameter constructed of chain-link fencing and connected by a rectangular passageway. Like the breeding corrals, corncribs contained PVC perches, climbing structures, and food hoppers. At the time the second blood sample was collected, 42 subjects were living in the outdoor breeding corrals, 8 had been relocated indoors, and 1 subject continued to live in a corncrib.

AFFILIATIVE BEHAVIORAL DATA COLLECTION

We previously described affiliative behavior data collection methods (Weinstein and Capitanio, 2008). Briefly, when subjects were approximately 1 year of age, we conducted 15 10-min continuous focal observations on each subject over a 10-week period during the mating season. Mating season in this population typically lasts from August through December. Subjects consisted of two birth cohorts, and were therefore observed in two separate years, in 2003 and 2004. Subjects’ mean age at the start of behavioral observations was 1.44 years. We observed subjects between 0800 and 1200 h, 4–5 days per week, and used a Psion Workabout handheld computer equipped with The Observer Mobile 3.0 (Noldus Information Technology, Wageningen, The Netherlands) to record frequencies and durations of proximity (within arm’s reach of another monkey), play (shoving, grabbing, slapping, chasing, pushing, wrestling and/or mouthing behavior accompanied by a play face (wide eyes, open mouth without bared teeth) or a loose, exaggerated posture and gait), nonaggressive physical contact, and grooming (picking through and examining the fur of another monkey, parting the fur with the hands or mouth). We recorded identities of all participants as well as the direction of initiation of all interactions. Inter-observer reliability exceeded 80% for all behaviors.

ASSESSMENT OF DOMINANCE RANKS

Dominance relations among corral group members were regularly assessed by behavioral management staff at the CNPRC by observing the monkeys’ feeding order and direction of displacements and aggression both around and in the absence of temporarily concentrated food sources. Each corral contained a clear-cut linear dominance hierarchy between the different matrilines, such that all members of the highest-ranking matriline were dominant over all members of the second-ranking matriline, who in turn outranked all members of the third-ranking matriline, and so forth. We used the numerical dominance ranks derived by the staff for each adult female at the time of yearling behavioral data collection to classify matrilines as high-, middle-, or low-ranking (i.e., top, middle, or bottom one-third of the hierarchy). Since yearling rhesus macaques have not yet formalized their own ranks in the hierarchy, we classified them according to maternal rank.

BLOOD SAMPLING PROCEDURE

All available animals that had previously been subjects in the yearling affiliation study were sampled. We collected blood samples from subjects on two occasions: the first sample was obtained in October-November 2005 between 0115 h and 0230 h, and the second sample in July-August 2006 between 1000 h and 1100 h. All animal handling and blood sampling procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the University of California, Davis. At the time the first sample was collected, 54 subjects were available for sampling: 48 subjects were still living in the outdoor breeding corrals, five were pair-housed in standard indoor living cages, and one was living in an outdoor corncrib. At the time the second blood sample was collected, 51 subjects were available: 42 subjects were housed in the outdoor breeding corrals, 8 had been relocated indoors, and 1 subject continued to live in a corncrib. Each outdoor-housed subject was net captured and manually restrained in their corral or corncrib by trained animal technicians, and a 1.0 ml sample of blood was drawn via femoral venipuncture. Subjects were released back into their corral or corncrib immediately following sample collection. A maximum of 3 animals per corral were sampled per day in a predetermined random order. Indoor-housed animals were restrained by use of an intra-cage squeeze mechanism. After collection, blood samples were transferred into sterile, vacuum-sealed tubes coated with heparin, which were placed on ice until being brought to the laboratory for storage and analysis. During blood sampling, an observer used a stopwatch to record the following time points: first entry into the outdoor cage or indoor room; if outdoors, the instant the animals was captured by the net; if indoors, the moment at which the technician approached the subject’s living cage; and the point at which the needle was withdrawn.

ASSAYS

After blood samples were brought to the laboratory, they were centrifuged at 4°C for 10 min to separate and extract plasma. Plasma was stored at −80°C until assay. We measured plasma concentrations of OT and AVP using a commercially prepared enzyme immunoassay (EIA) kit manufactured by Assay Designs (Ann Arbor, MI) and validated for use in rhesus macaques by Bales et al. (2005). Prior to assay, plasma was diluted with assay buffer using a 1:6 ratio for the OT assay, and a 1:8 ratio for the AVP assay. Intra-assay coefficients of variation were 4.24% (OT) and 5.16% (AVP), and the inter-assay coefficients of variation were 3.71% for OT and 2.13% for AVP. Assay sensitivity was 15.55 pg/ml for OT and 2.34 pg/ml for AVP; none of the samples fell below assay sensitivity.

STATISTICAL ANALYSIS

Quantifying friendships

We had previously calculated each subject’s friendships based on durations of affiliative interactions with same-age peers (see Weinstein and Capitanio, 2008). We divided each subject’s data into five 2-week periods (biweeks); during each biweek we had collected three 10-min focal samples per subject. We then calculated the total duration of affiliation initiated by each subject toward each peer during a given biweek as a percentage of total time observed. We entered each of these percentages into separate tables for each subject, with columns representing biweeks (N = 5), and rows representing all peer group-mates. Any peer(s) with whom the focal animal did not affiliate during a given biweek received a “0” cell value. For each biweek, we then calculated the percentage of time the subject would have spent affiliating with each peer if the interactions were distributed equally across all peers during that time period, by summing the actual values in each column (i.e., biweek) and dividing by the total number of rows (peers) to give the expected value of that subject’s affiliation with each peer. For example, if a subject with five peer group-mates spent 10% of her time affiliating with those peers during a given biweek, she would be expected to spend 2% of her time with each peer if she were interacting randomly. We then used a chi square test (df = 4) to compare the actual and expected percentages for each individual peer across the 5 biweeks. Subject X was considered to have initiated a friendship with animal Y for behavior Z when X’s actual scores were significantly greater than expected (p < 0.05). We calculated friendships for each affiliative behavior separately, and classified them according to behavioral content and quality, with reciprocal and multiplex friendships representing the highest quality friendships (Table 1). Because our subjects rarely, if ever, engaged in grooming and contact with peers, we did not consider grooming or contact friendships as standalone variables in our analyses, but we did factor them into the calculations of multiplex, reciprocal, and total number of friendships.

Table 1. Yearling friendship classification.
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Relating friendships to neuropeptides

We used a repeated measures Linear Mixed Model analysis with an unstructured repeated covariance type in IBM SPSS Statistics version 21 to determine whether subjects’ friendships at age 1 (see Table 1) predicted plasma neuropeptide levels at two later points in development. We also included maternal dominance rank held at the time of behavioral data collection, sampling time point, birth cohort, parturition status, housing condition (living outdoors in a socially stable group, living outdoors in a socially unstable group, or living indoors), and blood sampling disturbance and draw times as independent variables. Blood sampling disturbance time was the number of seconds that elapsed between the time the door to the outdoor corral or indoor room was opened and the time the needle was withdrawn. Draw time was the number of seconds that elapsed between net capture and needle withdrawal for outdoor animals, and the number of seconds that elapsed between cage approach and needle withdrawal for indoor animals. Because OT and AVP’s relation to behavior has previously been found to differ according to sex in a number of studies (e.g., Bales et al., 2004c, 2007a, 2013), we computed the models separately for males and females. For each sex, we began with a model that included all independent variables, and used a backward elimination procedure to delete variables with a p-value ≥ 0.10 until all non-significant variables had been removed, aside from maternal dominance rank. Because our previous analyses revealed that subjects’ friendships varied significantly according to maternal dominance rank (Weinstein and Capitanio, 2008), we left this variable in as a control in our models. We then tested for interactions between maternal dominance rank and all significant friendship variables that remained in each model, and used backward elimination to delete non-significant interactions. Finally, we assessed whether friendship had a nonlinear relationship with neuropeptide levels by testing the significance of the quadratic function of the friendship variables that remained in each model. Table 2 lists the number of subjects in each categorical independent variable group.

Table 2. Number of subjects in each categorical independent variable group: sample 1 (sample 2).
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RESULTS

OXYTOCIN MODEL–FEMALES

The final model for OT in females contained a number of significant friendship variables. The relationship between the number of reciprocal friendships and plasma OT was significantly described by a U-shaped quadratic function (F(1,14) = 8.027, p = 0.013), such that overall, females with low or high numbers of reciprocal friendships had higher OT levels. Though rank by itself was not significant (F(2,14) = 2.717, p = 0.101), there was a significant interaction between rank and reciprocal friendships (F(2,14) = 10.083, p = 0.002; Figure 1), such that middle- and high-ranking females with the fewest reciprocal friendships had high OT levels. Additionally, high-ranking females who had the greatest numbers of reciprocal friendships also had high OT levels. The number of play friendships also significantly positively predicted plasma OT (F(1,14) = 11.492, p = 0.004), and there was a significant interaction between rank and the number of play friendships (F(2,14) = 7.763, p = 0.005; Figure 2). As shown in Figure 2, high-ranking females with no play friendships had the highest OT levels, which decreased as the number of friendships increased. Finally, cohort (the year that animals were born and therefore represents age) was significant, with older females having higher OT levels than younger females (F(1,14) = 19.669, p = 0.001; Figure 3). We did not find sampling time point, parturition status, housing condition, or blood sampling disturbance or draw times to significantly predict later OT levels (all p > 0.1). Beta coefficients for independent variables reaching statistical significance are in Table 3.
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FIGURE 1. There was a significant interaction between rank and reciprocal friendships (F(2,14) = 10.083, p = 0.002), such that middle- and high-ranking females with the fewest reciprocal friendships had high OT levels. Additionally, high-ranking females had the highest numbers of reciprocal friendships, and they also had high OT levels.
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FIGURE 2. There was a significant interaction between rank and the number of play friendships (F(2,14) = 7.763, p = 0.005), such that high-ranking females with no play friendships had the highest OT levels, which decreased as the number of friendships increased.
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FIGURE 3. We found significant birth cohort differences in OT for females, with older females having higher OT levels than younger females (F(1,14) = 19.669, p = 0.001). We also found significant birth cohort differences in AVP for both females (F(1,19) = 5.173, p = 0.035) and males (F(1,19.245) = 5.275, p = 0.033). In both sexes, older animals had higher AVP concentrations than younger animals.



Table 3. Linear mixed model for females’ friendships and plasma oxytocin concentrations.
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OXYTOCIN MODEL—MALES

Oxytocin was not related to friendship or any other independent variable for males.

VASOPRESSIN MODEL—FEMALES

The final model for vasopressin in females contained two friendship variables that neared significance: a positive trend for the total number of friendships initiated by subjects (F(1,19) = 4.180, p = 0.055; Figure 4, top panel), and a negative trend for the total number of play friendships (F(1,19) = 4.021, p = 0.059; Figure 4, bottom panel). Cohort was significant (F(1,19) = 5.173, p = 0.035; Figure 3), with older females having higher AVP concentrations than younger females, but rank was not (F(2,19) = 0.265, p = 0.770). We found neither sampling time point, parturition status, housing condition, nor blood sampling disturbance or draw times to significantly predict AVP levels (all p > 0.1). Beta coefficients for significant and trend-level effects are in Table 4.
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FIGURE 4. Top panel: In females, the total number of friendships initiated tended to positively predicted AVP levels (F(1,19) = 4.180, p = 0.055). Bottom panel: The total number of play friendships held by females tended to negatively predict AVP levels (F(1,19) = 4.021, p = 0.059).



Table 4. Linear mixed model for females’ friendships and plasma vasopressin concentrations.
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VASOPRESSIN MODEL—MALES

The final model for vasopressin in males contained a number of significant friendship variables, including a significant positive association with the number of multiplex friendships (F(1,22.166) = 7.140, p = 0.014) and significant negative relationships with the number of proximity (F(1,22.319) = 7.361, p = 0.013) and play (F(1,20.138) = 4.337, p = 0.050) friendships. We also found a positive association for subjects’ total number of friendships, which trended toward statistical significance (F(1,20.802) = 3.370, p = 0.081). There was a significant interaction between rank and the number of proximity friendships (F(2,18.857) = 6.279, p = 0.008; Figure 5), such that middle-ranked males with only one proximity friendship had the highest AVP levels. Cohort (F(1,19.245) = 5.275, p = 0.033; Figure 3) and rank (F(2,18.564) = 5.249, p = 0.016) were also significant, with older males having higher levels of AVP than younger males, and middle-ranked males having the highest AVP. In addition to these variables, measures associated with the blood draw procedures were significant predictors of AVP concentrations: disturbance time positively predicted AVP (F(1,27.991) = 28.188, p < 0.0001), and draw time negatively predicted AVP (F(1,37.113) = 4.722, p = 0.036). Neither sampling time point nor housing condition significantly predicted AVP levels (all p > 0.1). Beta coefficients for significant and trend-level associations are in Table 5.
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FIGURE 5. There was a significant interaction between rank and the number of proximity friendships (F(2,18.857) = 6.279, p = 0.008), such that middle-ranked males with only one proximity friendship had the highest AVP levels.



Table 5. Linear mixed model for males’ friendships and plasma vasopressin concentrations.
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DISCUSSION

Our study revealed that the number and quality of friendships experienced early in development by young rhesus monkeys predict the future functioning of their OT and AVP systems. These associations were complex, sex-specific, and often affected by rank, especially in females. In interpreting our findings, we note that our subjects’ friendship experiences were assessed at 1 year of age, which was 1–3 years prior to blood sampling. Thus, developmental processes, including negative or positive feedback on the OT and AVP systems, may have been reflected in peptide levels at the time that the samples were taken (Bales and Perkeybile, 2012).

Plasma OT was clearly more related to friendship in females than in males, as no friendship measure significantly predicted males’ OT concentrations. In females, OT concentrations were related to both reciprocal and play friendships. As mentioned in the Introduction section, reciprocity may be a key feature of relationships that are subserved by the OT system (Atzil et al., 2012; Schneiderman et al., 2012). In 3-year-old human children, salivary OT levels are positively correlated with reciprocal interactions with a best friend (Feldman et al., 2013). In adult human males, intranasal OT administration enhanced caudate nucleus response to reciprocated cooperation, which might indicate a more rewarding experience (Rilling et al., 2012). Reciprocal friendships are particularly significant in young rhesus monkeys, as they are among the highest quality friendships, and are most likely to persist over time (Weinstein and Capitanio, 2012); similar results have been found in humans (Gershman and Hayes, 1983; Bukowski et al., 1994). We found a quadratic, U-shaped relationship between plasma OT and the number of reciprocal friendships, which is in line with previous studies demonstrating U-shaped associations between OT and social behavior (e.g., Zhong et al., 2012), and suggests that opposing phenotypes of friendship involvement can generate a similar OT response. For females with very high numbers of reciprocal friendships, greater OT concentrations are in keeping with the abovementioned positive links between reciprocity and OT. The elevated OT levels that characterized females with no or only one reciprocal friendship, in contrast, is unclear; we speculate this finding may reflect a compensatory response of the OT system to a social stressor early in development (lack of high quality friends). This is consistent with the finding that plasma OT levels are higher in humans who experience gaps in their social relationships (Taylor et al., 2006), and may reflect an adaptive response which protects individuals from the deleterious physiological and behavioral effects of social isolation (Grippo et al., 2009). We also found an interaction between the number of reciprocal friendships and rank (Figure 1). The highest OT levels were displayed by middle-ranking females with no reciprocal friendships and high-ranking females with no or only one reciprocal friendship, suggesting that to these females, a lack of high quality friends may be a particularly powerful stressor. Low-ranking females, on the other hand, might presumably have lower expectations of receiving positive treatment from other animals, and not respond as much to the lack of reciprocal friendships. That dominance rank may influence an individual’s perceptions and expectations of her social environment and subsequent OT functioning is consistent with studies in humans showing OT’s relation to social behavior to be context-dependent, varying according to whether an individual perceives the social environment to be more or less safe (Olff et al., 2013).

We found a significant positive main effect of number of play friendships on OT concentrations in females, as well as a significant interaction with dominance rank. Social play typically requires an individual put him/herself in a vulnerable position, and Spinka et al. (2001) proposed that the vulnerability and loss of control inherent in play function to train individuals to physically and emotionally cope with unexpected stressful situations. The overall positive effect of involvement in play friendships on later OT concentrations supports this proposed function, as OT has been previously shown to decrease subjective ratings of stress (Heinrichs et al., 2003), possibly through its influence on parasympathetic control (Norman et al., 2011) and/or amygdala activity (Viviani et al., 2011). The relationship between OT, rank and play friendships in females (Figure 2) suggests, however, that only high-ranking females are especially sensitive to a lack of play friendships (as well as a lack of reciprocal friendships, see above), further supporting the idea that the greater OT concentrations in these high-ranked females may be a compensatory, adaptive response to a lack of social relationships which only emerges in a specific context (that of occupying a position of elevated social status).

In females, play friendships were also related to AVP levels, showing an inverse association that trended toward but did not reach significance (p = 0.059) (Figure 4, bottom panel; although graphically this appears to be another U-shaped relationship, the quadratic function was not significant). The same negative beta coefficient characterizing the relationship of AVP to number of play friendships in females was also evident in males, where it achieved significance. AVP is associated with many peripheral functions including water retention, increasing vascular constriction, physical activity (see below), and increasing HPA axis activity by potentiating the stimulatory effect of corticotropin-releasing hormone (CRH) on the secretion of adrenocorticotropic hormone (ACTH) from the anterior pituitary (Aguilera, 2011). Over the course of development, a greater number of play friendships might have led to lower levels of AVP through the stress-reducing effects of play. The fact that this association between play friendships and AVP achieved statistical significance only in males, however, suggests that play’s stress-relieving effects may be more potent in male than in female rhesus macaques, who spend less time playing overall (Weinstein and Capitanio, 2008). Only a small handful of studies—primarily limited to rodents—have specifically investigated AVP’s relation to play (Cheng et al., 2008; Cheng and Delville, 2009; Veenema and Neumann, 2009; Wang et al., 2012), and the mechanisms by which play may regulate and be regulated by the AVP system are therefore not fully understood, and warrant further investigation.

In males, higher plasma AVP was significantly associated with a greater number of multiplex friendships, which are characterized by a preference displayed toward a peer for more than one type of social interaction. AVP has been associated in many social contexts with a willingness to engage proactively (Carter et al., 1995; Bosch and Neumann, 2012), and in some contexts and dosages it is anxiolytic (Dharmadhikari et al., 1997). It is therefore not surprising to see it associated with higher numbers of multiplex friendships, in that more proactive animals might be likelier to initiate consistent social interactions with a greater number of peers in a variety of behavioral domains. High plasma AVP also tended to be positively predicted by the total number of friends in both females (Figure 4, top panel) and males, though the associations were not statistically significant (p = 0.055 for females and p = 0.081 for males). Although these trends support the aforementioned notion that high AVP may relate to a more socially proactive phenotype, their failure to reach significance suggests that the total number of an individual’s friends may not be the most relevant factor to neuropeptide functioning, and that—at least for males—it is involvement in behaviorally complex (i.e., high quality) friendships that plays a key role in the development of the AVP system.

In males, but not females, AVP levels were significantly predicted by involvement in proximity friendships, suggesting differential importance of proximity friendships by sex. Proximity friendships are characterized by spending significant amounts of time together in a relatively sedentary state. Males with more proximity friendships had decreased AVP levels, consistent with this neuropeptide’s expected inverse relationship with physical inactivity. The relationship between rank, proximity friendships, and AVP was complicated, with middle-ranking animals who had only one proximity friendship—the lowest number of proximity friendships held by any animal—showing especially high levels of AVP (Figure 5). Middle-ranked monkeys hold a unique status in their social groups, as they are dominant and subordinate to approximately the same number of their group-mates, and consequently must be equally prepared to exhibit either one of two opposing responses to a conspecific (dominance or submission). Middle-ranked individuals are more attentive to a variety of social situations as compared to their high- and low-ranking counterparts (Haude et al., 1976; Capitanio et al., 1985), and heightened social attention may be necessary for such behavioral flexibility. As social attention and perception may relate to AVP functioning (Thompson et al., 2004, 2006), we speculate that in our male subjects, the high attentional demands of being middle-ranked are reflected by high AVP concentrations (recall that middle-ranked males had higher AVP overall), which may decrease as a result of the buffering effects of having more proximity friends. The manifold associations between different friendship types and plasma AVP in males suggests that in rhesus macaques, as in humans, AVP’s role in social relationships reflects diverse social processes (Gouin et al., 2012), which may also be influenced by an individual’s social environment (i.e., dominance rank).

In males, disturbance time positively related to plasma levels of AVP, while draw time was negatively related. The positive association between disturbance time (the time that elapsed between the opening of the door to animals’ enclosure and the time the needle was withdrawn) and AVP suggests that AVP was secreted in response to physical activity and/or the stress of the capture procedure in males. At the CNPRC, net capturing a single monkey causes all of the monkeys in a particular corral to run several laps around its periphery. Previous studies in both humans and animals have found that plasma AVP levels show an immediate surge in response to exercise (Alexander et al., 1991), and the degree to which AVP levels rise is determined by exercise intensity (Convertino et al., 1981; el-Sayed et al., 1990) and duration (Coiro et al., 2010; Reza et al., 2011). AVP secretion following the experience of running and net capture may in turn stimulate the release of ACTH, thus activating the HPA axis (Aguilera, 2011). Conversely, draw time reflects the amount of time our subjects spent being restrained for the blood draw, and therefore physically inactive, and the inverse relationship between draw time and AVP suggests that AVP levels began to drop as soon as the animal was captured. Similarly, in humans, AVP levels begin to drop almost immediately upon exercise cessation (Ferrari et al., 1991; Wittert et al., 1991). To our knowledge, ours is the first study to demonstrate a relationship between physical activity and AVP in nonhuman primates, though we found this effect only in males. This sex-specific effect may reflect the life-history difference that while females remain in their natal group their entire lives, males emigrate from their troop upon reaching puberty, and wander until they find a new troop to join (Lindburg, 1971). AVP may thus be an important mechanism involved in the regulation of male emigration; consistent with this interpretation is the fact that our male subjects were approaching or had already reached adolescence, and nearly ready to commence emigrating had they been living in the wild. Our results therefore indicate that measures of physical activity may be important to include in any future studies of AVP and social relationships.

We also found a relationship between birth cohort and both OT and AVP, with AVP higher in both older males and older females, and OT higher in older females (Figure 3). Note, however, that we did not find significant differences in either OT or AVP between the first and second blood sampling time points, suggesting that neither OT nor AVP concentrations show seasonal variation in this species, and that any developmental changes in our subjects that occurred between these two time points were not substantial enough to significantly alter neuropeptide concentrations. Our first blood sample was taken from 2.5 and 3.5 year olds, thus the 2.5 year olds were pre-pubescent while the 3.5 year olds were peri/post-pubescent (and some females were mature enough to be in the very early stages of pregnancy). These two cohorts thus represent a contrast between juvenility-early adolescence and adolescence-early adulthood. There is only limited evidence for changes in plasma OT levels with aging (Ebner et al., 2013), however, since OT levels are estrogen-dependent (Amico et al., 1981), a rise might be expected with reproductive maturation in females. Similarly, higher AVP levels in the older cohort may be associated with maturation of the reproductive axis; AVP is androgen-dependent (De Vries and Villalba, 1997), and testosterone would likely be higher in peri/post-pubescent than in pre-pubescent males (Bernstein et al., 1991). We note that at both blood sampling time points, pregnancy/having an infant had no effect on either neuropeptide.

Friendships are especially important to study in some special populations such as children with autism (Rowley et al., 2012). Children with autism display fewer reciprocal friendships (Kasari et al., 2011), and these lower quality friendships in some cases caused even higher anxiety than a lack of friends (Mazurek and Kanne, 2010). Play dates can be beneficial to social functioning in children with autism (Frankel et al., 2011), especially with parent-assisted supervision (Frankel and Whitham, 2011). Given both the large number of associations between OT, AVP, and autism (Carter, 2007; Jacob et al., 2007; Gregory et al., 2009, 2013; Feldman, 2012), and the current initiatives to use intranasal OT as a therapeutic for autism (Anagnoustou et al., 2012; Bakermans-Kranenburg and Van Ijzendoorn, 2013), it will be important for future studies to consider friendships and how these treatments affect the quality of this very salient real-life measure of functioning in children with autism.

Overall, we found OT and AVP to relate to friendship in very sex-specific ways. Sex differences in friendship involvement have been well documented in children (Kon and Losenkov, 1978; Benenson et al., 1998; Hardy et al., 2002; Benenson and Christakos, 2003; Benenson and Alavi, 2004; de Guzman et al., 2004), and have been similarly demonstrated in rhesus macaques (Weinstein and Capitanio, 2008, 2012). The examination of the sex-specific ways in which OT and AVP relate to social relationships in nonhuman primates has thus far been rarely studied, but may be particularly important because of potential translational relevance. While autism is primarily a condition found in males (CDC, 2012), 1 in 252 American girls are also affected. So far, clinical trials with OT have been carried out mainly in males (Tachibana et al., 2013; Dadds et al., 2014), or in samples with insufficient numbers of females to detect sex differences in treatment efficacy (Anagnoustou et al., 2012). Plasma OT and AVP show sex-specific relationships to autism symptoms (Miller et al., 2013). Social context is also potentially important to the actions of OT (Bartz et al., 2011), suggesting that sex differences in friendships could interact with sex differences in reactions to therapeutic OT.

It is important to note that although we found several significant associations between early friendship involvement and later neuropeptide concentrations, it is impossible to determine the precise causal relationships between these variables. Given that our friendship measures preceded blood sampling by 1 or more years, we believe it likely that early friendship involvement produced lasting effects on neuropeptide functioning. However, as mentioned in the Introduction section, it is certainly possible for early neuropeptide functioning to influence an individual’s propensity to form friendships as well (e.g., Bales et al., 2007b). Previous research suggests that peripheral neuropeptide concentrations reflect both trait-level characteristics (i.e., personality or temperament) and state-level factors (i.e., aspects of an individual’s social environment and interactions; Strathearn et al., 2012), thus the peripheral concentrations in our subjects could have similarly been a product not only of the state-level variables of friendship involvement, but of trait-level variables such as temperament, which our earlier studies have shown to influence rhesus macaque friendships (Weinstein and Capitanio, 2008, 2012). Examining the relationship between temperament and neuropeptide concentrations in this species is a direction that we are currently pursuing.

Finally, there is a gap in the literature on neuropeptides and social relationships with regard to friendships. This represents a future direction that should be explored, for several reasons. First of all, friendships are distinct from attachment relationships (Mason and Mendoza, 1998), but how the physiological substrates differ is not known. Friendships are important for children’s healthy development, both neurotypical and those with developmental disorders. Friendships may be more pervasive than attachment relationships, and are very important in predicting long-term health outcomes, which particularly calls for further investigation of the role of OT in social buffering. Lastly, in a recent review of sociality and neuropeptides, Goodson (2013) points out that sociality is a multifaceted phenomenon which is often mistakenly considered homogeneous and therefore not parsed into its various components when examining the underlying roles of OT and AVP. Specifically teasing apart the roles played by OT and AVP not only in the general phenomenon of friendship, but in specific types of friendships that vary in quality, is therefore critical in order to understand how neuropeptides relate to each of the wide-ranging aspects of sociality that evolved in both human and animal species.
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Polymorphisms of the OXTR gene affect people's social interaction styles in various social encounters: carriers of the OXTR GG, compared to the OXTR AA/AG in general, are more motivated to interact socially and detect social salience. We focus on sales professionals operating in knowledge intensive organizations. Study 1, with a sample of 141 sales people, shows that carriers of the OXTR GG allele, compared to the OXTR AA/AG allele, are more motivated to help customers than to manipulatively impose goods/services on them. Study 2, using genomic functional magnetic resonance imaging (fMRI) on a sample of 21 sales professionals processing facial pictures with different emotional valences, investigates key nuclei of social brain regions (SBRs). Compared to OXTR AA/AG carriers, OXTR GG carriers experience greater effective connectivity between SBRs of interest measured by Granger causality tests using univariate Haugh tests. In addition, the multivariate El-Himdi and Roy tests demonstrate that the amygdala, prefrontal cortex, and pars opercularis (inferior frontal gyrus) play key roles when processing emotional expressions. The bilateral amygdala and medial prefrontal cortex (mPFC) show significantly greater clout—influence on other brain regions—for GG allele carriers than non-carriers; likewise, the bilateral pars opercularis, left amygdala, and left mPFC are more receptive to activity in other brain regions among GG allele carriers than AG/AA allele carriers are. Thus, carriers of the OXTR GG allele are more sensitive to changes in emotional cues, enhancing social salience. To our knowledge, this is the first study on how insights from imaging genetics help understanding of the social motivation of people operating in a professional setting.
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“We're not in the coffee business serving people,” Howard Behar, the former president of Starbucks, told me. “We're in the people business serving coffee. Our entire business model is based on fantastic customer service. Without that, we're toast.”

(Duhigg, 2012, p. 141).

INTRODUCTION

What actually motivates employees in firms like Starbucks, Walt Disney, or IBM to interact prosocially and pleasantly with customers and crave to develop positive relationships with them? For instance, “What Walt (Disney) really wanted were employees with ready smiles and a knack for dealing pleasantly with larger numbers of people” (Bright, 1987, p. 111). This capacity to be friendly and deal pleasantly with customers is known as emotional labor (Ashforth and Humphrey, 1993). Here, we conceive emotional labor not as an amodal cognitive decision (“I decided to be friendly with my customer”), but as changes in the neuroendocrine functioning of oxytocin (OT), a process which occurs largely unconsciously and affects people's social interactions such as inferring emotions of others and working to promote mutuality (Bethlehem et al., 2013). For example, administering OT helps people to behave cooperatively and generously and has thus been called the “moral molecule” (Zak, 2009). In what follows, we explore the role of OT levels in employees interacting in business contests. Specifically, we examine whether sales professionals who are carriers of polymorphisms of the OXTR gene like helping customers, and whether sales professionals who are carriers of the GG OXTR allele, as opposed to the GA/AA OXTR allele, show different brain connectivity when they process human faces with different emotional valences (e.g., Bethlehem et al., 2013).

OT is synthesized in the paraventricular nuclei (PVN) and supraoptic nuclei (SON) of the hypothalamus (e.g., Bos et al., 2012). Parvocellular neuropeptide containing neurons in the PVN and SON synthesize and project to different nuclei in the central nervous system (CNS), especially the amygdala (the central amygdala in particular), nucleus accumbens (Nac), orbital frontal cortex (OFC), medial prefrontal cortex (mPFC), and brainstem regions (Landgraf and Neumann, 2004; Ross and Young, 2009; Bos et al., 2012; Veening and Olivier, 2013). There are a vast number of mechanisms of action by which OT reaches and affects these different brain regions (see Bethlehem et al., 2013 for a good overview). As research using different technologies continues to unfold [e.g., pharmacological interventions/optogenetic activation/functional magnetic resonance imaging (fMRI)] a huge variety of OT mechanisms affecting CNS functioning will and have been observed. For instance, Knobloch et al. (2012) show that PVN-central amygdala connections are stronger than SON-central amygdala connections, but also that accessory magnocellular hypothalamic nuclei affect the central amygdala, all influencing activity of inhibitory amygdala cells, thus reducing expression of fear (see also Ross and Young, 2009). OT release is also found in plasma, extracellular and cerebrospinal fluid (Born et al., 2002; Landgraf and Neumann, 2004; Veening et al., 2010; Veening and Olivier, 2013). OT has a longer half-life than traditional neurotransmitters, which allows it to travel over longer distances to different brain regions (Landgraf and Neumann, 2004; Veening and Olivier, 2013). In addition, depending on the brain areas involved, different cascading effects of neuro peptide release could be found (Landgraf and Neumann, 2004; Bethlehem et al., 2013).

In this paper we build (and focus) on earlier observations that higher OT levels change the connectivity between different brain regions and affect social motivation and the detection of social salience (Skuse and Gallagher, 2009; Meyer-Lindenberg et al., 2011; Bethlehem et al., 2013). Studies using OT administration show different changes in connectivity, especially between the amygdala and such brain nuclei such as the OFC, anterior cingulated cortex (ACC), hippocampus, and precuneus, where they become more connected when participants are confronted with social-emotional laden stimuli (e.g., Riem et al., 2011; Feldman, 2012; Bethlehem et al., 2013).

Social motivation entails a desire (wanting) and enjoyment (liking) to feel included in a social relationship or group, and social salience involves a proclivity to attend to facial expressions that are relevant to feeling accepted by others (Chevallier et al., 2012). Two factors affect how OT influences social motivation and social cognition: contextual effects and individual differences (Bartz et al., 2011).

First, in cooperative environments, but not in contrary (opposing) environments, OT affects the amygdala—a key hub in neural networks involved in social cognition (Adolphs, 2010)—and guides attention through its connectivity to the fusiform gyrus and several regions in the prefrontal cortex to focus scrutiny on biologically relevant stimuli from other people, such as eye movements and other facial cues. This facilitates social salience [“Are others (still) favorable to me?”] and selective attention to changing valences (positive, neutral, negative) of facial expressions that are relevant to social relationships (Adolphs, 2001; Skuse and Gallagher, 2009). OT also affects the NAc (which has dense dopamine and OT receptors) that through its connectivity with the mPFC is involved in decision utility estimation, allowing computation of salience value (“Is this social cue rewarding?”) (Adolphs, 2008; Aragona and Wang, 2009; Meyer-Lindenberg et al., 2011; Chevallier et al., 2012). Finally, OT affects the mPFC, and through the mPFC activation, people consciously experience a companion as “enjoyable,” (subjective hedonic value) which then affects social memory for that specific person (Depue and Morrone-Strupinsky, 2005, p. 340). These coupled neural processes explain “wanting” to be included in a group or to create social relationships and thus spontaneous initiation of actions toward others (e.g., approaching or helping others) (Aragona and Wang, 2009; Kohls et al., 2013). During social interaction, people shape their social skills and empathic abilities; for instance, this is when the mirror neuron system undergoes plasticity to form new connections between neurons, which in turn facilitate actions that lead to social inclusion (Iacoboni, 2009).

Besides the neuropeptide OT, endogenous opioids (a peptide) also affect the processes related to social motivation and social cognition (Chevallier et al., 2012, p. 233). Facilitatory effects of the opioids are thought to be exerted from the hypothalamic arcuate nucleus which has fibers that reach brain regions like the mPFC, amygdala, and Nac, all known to be densely populated with opioid receptors (Mansour et al., 1988). Opioids are produced when individuals engage in social companionship, making it enjoyable (Depue and Morrone-Strupinsky, 2005, p. 340; Nelson and Panksepp, 1998; Berridge et al., 2009; Trezza et al., 2010). Given that opioids affect enjoyment (and memory of companionship and subsequent wanting processes) there is some conjecture that OT and opioid “neurochemical projections work together as part of a unitary brain process or affiliative circuit which regulates mammalian affiliative behavior” (Nelson and Panksepp, 1998, p. 466). However, the way in which OT and opioids (might) interact is still a matter of debate and beyond the scope of this paper (see Depue and Morrone-Strupinsky, 2005, p. 340).

Second, individual differences affect how OT influences the connectivity of different regions such as the Nac, amygdala, fusiform gyrus, and OFC (Tost et al., 2012). Genetic differences in the OT receptor gene (OXTR) have been targeted (e.g., Meyer-Lindenberg et al., 2011), as carriers of the OXTR GG allele show higher desire (wanting) to engage socially with others and are better in detecting social salience than carriers of the AA/AG alleles (Tost et al., 2010). Developmentally, carriers of the OXTR AG/AA, as opposed to the GG alleles, tend to engage in different developmental trajectories that affect their brain networks. Those less attuned to detect social salience might become less socially motivated over time (Chevallier et al., 2012).

Seeking translational implications of research on OT (meaning that OT has specific effects in definitive environmental contexts; Bartz et al., 2011), we focus on a specific context where employees (sales professionals) interact with customers. Two alternative interaction styles are commonly distinguished: customer orientation (CO) vs. selling orientation (SO). CO is a self-initiated inclination to help customers satisfy their needs, often with the hope of building long-term relationships that will benefit both seller and buyer (Zablah et al., 2012, p. 22). In contrast, SO is largely a one-sided preference to meet one's own needs primarily, often manipulatively, at the expense of the customer and with a short-run time horizon (Saxe and Weitz, 1982). We explore two questions in two consecutive studies: (1) Are sales professionals high in CO, as opposed to SO, more likely to be carriers of the OT receptor (OXTR) polymorphism GG as opposed to the AG/AA alleles? (2) When confronted with faces showing different emotional valences, do sales professionals who carry the OXTR GG, vs. AG/AA alleles, show stronger network connectivity between the social brain regions (SBRs)? The SBRs are known to be associated with social salience, and the focus is on the central role the amygdala plays in the connectivity of different nuclei within SBRs when people are confronted with faces of different emotional value or salience (Skuse and Gallagher, 2009; Bethlehem et al., 2013).

Different polymorphisms in the OXTR gene are located on chromosome 3p25-3p26.2, specifically the rs 53576, rs 2254298, rs 1042778, rs237887, and rs2228485, which are known to affect social functioning (Inoue et al., 2010; Meyer-Lindenberg et al., 2011). Here we focus on the single nucleotide polymorphism rs53576 on the third intron of the OXTR gene because recent research suggests its centrality as a modulator in social motivation and social salience (e.g., Rodrigues et al., 2009; Kumsta and Heinrichs, 2012). Phenotypically, carriers of the OXTR GG allele, vs. AG/AA alleles, display more prosocial behavior and empathy (see Kumsta and Heinrichs, 2012, for an overview). Carriers of the OXTR GG, vs. AA allele, showed higher positive affect (Lucht et al., 2009), were more dependent on reward (reliant on social approval) (Tost et al., 2010) and possessed more personal psychological resources such as self-esteem and mastery (Saphire-Bernstein et al., 2011). Parents who were carriers of the OXTR AA showed lower levels of sensitive responses to their toddlers (Bakermans-Kranenburg et al., 2008). Carriers of the OXTR AA/AG allele, as opposed to the GG, also scored lower on empathy (“reading the mind in the eyes” test) (Rodrigues et al., 2009). More important for our study, as customers ultimately are the ones who evaluate sales professionals, Kogan et al. (2011) showed that carriers of the OXTR GG allele, as opposed to carriers of the OXTR AA/AG, display more prosociality in nonverbal displays when judged by outsiders. Likewise, Tost et al. (2010) found that the former have a higher degree of reward dependency (interest in social approval). Studying carriers of the OXTR GG allele, vs. AG/AA, during a two-person investment game, Krueger et al. (2012) showed that the former had higher trust in the other person. In addition, American (but not Korean) carriers of the OXTR GG allele were more likely to seek social support when feeling distressed (Kim et al., 2010). Finally, carriers of the OXTR AG/AA alleles (rs53576) reveal lower empathy and lower motivation to build social bonds (e.g., Rodrigues et al., 2009; Skuse and Gallagher, 2011; Kumsta and Heinrichs, 2012), but not all studies replicated these findings (e.g., Apicella et al., 2010). We hypothesize that sales professionals operating in actual professional environments and who are carriers of the OXTR GG (vs. OXTR AG/AA) allele will more likely engage in CO than SO.

An association between polymorphisms of a candidate gene and a phenotype brings up the possibility of uncovering implicit neural mechanisms that might explain this epidemiological finding. For example, Domes et al. (2007) show that the trust effect of mutuality can be explained by the fact that OT improved people's ability to accurately infer emotions from others [see also Bartz et al. (2010) for the effect of oxytocin on empathy].

Endophenotype research using fMRI on the differences between carriers of the OXTR GG, vs. AG/AA, may indicate that both carriers have developmental trajectories affecting the structure and the connectivity between brain nuclei of networks involved in social salience (e.g., Meyer-Lindenberg et al., 2011). For instance, carriers of the OXTR AA/AG, compared to GG carriers, show morphometric differences of the hypothalamus and amygdala (decreased volume in hypothalamus using voxel based morphology for the AA/AG carriers), and increased structural connectivity between the hypothalamus and both the dorsal anterior cingulate gyrus and the amygdala for the GG carriers (Tost et al., 2010). Tost et al. (2010) also found that carriers of the OXTR GG, as opposed to the OXTR AA/GA, have an increased connectivity between the hypothalamus and the amygdala during processing of emotionally salient social stimuli. Given that carriers of the OXTR GG are more prone to seeking social interaction, they should train their empathic and social understanding abilities accordingly (Kohls et al., 2012). A type of training and learning of the SBR is believed to occur in a Hebbian-like learning, as neurons that connect the different nuclei in the SBR show more connectivity when confronted with emotional stimuli (Iacoboni, 2009).

We conceive the SBR as including the amygdala, insula, pars opercularis, premotor cortex, and mPFC. The amygdala is included because of its key role in detecting social salience (Adolphs, 2008), and the insula is included because it is known to be involved in perception of emotional cues with different valences, as well as processing conflicting valences (happy, disgusted, etc.) (Singer et al., 2008; Bastiaansen et al., 2011; Riem et al., 2011). The mPFC and the pars opercularis are included because they are densely connected with the amygdala, and both play an important role in detecting social salience (Ghashghaei et al., 2007; Adolphs, 2008; Skuse and Gallagher, 2009). Viewing emotional facial expressions comes with associated facial mimicry and triggers an increase of activity in the precentral motor face area of the observer (Van der Gaag et al., 2007; Bastiaansen et al., 2011). Hence, the precentral motor face area is included in the SBR we investigated.

Adolphs (2008) and Skuse and Gallagher (2009) suggested that the amygdala plays an important role in social cognition (functioning as a hub), as it is responsible for processing salient stimuli, such as occurs when positive- and negative-valenced stimuli are processed (Adolphs, 2010). This central role of the amygdala occurs because it is densely connected with different nuclei such as the inferior occipital gyrus (part of the pars opercularis) and the mPFC. Therefore, in our study we particularly explored the connectivity of the amygdala with other SBRs while people processed pictures of faces with different emotional valence. To capture SBR activation, we explored effective connectivity between brain nuclei in brain networks (defined as the causal influence that one brain region exerts on another), as well as the causality of activation patterns during specific tasks (e.g., Bethlehem et al., 2013). We examined the effective connectivity of nuclei present in the SBR of carriers of the GG OXTR allele vs. the AA and AG alleles using univariate Granger causality testing in our experimental design (Haugh, 1976; Deshpande et al., 2008; Jiao et al., 2011).

Most studies have examined the existence and strength of directional relations between brain regions using univariate tests, and effective connectivity between two specific brain regions is tested one pair at a time (Goebel et al., 2003; Roebroeck et al., 2005; Bressler et al., 2008). However, given the substantial number of pair-wise directional relationships that may exist between all brain regions (e.g., for 10 brain regions, 90 possible pair-wise directional relationships have to be tested), such univariate testing approaches should not be employed alone. That would lead to inference problems (see Bauer et al., 1988). El-Himdi and Roy (1997) recommended performing multivariate Granger causality tests to investigate the existence of significant directional relationships between multiple pairs of brain regions simultaneously. Hence, we used the El-Himdi and Roy (1997) test to estimate Granger causality.

STUDY 1. OXTR POLYMORPHISMS AND ASSOCIATION WITH HELPING CUSTOMERS

MATERIALS AND METHODS

Subjects

Dutch sales professionals (n = 141) volunteered for a study of the role of biomarkers in professional relationships. All subjects were Caucasian, 13% women, 87% men. Of the participants, 49% had a university degree, while others were graduates of professional education programs, with, on average, 6.8 years of professional experience. All worked in knowledge intensive firms and sold engineering solutions, financial services or IT solutions.

Respondents were divided into two groups on the basis of their OXTR (rs53576) genotype. In the first group were individuals with two copies of the G allele (G homozygotes; n = 71; 50.4%). In the second group were individuals with both one copy of the A allele and G allele [A heterozygotes (A/G); n = 53; 37.6%] and two copies of the A allele [A homozygotes (A/A); n = 17; 12.1%]. We made this division because the A allele is the dominant allele for this specific genotype, while the G allele is the recessive allele. The genotypes were in agreement with the Hardy-Weinberg equilibrium—HWE: χ2(1) = 1.997, p = 0.16.

All genotyping was performed blind to demographic and clinical data. Buccal swabs were obtained from each subject. Genomic DNA was isolated from the samples using the Chemagic buccal swab kit on a Chemagen Module 1 workstation (Chemagen Biopolymer-Technologie AG, Baesweiler, Germany). DNA concentrations were measured using the Quant-iT DNA Assay kit (Invitrogen, Breda, Netherlands). The average yield was 4 μg of genomic DNA per buccal swab sample.

Genotyping

The region of interest from the OXTR gene was the single nucleotide polymorphism rs 53576. DNA was amplified by PCR using a forward primer (5′-GCCCACCATGCTCTCCACATC-3′) and a reverse primer (5′-GCTGGACTCAGAGGAATAGGGAC-3′). Typical PCR reactions contained between 10 and 100 ng genomic DNA template, 10 pmol of forward and reverse primers, and PCR was carried out in the presence of 5% DMSO with 0.3 U of BioThermAB polymerase (GeneCraft, Munster, Germany) in a total volume of 30 μg l using the following cycling conditions: initial denaturation step of 3 min at 95 μg C, followed by 40 cycles of 30s at 95 μg C, 30s at 60 μg C, 1 min at 72 μg C and a final extensions step of 3 min at 72 μg C. To determine the A/G polymorphism, PCR fragments were sequenced using the forward primer and dye terminator chemistry (BigDye v3.1, Applied Biosystems, Foster City, CA).

Measures

Measures of social mutuality in commercial relationships were obtained with a CO scale containing five 7-point disagree-agree Likert items. One item correlated relatively low with another item on the scale and was deleted. Confirmatory factor analysis showed that the four positively correlated items formed a single factor: χ2(2) = 2.71, p = 0.26, RMSEA = 0.07, NNFI = 0.98, CFI = 0.99, and SRMR = 0.03 (Hu and Bentler, 1999). Cronbach's alpha reliability of the items was 0.77. Examples of items include, “I try to find out what kind of product would be most helpful to a customer” and “I try to give customers an accurate expectation of what the product will do for them.” Similarly, the SO scale contained five 7-point disagree-agree Likert items. Confirmatory factor analysis showed that a single factor resulted: χ2(5) = 4.80, p = 0.44, RMSEA = 0.00, NNFI = 1.00, CFI = 1.00, and SRMR = 0.02 (Hu and Bentler, 1999). Cronbach's alpha reliability of the items was 0.92. Examples include, “It is necessary to stretch the truth in describing a product to a customer,” and “I paint too rosy a picture of my products, to make them sound as good as possible.” For all items of SO and CO, see Appendix.

Results

The mean for CO carriers of OXTR AA/AG was 5.95 (SD = 0.84) and for the GG carriers it was 6.23 (SD = 0.56). A t-test shows that the means differ significantly: t = 2.33, p < 0.05. The mean for SO and OXTR AA/AG carriers was 4.01 (SD = 0.185) and for GG carriers, 4.09 (SD = 1.78). A t-test shows that the means do not differ: t = 0.26, ns. In sum, CO relates to OXTR, as expected. SO is unrelated to OXTR, as forecast.

STUDY 2. UNCOVERING ACTIVATIONS OF THE SOCIAL BRAIN REGION USING GENOMIC IMAGING

MATERIALS AND METHODS

Subjects

Healthy participants were asked to participate in a study on personality and neurological processes. Twenty-one participants [13 men, 8 women; average age 34 years (SD = 6.13), ranging from 21 to 46 years old] and working in industries like IT, banking and industrial firms, volunteered to take part in an emotional-valenced stimuli task. The experiment had participants view video clips of human faces with different emotional valences (positive, negative, and neutral), and DNA samples were taken with the buccal swab. In the analysis to follow, we make a distinction between two groups: carriers of AA/AG alleles (8) were one group and carriers of GG allele (13) the second group. The OXTR polymorphism group is in HWE (χ2 = 3.5, p-value = 0.17). All subjects were right-handed, and in accordance with the guidelines specified by the local institutional review board, all signed written informed consents. An important point to note is that fMRI data analysis and time series extraction were done independently of the genotyping. This procedure was followed to ensure minimization of (misclassification) biases.

Stimulus and procedures

The emotional-valenced stimuli task consists of experimental stimuli of full-face, full-color video clips of five men and five women displaying various emotional states of anger, disgust, happiness, and surprise (Bastiaansen et al., 2011). In addition, we used two types of control stimuli: video clips of the same actors with neutral faces, and video clips displaying moving geometric shapes. Thus, the four experimental conditions were (1) positive emotional expressions: joy and surprise, (2) negative emotional expressions: anger and disgust, (3) neutral expressions, and (4) moving geometric shapes. Each clip was played for 3 s in 12-second blocks. Each block presented three separate clips with 1-s inter-stimulus pauses between clips. Each block was presented to a participant 12 times in pseudo-randomized order. Each block displayed only positive, negative, or neutral emotional states, or the moving geometric shapes. Conditions were counterbalanced. This setup is similar to one frequently used in experiments assessing emotional processing regions (e.g., Van der Gaag et al., 2007; Bastiaansen et al., 2011). Since there is convincing evidence that the mirror neuron system is involved in imitation as an immediate replica of the observed motor act, we also performed a control experiment, the imitation task (IT). Based on the results of contrast analysis, Imitation vs. Observation, we concluded that every subject had normally functioning emotional processing regions, as would be expected with healthy subjects (findings available on request).

Data acquisition

All imaging was performed on a 3T MRI scanner (GE Healthcare, Milwaukee, USA) using a dedicated 8-channel head coil for signal reception. For anatomical reference, a 3D high-resolution inversion recovery fast spoiled gradient recalled echo T1 weighted image was acquired [echo time (TE)/repetition time (TR)/inversion time = 2.1/10.4/300 ms, flip angle = 18°, matrix = 416 × 256, slice thickness 1.6 mm with 50% overlap].

For functional imaging, we used a single-shot gradient-echo echo-planar imaging sequence in transverse orientation that is sensitive to Blood Oxygenation Level Dependent (BOLD) contrast (TR/TE 3000/30ms. 64 × 96 matrix, 2.5 mm slice thickness, 39 contiguous slices), which covered the entire brain of any given experiment participant. Acquisition time was 9 min and 36 s with a time series of 192 imaging volumes per participant (including 15 s of dummy scans that were eventually discarded).

Experiments were performed in near-total darkness with all lights turned off except for the video projection. The visual stimuli were projected from the rear of a translucent screen in front of the scanner. Subjects viewed the video projection screen via a mirror system placed on top of the head coil. Stimuli were presented to subjects by the PC-based stimulation software package Presentation Software (Neurobehavioral Systems, Albany, California, USA) and were triggered by the scanner to ensure precise synchronization between data acquisition and presentation of the stimuli.

Functional imaging data analysis

The functional imaging data were analyzed using statistical parametric mapping software (SPM8, distributed by the Wellcome Trust Centre for Neuroimaging, University College London, UK) implemented in MATLAB (Version R2010a, Mathworks, Sherborn, MA, USA). Motion correction, slice-time correction, and co-registration were done according to the methodology provided by SPM8. Brain volumes were normalized to the standard space defined by the Montreal Neurological Institute (MNI) template. The normalized data had a resolution of 2 × 2 × 2 mm3 and were spatially smoothed with a three-dimensional isotropic Gaussian kernel, with a full width half maximum of 8 × 8 × 8 mm3.

Anatomical regions of interest (ROIs) were selected based on activation in the contrast-based analysis (Emotional Faces > Neutral Faces). Using SPM8 and MarsBar (Brett et al., 2002; Martin et al., 2005; Jiao et al., 2011), the underlying time series of signal intensity were extracted from these ROI to our study (similar procedures as described in Jiao et al. (2011) and Mies et al. (2011). Granger causality analyses were performed using the ROIs time series to explore the effective connectivity of these regions active during the emotional processing task by taking into account a subject's variations of OXTR gene. To control for autocorrelation, a univariate or multivariate filter is applied on all the time series, for the Haugh test and El-Himdi and Roy test, respectively. The amygdala, insula, pars opercularis, mPFC and premotor cortex were selected as ROIs for the SBR (see Skuse and Gallagher, 2009). Figure 1 presents a graphical overview of the location of regions activated in the contrast analysis.
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FIGURE 1. Hypothetical locations of the regions active during the processing of emotional-valenced stimuli (amygdala, pars opercularis, motor cortex, and medial prefrontal cortex).



Genotyping

All genotyping was performed blind to clinical and demographic data and family relationships. The SNP marker rs53576 [Celera ID: C 3290335 10] is genotyped using TaqMan® SNP Genotyping Assays (Applied Biosystems, Foster City, CA, http://www.appliedbiosystems.com). TaqMan® PCR reactions were done with Universal Master Mix Amperase® UNG, 0.25 L TaqMan probe mix and 2.25 L of water for a 5 L total volume. The PCR conditions for the TaqMan® SNP Genotype Assays were: one AmpErase® step at 50.0°C for 2 min, one enzyme activation step at 95.0°C for 10 min, and 40 alternating cycles of denaturation at 92.0°C for 15 s and reannealing and extension at 58.0°C for 1 min. All PCR reactions were performed on a Perkin Elmer 9700 Thermocycler (Applied Biosystems, Foster City, CA). The fluorescence intensity of the final PCR product was measured using an LjL Analyst AD fluorescence microplate reader (LjL Biosystems, Sunnyvale, CA, http://www.moleculardevices.com) using LjL Criterion-Host Software.

Granger causality

To analyze the effective connectivity between the various regions of the subjects' brains, we performed univariate and multivariate Granger causality analyses where the time series under study represent the time-varying activity in the various regions of the brain for each subject. The concept of Granger causality refers to the predictive content conveyed by a given time series, Xt, toward another time series, Yt. More precisely, Xt is said to Granger-cause Yt if, and only if, the variance of the error in forecasting future values of Yt, using an optimal forecast based on the observed values of both Xt and Yt, is strictly smaller than the variance of the prediction error using an optimal forecast only based on the observed values of Yt. Therefore, the presence of a Granger causal relationship between two brain regions measures the effective connectivity between both brain regions.

The univariate analysis is based on Haugh (1976), extended to a panel data context (accounting for multiple subjects simultaneously) and, for each pair of regions, tests whether the activity in one of the regions Granger-causes activity in the other region across subjects. It therefore allows us to assess which pairs of regions are best connected to each other. In addition to the univariate tests, we performed multivariate analysis based on El-Himdi and Roy (1997) and extended to a panel data context (multiple subjects). This multivariate test considers all regions jointly and has been recently adapted by Lemmens et al. (2007) to assess whether one time series has predictive power toward all other time series simultaneously. Therefore, we can assess which regions are the most influential, that is, have the most clout in terms of leading to more activity in the other regions of the brain. Likewise, we can assess whether one region of the brain is more susceptible, i.e., receptive, to activity in other brain regions. A joint look at the clout and receptivity of the brain regions will give us a complete picture as to the degree of connectivity of each brain region, as both clout and receptivity.

Results

The results of the univariate Granger causality analysis using the Haugh test are shown in Table 1 for the AA and AG groups and in Table 2 for the GG group. Significant p-values at the 1% significance level are depicted in bold. We expected to find more significant Granger causal relationships between brain regions in the SBR network when subjects are carriers of the GG allele (Table 2), compared to the carriers of the AA and AG alleles (Table 1). Our expectations were confirmed, as Tables 1, 2 show. Participants with a GG allele of the OXTR gene show more univariate Granger causalities (48 significant relations) compared to the carriers of the AA and AG alleles (37 significant relations).

Table 1. A/A and A/G group: Bivariate cross-ROI analysis: p-values for the Haugh test for testing whether ROI i (ith row) Granger-causes activity in ROI j (jth column).
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Table 2. G/G group: Bivariate cross−ROI analysis: p−values for the Haugh test for testing whether ROI i (ith row) Granger−causes activity in ROI j (jth column).

[image: image]

Particularly relevant are the directional relationships from the amygdala to other regions from the SBR and from the other regions to the amygdala; carriers of the AA/AG allele show less significant Granger causality than the carriers of the GG alleles. For the AA/AG allele carriers, 19 out of 32 Granger causalities are significant (Table 1), whereas for the GG allele carriers, 25 out of 32 are significant (Table 2).

However, as mentioned earlier, the univariate Granger causality tests should be interpreted with caution as they may suffer from multiple testing biases. To test whether these results truly indicate significant differences in effective connectivity between the polymorphism groups, we employed the multivariate El-Himdi and Roy test. Figure 2 reports the results of the El-Himdi Roy tests investigating the respective clout and receptivity of each brain region toward all others. Figure 2A presents findings for clout, which is the ability of a brain region to Granger-cause the future activation level of another brain region. In turn, the receptivity of a brain region (Figure 2B) characterizes the degree to which the activity pattern in this region is predicted by prior activity in all other brain regions. In Figure 2A, we show the differences in clout between the GG and AA/AG carriers' brain regions, and Figure 2B also exhibits the differences in receptivity between the GG and AA/AG carriers' brain regions. The significant level is set to 0.01 (El-Himdi and Roy, 1997; Lemmens et al., 2007). Looking at clout in Figure 2A, it can be observed that only the bilateral amygdala and the mPFC clearly discriminate the carriers of the GG allele vs. the carriers of the AA/AG alleles. Likewise, receptivity (Figure 2B) indicates that the left amygdala, the bilateral pars opercularis and the right mPFC are discriminating regions when contrasted with the carriers of the GG vs. the AA/AG alleles.
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FIGURE 2. El-Himdi Roy Test—Differences between OXTR GG and AA-AG allele groups. This figure reports the test statistic that assesses whether the clout (panel A) or receptivity (panel B) of a focal brain region in the GG allele group minus the clout or receptivity of a focal brain region in the AG and AA allele groups is equal to zero. Bars exceeding the dotted line show significantly higher clout (A) or receptivity (B) for the GG allele group than for the AG and AA allele groups at a 1% probability level.



DISCUSSION

Insights gained in neuroscience should have translational implications. In our research, the participants were employees in the business world selling industrial and financial solutions to professional buyers. Our findings have significant implications for practitioners, allowing us a better understanding of why some professionals demonstrate unique, functional orientations with customers, while others do not. We applied insights from neuroscience and genetics and revealed some noteworthy findings. Carriers of the OXTR GG, as opposed to the AA/AG, are known from basic research to have different social motivations and exhibit differences in social salience (they exhibit more social orientation, higher enjoyment in social interactions, and desire to maintain long-term relationships) (Chevallier et al., 2012). Apparently, these social motivations also spill over into a business context, where we found that GG OXTR carriers, compared to the AG/AA carriers, engaged in more CO. In other words, the former were more willing to help and create mutuality in sales interactions with customers. Engaging in CO is regarded as a self-initiated inclination to help customers satisfy their needs and, given that the salesperson and customer meet frequently, includes the hope to build long-term relationships. The OXTR GG carriers' desire to help can also be conceived as an intrinsic motivation, meaning that helping customers gives salespeople pleasure, which involves the production of OT affecting the amygdala (reducing fear) and the Nac (affecting rewards). In addition, in seeking to help and build long-term relationships with customers, salespeople create (or shape) an attractive social context that is mutually pleasant or trustworthy for both parties, thus affecting the release of OT (context).

Next, in response to emerging research suggesting that genetic variation of the OXTR (GG allele) gene can explain differences in the connectivity between nuclei in the brain that are relevant for social salience and related social motivation (Tost et al., 2012), we tested this relationship using both univariate (Haugh test) and multivariate (El-Himdi and Roy test) causal analyses. The El-Himdi and Roy test allows us to investigate the respective clout and receptivity of each brain area. Clout of a brain area was defined as the strength of the Granger causal relationship between one brain area and all others brain areas. In other words, the clout represents the extent to which activity in a focal brain area consistently leads to, or precedes, activity in all other brain regions. In turn, the receptivity of a brain area was defined as the strength of the Granger causal relation between all other brain regions and the focal area. Thus, receptivity represents the degree of susceptibility of a given brain area's activity to other areas' activities. Exploring the clout and receptivity of each brain region is particularly important to uncover the temporal dynamics of the SBR. It allows identification of regions that play a key role in processing emotionally valenced stimuli, and allows us to contrast these findings between subjects with different polymorphisms of the OXTR gene. The present study provides evidence for the identification of the regions (hubs) that discriminate between the carriers of the GG allele vs. AA or AG alleles. This test to detect connectivity in networks differs from the hypothesis-driven methods in connectivity that, for example, use the amygdala as the seed value to uncover its connectivity with other brain regions (Rilling et al., 2012).

Specifically, we focused on the way in which SBRs are effectively connected to each other when carriers of the OXTR polymorphisms engage in watching visual stimuli with changes in emotional valence. In both analyses, we found more effective connectivity in carriers of the GG allele, vs. AA and AG alleles. In other words, our findings suggest that there is an association between variation in the OXTR gene and the way in which brain regions of the SBR cohere (are effectively connected) when people process different emotional facial expressions. In particular, we found that the amygdala is important for processing emotional-valenced facial stimuli, and the amygdala responds differentially between carriers of the two GG vs. AA/AG allele groups. The higher connectivity in the SBRs of the GG carriers predisposes them to be alert and respond to social salience cues (Bethlehem et al., 2013, p. 970). First, the amygdala, compared with other regions, had more connections with other regions in the SBRs system (Haugh test), and there were more connections in the GG carriers as opposed to the AG/AA carriers. Second, using the El-Himdi and Roy test for the GG as opposed to the AA/AG carriers, we confirmed that both left and right amygdala had more clout. In other words, it influenced other nuclei of the SBR, where, for the GG as opposed to the AA/AG carriers, the left amygdala had more receptivity, meaning that more SBRs stimulated them. As Adolphs (2010, p. 48) suggested, the amygdala plays a role “in vigilance, ambiguity resolution: it modulates other brain structures to enhance the processing of stimuli about which more information needs to be acquired.”

It is also important to mention that, for the GG carriers as opposed to the AG/AA carriers, the bilateral mPFC also had more clout and the right mPFC had more receptivity. The mPFC is involved in evaluating social stimuli and also regulates the amygdala functioning, and this, in turn, leads to connectivity with other brain regions (Bachevalier and Loveland, 2006; Riem et al., 2011). Perhaps more interesting, the effects of OT on the connectivity within the SBR occur through a higher connectivity between the mPFC with other regions, especially the amygdala (Bos et al., 2012; Bethlehem et al., 2013; Sripada et al., 2013). Apparently, carriers of the AA/AG allele do not experience regulation of emotion or detect social salience as well as GG allele carriers do. Finally, the pars opercularis also showed higher receptivity for GG allele carriers, which means that they are better in detecting social salience (Skuse and Gallagher, 2009). Given the role of the pars opercularis in the MNS, and its relation to empathy, mimicry, and inferring intentions, future research should investigate more extensively how the MNS relates to the SBR and the OXTR in human interactions. Although this is a first step in uncovering the relationship between the OXTR gene and connectivity between brain nuclei (temporal dynamics) during processing of human faces with different emotional expressions, more research into the temporal dynamics of the emotional processing regions should be done to confirm our results and discover boundary conditions. Specifically, more and different ROIs could be included to uncover connectivity. Bos et al. (2012), for instance, suggested that OT might have an effect on the connectivity between OFC, anterior cingulate cortex, STS and thalamus. This is because OT is stored in large dense-core vesicles and degrades relatively slowly (only after 20 min), which boosts the potential to have effects over longer distances and affecting different regions (Bethlehem et al., 2013).

For research to have translational implications, especially to real world social contexts, it helps to better understand what it means to engage in CO as opposed to SO by sales professionals. One suggestion is that people with certain polymorphisms or dysfunctions of the OT receptor gene may feel less enjoyment in interacting with others, because OT affects both the reward system, as well as the amygdala, and amplifies opioids when a social interaction is rewarding. In the business world, as in everyday life, wanting to interact and enjoying interactions with customers might be driving forces (intrinsic motivations) to seek out and resolve interactions with customers. We all know that in business contexts, informal social contacts and networking are important, because sales professionals develop crucial relationships in such encounters. Managers use the knowledge gained in these interactions to help their own organization better meet the needs of customer organizations. In HR selection and hiring processes, as well as in training and daily supervision, research into the function of the amygdala, OT, and other regions of the brain, genes, and hormones in SBRs can aid the study of how well people interact and enjoy social relationships.

Next, we found that SBRs were also better connected for carriers of the OXTR GG, leading us to suggest that as salespeople have more contact with people (social wanting), they also train their SBRs to regulate such relationships [a point of view suggested by Chevallier et al. (2012)]. Of course, it also could be the opposite: people who are better at social contact might become better in having/seeking friends, which in turn boosts their liking to be included socially. More research is needed on this topic, but our findings suggest that such questions are worth exploring. Training the SBR involves, in particular, changes in the connectivity of the amygdala with others parts of the SBR (see Bethlehem et al., 2013). In this regard, it is worth mentioning that Bickart et al. (2010) found that the size of people's amygdala correlated with the size of their social network. This might imply that salespeople who are more CO or socially engaged will be better at updating changes in the emotional valences of customers' reactions, which in turn might signal implicit needs of customers. That is, customers cannot always, or might not like to, express their deeper needs, yet well-trained salespeople might learn to read the pain and resistance of customers. Then we could ask the question, could managers train their salespeople to become better in feeling the pain of a customer? Role-play and coaching by experts would be good techniques to do this in the business world. However, the genetic association we found might constrain the effects of training of empathic capabilities of salespeople (for further research on empathy and theory of mind processes in sales professionals, see Bagozzi et al., 2012, 2013). The increased physical size and functional role of the amygdala we found is somewhat analogous to increase in size of the hippocampus found in London Taxi drivers (Maguire et al., 2000).

In summary, our research shows that salespeople with a CO display higher wanting for interactions with customers (meaning they want to build relationships), but equally, they also are keen on observing nuances and resonating with customer moods (social salience). In a related study, we asked 1200 customers whether they identified with CO, as opposed to SO, salespeople. Customers identified more with their CO salespeople and were more willing to stay loyal to them: salespeople with COs were, in other words, perceived enjoyable and convivial by customers, thereby strengthening mutual bonds. Using hyperscanning (Cui et al., 2012), we could study research questions such as: Would customers also mimic salespeople who are carriers of the OXTR GG vs. AG/AA alleles? Would customers with OXTR GG or AA/AG alleles interact differently/more easily with salespeople who are carriers OXTR GG or GA/AA?

It is worth noting that the stimuli in our study were not business stimuli but bare emotional pictures (no contextual information was provided as to specific organizations). This was done for scientific control purposes and helped us more precisely identify clean emotional provocations. A question for future study is—Would carriers of the AA/AG respond differently in terms of connectivity when they view pictures of customers with whom they are asked develop short vs. long-term business relationships, hence manipulating the context (Bartz et al., 2011)? Another question we could ask is, given that CO in our research was self-reported by the salesperson, would similar findings arise if customers themselves make these assessments about the salesperson's interactions (see Kogan et al., 2011 where carriers of the OXTR AA vs. AG/GG their social behavior were observed by outsiders)? OT is produced in response to social stimuli and the fluctuations (e.g., for tend/befriend vs. flight/fight or peaceful vs. threatening) in the social environment affect neuropeptide production (Insel, 2010). Thus, questions could be asked such as would carriers of the OXTR GG be more patient when confronted with a complaining customer? Alternatively, using blood OT tests, it is possible to gauge OT levels when salespeople actually interact and help customers. Finally, OT administration has been especially beneficial for people low on (self-rated) social proficiency, but not for those high on social proficiency (Bartz et al., 2010). It would be interesting to explore whether OT administered to salespeople who are carriers of the OXTR AA/AG allele, as opposed to the GG allele, would benefit more (or equally) in social salience when actually interacting with customers or when wanting to feel socially embedded with customers.

Beyond the research opportunities noted above, some concerns should be mentioned. The sample size in both study 1 and 2 was relatively small, and our findings need to be confirmed (Green et al., 2008). As access to genetic information becomes more possible and affordable, we may be able to study these phenomena using larger data sets in the near future. Using biomarkers (e.g., from genetics, fMRI, or endocrinology) ultimately allows people (managers and employees alike) to better understand the phenotype in question and might also help people develop themselves in more productive and psychologically healthy ways, where biomarkers might function as feedback mechanisms. In addition, of course, if research on OT continues and more evidence becomes available on a (positive) association between OXTR and willingness to help customers, genetic information could be used select salespeople. With this growing body of knowledge on how OT affects people's social behavior, this looks promising. However, more research (and consensus) is needed before such biomarkers can actually be used in practice. We also should be aware of the ethical implications of such endeavors.

Our study used only a few biomarkers (connectivity in the brain and genetic markers) that were conceived as indicators for neural and hormonal processes. However, as Insel (2010) importantly suggested, these neural and endocrine processes could well be considered as “dark matter,” meaning that they represent a vast amount of integrative circuits, which remain to be described. In their excellent overviews on OT and its functioning in the brain, Landgraf and Neumann (2004) and Bos et al. (2012) suggested that we should be aware that OT, like other neuropeptides, has complex and dynamic communication patterns involving both synaptic and non-synaptic processes operating at different time frames and with different intensities reaching different brain nuclei and affecting other hormones in diffuse ways. In addition, the OT receptor is itself complex, as is its functioning in different brain nuclei (e.g., Zingg and Laporte, 2003). We did not mention that steroid production affects neuropeptide production, making concrete descriptions on how OT operates at the molecular levels even more complex, which was beyond the scope of our research (e.g., Bos et al., 2012).
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Background: Well-validated models of maternal behavior in small-brain mammals posit a central role of oxytocin in parenting, by reducing stress and enhancing the reward value of social interactions with offspring. In contrast, human studies are only beginning to gain insights into how oxytocin modulates maternal behavior and affiliation.

Methods: To explore associations between oxytocin receptor genes and maternal parenting behavior in humans, we conducted a genetic imaging study of women selected to exhibit a wide range of observed parenting when their children were 4–6 years old.

Results: In response to child stimuli during functional magnetic resonance imaging (fMRI), hemodynamic responses in brain regions that mediate affect, reward, and social behavior were significantly correlated with observed positive parenting. Furthermore, single nucleotide polymorphisms (SNPs) (rs53576 and rs1042778) in the gene encoding the oxytocin receptor were significantly associated with both positive parenting and hemodynamic responses to child stimuli in orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and hippocampus.

Conclusions: These findings contribute to the emerging literature on the role of oxytocin in human social behavior and support the feasibility of tracing biological pathways from genes to neural regions to positive maternal parenting behaviors in humans using genetic imaging methods.

Keywords: maternal parenting oxytocin receptor gene, functional magnetic resonance imaging

INTRODUCTION

Genetic imaging of the association of oxytocin receptor gene (OXTR) polymorphisms with positive maternal parentingDysfunctional maternal parenting during early childhood is a robust risk factor for mental and physical disorders associated with mortality in humans (Wegman and Stetler, 2009). In spite of its public health importance, however, the neurobiology of dysfunctional maternal behavior in humans is poorly understood. Research with rodents highlights the involvement of oxytocin (OT) in the initiation and expression of maternal approach behavior, affiliation, and attachment with young (Lim and Young, 2006). Such behaviors correlate with both peripheral measures of OT in plasma and the expression of oxytocin receptors (OXTR) in the brain (Francis et al., 2002). In line with these observations, the OXTR gene single nucleotide polymorphism (SNP), rs53576, in humans, has been associated with a broad range of social behaviors potentially relevant to adaptive parenting behavior (Costa et al., 2006; Israel et al., 2009; Rodrigues et al., 2009). Further elucidating the associations between oxytocinergic polymorphisms and both behavioral and neural phenotypes may provide complementary evidence for the involvement of OT in human parenting. Here we combine functional magnetic resonance imaging (fMRI) and genetic analyses to trace biological pathways from genes to neural circuits to human maternal parenting. We examine whether the same OXTR polymorphisms are associated both with variations in observed maternal parenting and variations in maternal neural responses to child stimuli.

A consensus regarding neurobiological mechanisms of maternal behavior in small-brain mammals has emerged (Brunton and Russell, 2008; Numan and Woodside, 2010). In such animals, being a mature female does not provide a sufficient basis for maternal behavior. Rather, nulliparous females often avoid and even attack newborns (Numan and Insel, 2003). Current models posit that rising levels of estrogens during pregnancy “prime” key brain regions, initiating a process that reverses the valence of infant stimuli from aversive to rewarding, largely by upregulating OT receptors (Carter, 1998; Numan and Woodside, 2010). Much of the knowledge regarding the ability of OT to regulate social interactions is based on data from animals using centrally administered agonists and antagonists or knockout mice. OXTR gene knockout mice are profoundly deficient in maternal behavior (Ragnauth et al., 2005; Takayanagi et al., 2005). In rats, intra-cranial injection of OT following estrogen priming induces maternal behavior in virgin females (Campbell, 2008). Reciprocally, an OXTR antagonist inhibits the natural postpartum onset of maternal behavior (Insel, 2010). Although initial studies suggest similar social effects on humans (see Bartz and Hollander, 2006, for a review), the relevance of these animal findings for humans is not yet clear.

Oxytocin can function as a synaptic neurotransmitter by being released diffusely into extracellular fluid from dendrites, influencing distant neural sites (Landgraf and Neumann, 2004; Ludwig and Leng, 2006; Ross and Young, 2009; van den Burg and Neumann, 2011). Recent morphological and functional data also demonstrate that OT neurons emanating from the hypothalamus have long-range axonal projections capable of releasing OT (Ross et al., 2009; Knobloch et al., 2012). OT directly and indirectly influences sites involved in reward, affect, social cognition, and emotion regulation, particularly the midbrain, striatum, amygdala, hippocampus, anterior cingulate cortex (ACC), and orbitofrontal cortex (OFC) (Olazabal and Young, 2006; Campbell, 2008). It has been hypothesized that the upregulation of OT receptors during late pregnancy and parturition leads directly or indirectly, via dopaminergic reward circuits, to reinforcing interactions with offspring, reduced avoidance of offspring, adaptive maternal behavior, and increased protective maternal aggression against intruders in small-brain mammals (Numan and Woodside, 2010).

Given this literature we focus our attention on a gene with conceptual linkages to caregiving behaviors and parenting. The human OXTR gene is located on chromosome 3p25, containing four exons and three introns. An SNP in the third intron of OXTR, rs53576 (G/A), has been identified as a candidate gene underlying social behavior in humans (Inoue et al., 1994). Only a small literature exists on associations of OXTR gene polymorphisms with human behavior. Individuals with the TT genotype of the rs1042778 SNP in the 3′ untranslated region of OXTR allocated more resources to an unseen opponent in a competitive game (Israel et al., 2009). Individuals with the GG genotype of the intronic SNP rs53576 in OXTR exhibited higher dispositional empathy and less stress reactivity (Rodrigues et al., 2009), whereas the AA genotype was associated with slightly higher depression and lower self-esteem scores (Saphire-Bernstein et al., 2011). In another study, however, the AA genotype of rs53576 was associated with lower positive affect in males only and not related to negative affect or loneliness (Lucht et al., 2009).

 Tost et al. (2010) used a partial genetic imaging paradigm to conduct tests of associations between genetic polymorphisms and both neural and behavioral phenotypes. The rs53576 GG genotype was associated with greater dependence on the approval of others and greater amygdala activation and lower amygdala-hypothalamus coupling in functional magnetic imaging (fMRI) in a face-matching task (Tost et al., 2010). The GG genotype was associated with smaller hypothalamic volume, which in turn was correlated with dependence on the approval of others, but predominantly in males. No tests of associations between brain regions activated in fMRI and dependence on social reward were reported, however.

For purposes of the present study, the existing literature has limitations. Most studies used college students (Israel et al., 2009; Rodrigues et al., 2009; Saphire-Bernstein et al., 2011) or volunteers screened to exclude mental disorders (Tost et al., 2010), minimizing both women with children and participants with impaired psychological functioning. Interestingly, the findings of the one study of a representative sample were inconsistent with the studies of less representative samples (Lucht et al., 2009). Additionally, there is limited evidence that the behavioral phenotypes used in these studies are correlated with variations in maternal parenting, except for depressive symptoms and negative affect, which have only been limitedly linked to rs53576 (Saphire-Bernstein et al., 2011).

A few studies of the relevance of OT to human maternal parenting have been published recently, however. One found that plasma OT during pregnancy and the postpartum was positively correlated with adaptive maternal parenting (Levine et al., 2007). In addition, intranasal OT decreased amygdala activation and increased activation of the insula and inferior frontal gyrus when women heard infant cries (Riem et al., 2011a).

Directly relevant to the present study, a study of Caucasian mothers of 2-year old children with behavior problems found that mothers with the OXTR rs53576 GG genotype displayed more sensitive parenting (Bakermans-Kranenburg and van Ijzendoorn, 2008). In a study with more complex findings, however, nulliparous adult females with the rs53576 GG genotype had greater heart rate responses to infant cries, but only among women with low depression scores, with the opposite finding for depressive women (Riem et al., 2011b).

To further lay a foundation for large-scale studies of the neurobiology of dysfunctional maternal parenting, we conducted a study of mothers selected based on their scores on positive and negative parenting of their 4–6 year old children. Using a full genetic imaging paradigm, we tested hypotheses that OXTR gene polymorphisms are associated with variations in both neural responses to child stimuli and maternal parenting, and that neural responses in the same regions are correlated with maternal parenting. fMRI studies support such genetic imaging studies of human maternal parenting by showing that infant faces and cries activate maternal brain regions shown to contain OT receptors in rodents (i.e., amygdala, hippocampus, and striatum) (Lee et al., 2009; Stoop, 2012), and midbrain and basal ganglia regions involved in reward (Lorberbaum et al., 2002; Bartels and Zeki, 2004; Swain et al., 2007). In more experienced mothers of older children, amygdala and insula activations are not typically observed, however, but regions involved in social cognition, such as the OFC, medial prefrontal cortex (MPFC), and superior temporal sulcus (STS), are activated (Leibenluft et al., 2004; Swain et al., 2004; Swain, 2011). No fMRI studies have examined associations between OXTR gene variants and variations in both maternal parenting and maternal neural responses to child stimuli in a genetic imaging paradigm.

METHODS

PARTICIPANTS

Seventeen female and 104 males 4–6 year olds were recruited from a child psychiatry clinic in Chicago during 1994–1995 for a longitudinal study of children with attention-deficit/hyperactivity disorder (ADHD) and matched controls (Lahey et al., 2005; Chronis-Tuscano et al., 2010; Lee et al., 2010). Participants taking short-acting stimulant medications were included, but all assessments were conducted when the child was off medication. Previous reports from this study revealed that the measures of positive and negative maternal parenting used predicted poor outcomes of children with ADHD through adolescence, controlling for multiple factors (Chronis et al., 2007; Lahey et al., 2011). Thus, the genetic and neural correlates of measures of maternal parenting already known to predict long-term child outcomes can be studied in this sample. In 2009–2010, 40 mothers were selected for the present study by recruiting from the extremes of positive and negative parenting scores to maximize variation in parenting. Participants' written consent was obtained. All participants were paid for their participation. The study was approved by the University of Chicago Institutional Review Board and conducted in accordance with the Declaration of Helsinki. All of the observed children had written informed consent from their biological mothers, all of whom were custodial. Characteristics of participants are in Supplemental Table S1.

MOTHER-CHILD INTERACTION TASK

Mother-child interactions were videotaped in a room equipped with furniture, toys and other objects, and a television showing cartoons (Chronis et al., 2007). Mothers were invited to play freely with their children. After 10 min, the interviewer returned and scattered clothes, papers, and empty containers around the room. The mother was given an Etch-a-Sketch, worksheets, a magazine, a pencil, and written instructions to complete tasks with her child in order over 15 min: (1) return toys to shelves, (2) put clothes in the box, (3) put paper and containers in the wastebasket, (4) count geometric shapes, (5) copy a set of geometric designs on paper, (6) dust the table with a cloth, (7) draw a diagonal line on the Etch-a-Sketch, and (8) choose one toy and play quietly while the mother reads and takes a telephone call. The first 13 min of the task situation were coded because some dyads completed all tasks early.

Interactions were coded using the Dyadic Parent-Child Interaction Coding System (DPICS) (Robinson and Eyberg, 1981). Two reliable and valid measures of parenting were used by averaging standardized scores across the structured and play situations: Positive parenting (praise, positive affect, and physical positive) and negative parenting (negative commands, critical statements, and physical negatives) (Robinson and Eyberg, 1981; Webster-Stratton, 1998). These measures predict long-term child outcomes in this sample (Chronis et al., 2007; Lahey et al., 2011). Thirty percent of the videotapes were coded by a reliability coder. Inter-observer agreement was 0.95 for positive parenting, 0.90 for negative parenting, and 0.92 for total child disruptive behavior.

NEUROIMAGING

Photographs of the child at 4–6 years from the videotapes and photos of unrelated demographically matched children were used in fMRI as stimuli. Mothers also viewed a series of dynamic visual stimuli, each consisting of three 600 × 480 pixel color photographs presented successively for 1000, 200, and 1000 ms, respectively to imply motion. Forty-eight dynamic stimuli portrayed misbehaviors (e.g., a child intentionally kicking a female adult on the leg), and 48 portrayed parallel neutral behaviors (e.g., a child standing next to a female adult) without showing faces. The stimuli were matched on numbers of people and objects and varied in skin color.

Stimuli were presented with E-prime 1.2 (PsychologySoftware Tools, 2011) by back-projection in a block design. Dynamic child stimuli were presented in 16 19.8 s blocks and a fixation cross was presented in 16 18 s baseline blocks. Stimuli were blocked by type (provocative/neutral child behavior), each consisting of 6 stimuli (2200 ms each) with six 1100 ms inter-stimulus intervals, during which a black fixation cross was presented against a gray background. Participants were shown the stimuli in 2 sessions (8 active blocks per session). In one session, immediately preceding every stimulus block, mothers were shown a photograph of their own child for 6 s and instructed to “imagine this is your child” in the actions that followed. In the other session, mothers were shown a photograph of a demographically matched child and instructed to “imagine this is not your child” in the actions that followed. Participants were instructed to watch the stimuli carefully and no overt response was required. Session order was counterbalanced across participants.

MRI was performed on a 3-T Philips Achieva Quasar scanner. The fMRI pulse sequence parameters include time repetition/time echo (TR/TE) 2000/25, flip angle = 77, 32 contiguous slices with 4 mm thickness, slice gap 0.5 mm, 224 × 224 mm2 field of view (FOV), approximately 64 × 64 matrix. High resolution structural images were acquired in the sagittal plane using a T1-weighted 3D Turbo Field Echo (TFE/MP-RAGE) anatomical scan with the following parameters: TR = 8.1 ms, TE = 3.7 ms, FOV = 224 × 224 × 160 mm3, isotropic voxel size 1 × 1 × 1 mm3, matrix size 224 × 224. During anatomical scans after the stimulation paradigms, participants watched a movie about tropical beaches.

GENOTYPING

DNA from mothers was isolated from saliva in Oragene kits (DNAGenotek, 2010) and checked for quality by OD ratio of 260/280 and concentration. Genotyping rs53576 and rs1042778 was performed using TaqMan pre-designed SNP genotyping assays (AppliedBiosystems, 2010). PCR was carried out in a total volume of 3 μ l containing 10 ng genomic DNA, 1.5 μ l 2×TaqMan universal PCR master mix (AppliedBiosystems, 2010), 0.075 μ l 40× SNP genotyping assay. After 95°C 10 min, 40 cycles consisting of 15 s at 92°C and 1 min at 60°C annealing temperature were performed. After PCR amplification, an endpoint plate read using a 7900 Real-Time PCR System was performed. The Sequence Detection System (AppliedBiosystems, 2010) was used to call genotypes.

STATISTICAL ANALYSES

fMRI analysis

Image processing was carried out with SPM8 in MATLAB 7.0 (Marsh et al., 2008). Preprocessing included correction for head motion, normalization to the SPM8 echo-planar imaging template, and smoothing using a 6-mm full-width half-maximum isotropic Gaussian kernel. Images were realigned and normalized using standard SPM procedures. All participants had less than 0.5 voxels of in-plane motion throughout scanning. A 2-level approach for block-design fMRI data was adopted using SPM8. A voxel-by-voxel multiple regression analysis of expected signal changes for the child photographs and the 2 block categories, constructed using the SPM8 hemodynamic response function, was applied to preprocessed images. Individual subject data were analyzed using a fixed-effects model. Group data were analyzed using a random-effects model. Condition effects at the subject level were modeled by box-car regressors representing type of child photograph and the two block types.

The fMRI contrasts that were examined across participants were: (1) Own vs. other child image preceding each of the action blocks and (2) provocative vs. neutral child behavior in the own-child session. Activations were overlaid on a representative high-resolution structural T1-weighted image from one subject from the SPM8 canonical image set, coregistered to Montreal Neurological Institute (MNI) space.

To additionally test for activations previously reported in maternal parenting studies, we selected five regions of interest (ROIs) identified in previous published work on the neuroscience of maternal parenting (Swain, 2011) and about which we had a priori hypotheses, using a small volume correction (SVC) for family wise error (FWE) at P < 0.05. The following bilateral regions were selected: amygdala, hippocampus, anterior insula, ACC, and OFC. Analyses were implemented in SPM8 based on corrections for multiple comparisons confined to an ROI (Worsley et al., 1996). Data extraction for 5-mm spherical ROIs was performed using the rfxplot toolbox (Glascher, 2009) in SPM8. Coordinates were based on results from the whole-brain analyses and neuroanatomical atlases. The small volumes consisted of a 5 mm sphere centered at the most significant voxel of the clusters activated at P < 0.001 uncorrected in the whole brain analysis.

Tests of association in genetic imaging paradigm

Three sequenced and prioritized sets of generalized linear models (Nelder and Wedderburn, 1972) were conducted as illustrated in Supplemental Figure S1:

(1) Additive terms were coded −1, 0, and 1 to jointly test linear differences among 0, 1, or 2 minor A alleles for rs53576 and G alleles for rs1042778. Non-additive terms, coded −1, 2, and −1, jointly captured any mode of non-additive transmission for each SNP. Additive and non-additive terms were run in the same model. In two separate analyses, positive and negative maternal parenting were regressed on the four OXTR terms (additive and non-additive terms for rs53576 and rs1042778), simultaneously controlling child's sex, race-ethnicity, birth order, age in wave 1, mother's age at scanning, delivery (Caesarian or vaginal), and total parity. To adjust for child effects on the mother's parenting (Bell and Chapman, 1986), the child's diagnosis of ADHD and disruptive behavior during the mother-child interaction also were simultaneous covariates (Lahey et al., 2011).

(2) For each parenting measure for which the tests of genetic associations were significant at p < 0.05 in step 1, generalized linear models regressed parenting on each of the five bilateral a priori selected ROIs, with the same covariates plus time of fMRI scanning.

(3) For each of the five a priori selected ROIs that was significantly associated with parenting in step 2, regression models with the same covariates as step 2 tested associations between the SNP and the ROI.

RESULTS

WHOLE-BRAIN ANALYSES

In the whole-brain analyses, the own > other child contrast was associated with hemodynamic increases in regions subserving motivation, reward, and emotion regulation processing (including the midbrain, dorsal putamen, thalamus, anterior cingulate, and prefrontal cortices) and previously been found to be activated by child stimuli (Swain, 2011). The inappropriate > neutral behavior contrast activated similar regions, with additional activations in areas involved in social cognition such as the posterior STS and deactivations in somatosensory cortex and bilateral posterior insula (Figures 1, 2 and Supplemental Tables S2, S3).
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FIGURE 1. Maternal hemodynamic brain activations in response to photographs of her own vs. an unrelated child (p < 0.005, uncorrected). See Supplemental Table S2 for corrected activations.
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FIGURE 2. Maternal hemodynamic brain activations in response to dynamic images of a young person behaving inappropriately vs. appropriately (p < 0.005, uncorrected). See Supplemental Table S3 for corrected activations.



ASSOCIATIONS BETWEEN SNPS AND PARENTING

Allele frequencies are shown in Supplemental Table S4. There were no significant ancestry group differences in allele frequencies for rs53576, but the T allele of rs1042778 was more common in African Americans, requiring ancestry to be covaried. There were no significant associations between OXTR SNPs and negative parenting, but rs53576 and rs1042778 each accounted for unique variance in positive maternal parenting, although only the additive association between rs53576 alleles and positive parenting was significant at p < 0.05/8 = 0.006 corrected for multiple testing (Table 1). A subsequent regression analysis revealed significant interactions between ancestry and rs53576 (non-additive term: χ2 = 6.05, P < 0.02) and rs1042778 (additive term: χ2 = 10.11, P < 0.002). Although cell sizes were too small to interpret these interactions, they raise the possibility that OXTR polymorphisms may be associated with parenting differently in mothers of African and European descent.

Table 1. Simultaneous associations of each term for additive and non-additive associations (each 1 DF) between OXTR SNPs with positive and negative maternal parenting (in separate analyses), adjusting for all covariates; N = 35.
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ASSOCIATIONS BETWEEN ROIS AND PARENTING

In separate analyses for each ROI, we observed associations between observed positive parenting and activation in bilateral OFC and left ACC when mothers viewed their own vs. another child, at P = 0.05 levels (see Table 2). Mothers who scored higher on observed positive parenting behaviors showed an increase in hemodynamic response in OFC and ACC when they viewed pictures of their own child, compared to pictures of another child.

Table 2. Tests of associations between observed maternal positive parenting and maternal BOLD activations by the two kids of stimuli in brain regions of interest using small-volume correction (N = 34).
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Two associations between ROIs activated in the inappropriate > appropriate child behavior contrast and positive parenting were significant at P = 0.05 levels. Associations were observed in the right ACC and right hippocampus (see Table 2). Because we focused our analyses on specific regions, hypothesized a priori, ROIs above a P = 0.05 uncorrected threshold were included in the next step. It should be noted, however, that none of the analyses were significant at α = 0.05/20 = 0.0025 corrected for multiple testing.

ASSOCIATIONS BETWEEN SNPS AND ROIS

As shown in Figure 3 and Table 3 tests of additive associations between rs53576 and the ROIs that were both significantly activated by child stimuli and were significantly associated with positive parenting, were significant at p < 0.05 uncorrected levels. Specifically, these were in bilateral OFC, left ACC and right hippocampus. Further, the association between left ACC activation and rs53576 (additive) in the own > other child contrast and between right hippocampus activation and rs53576 (additive) in the inappropriate > appropriate behavior contrast remained significant after Bonferroni correction (α = 0.05/20 = 0.0025).


[image: image]

FIGURE 3. Scatter plots with group means residualized on all covariates for hemodynamic responses in the own/other child (O) contrast and the inappropriate/appropriate behavior contrast (I) in brain regions of interest that were found to be significantly related to oxytocin and vasopressin genotypes, and for observed maternal parenting, presented by oxytocin receptor gene (OXTR) rs53576 genotypes. To facilitate interpretation, all variables on y axes are expressed as sample z-scores (mean = 0; standard deviation = 1).



Table 3. Results of simultaneous regression analyses testing associations of each additive and non-additive genetic term (each DF = 1) for OXTR rs53576 and rs1042778 with each neural region of interest that was both significantly activated in the fMRI paradigm and found to be significantly associated with observed positive maternal parenting with covariates, conducted separately for each neural region of interest (N = 30).
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In addition, one test of independent associations between rs1042778 (non-additive) and these ROIs were significant at p < 0.05 levels (uncorrected). This was in the right hippocampus. None were significant at α = 0.05/20 = 0.0025 levels.

DISCUSSION

Consistent with previous studies of human mothers (Lorberbaum et al., 2002; Nitschke et al., 2004; Swain et al., 2007, 2008), two kinds of child stimuli activated neural regions implicated in face processing, reward processing, social cognition, and executive control of emotion (Figures 1, 2 and Supplemental Tables S2, S3). More importantly, individual differences in maternal neural responses in key ROIs in both paradigms were associated with variations in maternal parenting.

Notably, the present findings are internally consistent. Not only was the rs53576 A allele associated with higher levels of positive parenting, it also was associated with greater activation in the own > other child contrast in two a priori hypothesized ROIs that were associated with positive parenting (Figure 3). In particular, the rs53576 A allele was associated with greater activation in ROIs involved in (1) orienting toward, monitoring, and evaluating child cues (Parsons et al., 2013) and other emotional stimuli (bilateral OFC) (Rolls, 2000; Nitschke et al., 2004; Volkow et al., 2011) and (2) assessing the salience of emotional information and regulating emotional responses (left ACC) (Bush et al., 2000; Kerns et al., 2004). The present findings are consistent with previous findings that OFC activation is correlated with positive mood related to maternal behavior (Nitschke et al., 2004). Furthermore, when mothers viewed inappropriate behavior when instructed to imagine it was their own child, the rs53576 A allele was associated with greater activation of the hippocampus. This is interesting given that activation of OT receptors in the hippocampus in rats inhibits behavioral responses to stressors (Cohen et al., 2010). Because child misbehavior often elicits harsh maternal behavior (Lahey et al., 1984, 2011), this may reflect greater inhibition of such responses in more positive mothers.

Mothers with T alleles of OXTR rs1042778 exhibited both greater positive parenting and greater activation of the right hippocampus in the own > other child contrast, but otherwise there was less clarity and internal consistency in the findings for rs1042778. Furthermore, the nature of the non-additive associations of rs1042778 with the hippocampal ROI, and its relation to positive parenting, is unclear.

Nonetheless, it is essential to note that the present study replicated the association between genotype and positive parenting found in the only previous study of rs53576 and parenting (Bakermans-Kranenburg and van Ijzendoorn, 2008) in reverse. In the previous study, mothers with GG genotype of rs53576 displayed more sensitive parenting with 2 year olds than mothers with the AA or AG genotype. Because such “allele flip” replications are commonly reported in the genetics literature, Clarke and Cardon (2010) delineated the conditions under which the results of both studies could be valid. This is possible when effect sizes are large, the samples differ in ancestry composition, and the target polymorphism interacts with unmeasured polymorphisms that vary in allele frequencies among ancestry groups (Clarke and Cardon, 2010). Because the first two conditions are met in this case, interactions of both SNPs with other polymorphisms that differ in allele frequency in persons of African and European descent could result in the differences in findings for rs53576 in the two studies. Thus, the present findings could be a valid “allele flip” replication of the previous studies (Bakermans-Kranenburg and van Ijzendoorn, 2008). No conclusions can be reached, of course, until the hypothesis that the direction of associations between genotypes of rs53576 and parenting differ by ancestry group are tested in the future.

One potential difference between these two studies is that mothers in the present study were rated on positive parenting behaviors, whereas the study by Bakermans-Kranenburg and van Ijzendoorn assessed sensitive parenting, which may be separable constructs. A consistently positive mother, for instance, may not always be sensitive to her child's needs, while a sensitive mother may not always engage in positive parenting behaviors.

It is important to understand the present findings in the context of several issues and limitations:

LIMITED MARKERS

Only two SNPs were used to characterize variation in the OXTR gene. Thus, although the present findings support further research, future studies should genotype all polymorphisms in this and related genes to fully understand their impact on neural responses to child stimuli and variations in maternal parenting. This would likely require a larger sample size.

CONSERVATIVE STATISTICAL STRATEGY

The statistical strategy illustrated in Supplemental Figure S1 limited the statistical analyses of hemodynamic responses to child stimuli to only those regions that were both significantly activated by child stimuli and were significantly associated with positive parenting, and only included SNPs that were found to be significantly associated with positive parenting. This was done to focus on the feasibility of testing hypotheses regarding neural pathways from variations in these SNPs to variations in maternal parenting using fMRI-based genetic imaging methods. Thus, for example, tests were not conducted to determine if OXTR gene polymorphisms were associated with hemodynamic responses to child stimuli in ROIs that were not significantly associated with maternal parenting. Thus, these analyses could underestimate the number of ROIs whose functioning is associated with these SNPs.

SAMPLE SIZE

In principle, the size of a sample is unrelated to the likelihood of rejecting the null hypothesis when there is no association in the population (type I error). This is because the alpha level (e.g., p < 0.05) for each individual statistical test is set in advance and the statistical test is automatically penalized for smaller sample sizes. Therefore, the probability that the null hypothesis was rejected incorrectly is not a major issue in the present study. Nonetheless, smaller samples impose three serious limits on statistical testing. First, because the statistical tests used in this study are based on estimations, a degree of error can be expected in smaller samples. Second, the probability of failing to reject the null hypothesis when there is an association in the population (type II error) is jointly related to the sample size and the magnitude of the effect size. Only associations with large effect sizes can be detected in small samples. Therefore, it is possible that the present study failed to detect associations of smaller but still important effect sizes. Third, confidence intervals around effect sizes are larger in smaller samples. This makes it more difficult to determine the sample size needed in future studies. This is because power analyses must be based on the lower limit of the confidence interval for the effect size and smaller sample sizes provide lower estimates of this value.

SAMPLE REPRESENTATIVENESS AND HETEROGENEITY

A potentially more serious limitation is that the present sample is not representative, partly because smaller samples are inherently less likely to represent the population. In addition, this sample was selected from a single clinic rather than from a representative sampling frame. This means that estimates of the magnitude of associations are unlikely to accurately mirror the population. Furthermore, the present sample also is heterogeneous in terms of race-ethnicity and in the different methods used to sample cases between ADHD and controls. Although a range of demographic variables were controlled in the present analyses, it is possible that the findings are influenced to an unknown degree by artifacts of population stratification of alleles. Future studies must address these issues by using samples that are either more homogeneous or more representative and large enough to adjust for population stratification.

TIME BETWEEN OBSERVATION OF MOTHER-CHILD INTERACTION AND SCANNING

In this initial study, we used an available sample of mothers on whom mother-child interactions had been observed when the children were 4–6 years old. This allowed us to select the sample for scanning and genotyping by oversampling on the extremes of maternal parenting in a way that ensured a broad distribution of maternal parenting scores to increase statistical power for detecting associations with parenting. For this particular sample, this necessitated scanning the mothers as they viewed stimuli approximately 15 years later. The implications of this time frame must be considered separately for each set of statistical tests.

The 15-year gap has no implications for the tests of association between genotypes and hemodynamic responses of ROIs, as genotyping and scanning were conducted contemporaneously. The gap similarly is not likely to be an issue for the tests of associations between genotypes and parenting as DNA sequences do not change over time. Nonetheless, it is possible that our tests of association between parenting and genotypes are conservative. This is because epigenetic changes that affected expression of those genotypes could have occurred during the intervening 15 years. The gap between the mother-child observations and scanning could have weakened or even distorted these tests of associations between ROI responses and parenting. For instance, the difference in ROI activation between genotypes may potentially reflect an effect of genotype on how mothers remember their child or their child's behavior, or even the status of the current relationship with the child. Relatedly, given this 15-year gap, the mother's current relationship with her child might impact any correlations between positive parenting and hemodynamic activity in ROIs, particularly as the parenting measures were previously found to predict long-term outcomes for this sample (Chronis et al., 2007; Lahey et al., 2011). Nonetheless, the time gap had the effect of focusing the present study on only highly enduring aspects of neurobiological functioning that are related to variations in early maternal parenting. It is also plausible that the perceived effects of genotype on behavior and/or brain response might be due to the presence of the same or similar genotype in either the previous generation (possibly affecting the mother's own upbringing) or in the child (possibly affecting the behavior of the child and, therefore, the associations and responses the mother has toward them).

The ultimate goal of this line of research is to trace environmentally moderated neural pathways from variants in genes to dysfunctional maternal parenting to improve prevention. Such research is essential to understanding why some mothers parent adaptively whereas others are neglectful or abusive. As such, this study was designed to provide a foundation for future research, rather than to conduct strong tests of hypotheses based on previous studies.

To our knowledge, the present study is the first to provide linked evidence on such putative pathways from polymorphisms in OXTR to neural functioning to parenting. These findings support future tests of the hypotheses that variations in genes coding OXTR are related to variations in human maternal parenting. Although the present findings are internally consistent, they are not consistent with a previous study and there are limitations to this study regarding the sample and the time between the observed mother-child interactions and scanning.
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Oxytocin increases liking for a country's people and national flag but not for other cultural symbols or consumer products
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The neuropeptide oxytocin enhances in-group favoritism and ethnocentrism in males. However, whether such effects also occur in women and extend to national symbols and companies/consumer products is unclear. In a between-subject, double-blind placebo controlled experiment we have investigated the effect of intranasal oxytocin on likeability and arousal ratings given by 51 adult Chinese males and females for pictures depicting people or national symbols/consumer products from both strong and weak in-groups (China and Taiwan) and corresponding out-groups (Japan and South Korea). To assess duration of treatment effects subjects were also re-tested after 1 week. Results showed that although oxytocin selectively increased the bias for overall liking for Chinese social stimuli and the national flag, it had no effect on the similar bias toward other Chinese cultural symbols, companies, and consumer products. This enhanced bias was maintained 1 week after treatment. No overall oxytocin effects were found for Taiwanese, Japanese, or South Korean pictures. Our findings show for the first time that oxytocin increases liking for a nation's society and flag in both men and women, but not that for other cultural symbols or companies/consumer products.
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INTRODUCTION

Cultural bias and prejudice provides both the glue which binds large social groups together as well as laying the foundations for intergroup conflict. In recent years considerable interest has focused on the potential role of the hypothalamic neuropeptide oxytocin (OXT) in promoting such social biases in terms of strengthening in-group affiliations and derogation of out-groups. Previous studies have reported that intranasal OXT treatment facilitated parochial altruism in the context of economic games by enhancing trust and co-operation with in-group members and defensive aggression toward competing out-group ones (De Dreu et al., 2010; De Dreu, 2012). Oxytocin also promotes non-co-operation in intergroup conflict situations in the context of protecting vulnerable in-group members (De Dreu et al., 2012b). Intranasal OXT has been reported to increase ethnocentric behavior in economic tasks, human emotion attribution and decision making in moral dilemma tasks, although primarily by facilitating in-group favoritism rather than out-group derogation (De Dreu et al., 2011; De Dreu, 2012; Van IJzendoorn and Bakermans-Kranenburg, 2012). On the other hand empathy for pain experienced by individuals in an out-group has recently been found to be increased by OXT (Shamay-Tsoory et al., 2013), and one study has shown that it can increase co-operation with both in-groups and out-groups in non-competitive situations (Israel et al., 2012). Other studies have shown that OXT decreases generosity in similar economic tasks toward unknown players (Radke and de Bruijn, 2012) and biases choice toward “high-risk” allies (De Dreu et al., 2012a). However, all but one of these studies (De Dreu et al., 2012a) involved only male subjects and there is increasing evidence for both neural and gender differences in the effects of OXT (Kubzansky et al., 2012; Ditzen et al., 2013; Fischer-Shofty et al., 2013; Rilling et al., 2014; Yao et al., 2014). Previous studies have also not directly addressed whether OXT promotes ethnocentrism by increasing actual liking or disliking of either some or all categories of social cultural stimuli.

Ethnocentrism extends beyond people in different cultures to include attitudes toward a number of different categories of cultural iconic non-social symbols, such as flags, cities, buildings and monuments, money and food, and consumer products marketed internationally by national companies. In terms of consumer products this is known as the “country of origin effect,” and while a number of factors influence its strength, there is support for ethnocentric attitudes affecting purchasing behavior (Shimp and Sharma, 1987; Jiménez and Martín, 2010). No studies to date have investigated whether OXT influences this cultural symbol and consumer-product-based ethnocentrism.

In the current study we have therefore investigated the effect of intranasal OXT on the likes and dislikes of adult male and female Chinese subjects for pictures across a range of different social and non-social categories from their own (Chinese) and a closely related culture (Taiwanese) in comparison with those from other familiar Asian cultures with a long-standing history of either a mild (South Korean) or strong (Japanese) out-group derogation. We included countries Chinese people have either weak or strong positive or negative biases toward due to evidence that OXT-effects are often context-dependent (Bartz et al., 2011). To investigate whether OXT-induced behavioral effects were enduring, we re-tested subjects1 week after the initial experiment. In view of the fact that neither the categories of different social and non-social stimuli used can be considered as homogeneous, and that some non-social cultural categories have strong social associations (such as flags) we also investigated potential differential effects of OXT on different individual categories of social and non-social stimuli. We hypothesized that since other studies have shown OXT facilitates responses toward social but not non-social stimuli (Hurlemann et al., 2010; Meyer-Lindenberg et al., 2011; Striepens et al., 2011), it would increase “liking” of social stimuli from in-group cultures, but not for their non-social national symbols and consumer products. However, we also hypothesized that there might be some potential differences in OXT effects across the individual social and non-social categories as a result of contextual aspects of cultural experience. As a control for other potential non-specific effects of OXT subjects were also required to rate their arousal responses and familiarity for the stimulus pictures although we did not anticipate any effects on these parameters in line with many previous experiments (Striepens et al., 2011, 2014; Scheele et al., 2013). As a further control we also investigated potential contributions of the female menstrual cycle although once again in line with previous findings (Theodoridou et al., 2009; Domes et al., 2010) we did not anticipate any influence of this on OXT effects.

METHODS

A total of 51 male and female (female n = 26) Chinese (Han) subjects were included in the study. The subjects were all University students with an average age of mean ± s.e.m. = 22.16 ± 0.22 years and were free of medical or psychiatric illness, drug or alcohol abuse. None of the female subjects were taking the contraceptive pill and no attempt was made to control for stage of menstrual cycle other than in the first test where OXT and placebo (PLC) treatments and were not given to subjects during their menstrual period. On the basis of self-reports of menstruation dates, female subjects were divided into those estimated to be in the follicular phase or in the luteal phase of their cycle at the time of test 1, although the majority (19/26) were in the luteal phase. The study used a double-blind, between-subject, placebo-controlled design with subjects randomly assigned to OXT (male, n = 14; female, n = 13) and PLC (male, n = 11; female, n = 13) treatment groups and tested individually. The study was approved by the ethical committee of the University of Electronic Science and Technology of China and all subjects gave informed consent to take part.

Immediately before the experiment all subjects completed a range of questionnaires measuring personality and affective traits and levels of anxiety and depression: Chinese versions of: Beck Depression Inventory (BDI-II), Empathy Quotient (EQ), NEO-Five Factor Inventory (NEO-FFI), Positive and Negative Affect Schedule (PANAS), State-Trait Anxiety Inventory (STAI), and Self-Esteem Scale (SES).

For the experiment subjects were first administered a single intranasal dose of 24IU OXT (Syntocinon Spray—Sichuan Meike Pharmacy Co. Ltd, Sichuan, China; 3 puffs of 4 IU per nostril with 30 s between each puff) or PLC (also 3 puffs per nostril). The PLC treatment was also provided in the same type of dispenser bottle by the pharmaceutical supply company providing the OXT nasal spray, and contained all of same ingredients other than the neuropeptide. In line with many previous reports (Striepens et al., 2011; Guastella et al., 2013) the experimental paradigm started 45 min after OXT or PLC treatment which is estimated to allow maximum increased concentrations of the peptide to occur within the cerebrospinal fluid (Born et al., 2002; Chang et al., 2012; Striepens et al., 2013). In post-experiment interviews subjects were unable to identify better than chance whether they had received the OXT or PLC treatment.

The stimulus pictures used in the study were all taken from the internet and both social and non-social item categories used were deliberately chosen as being likely to evoke feelings of National pride. Social category stimulus pictures either depicted individuals, groups or names (n = 48) whereas non-social category ones depicted iconic symbols or consumer products/companies from four different countries (China, Taiwan, Japan, and South Korea) (n = 48). The 96 pictures were displayed in a random order for 3 s each and with a further 3 s for each rating question to be answered using a displayed 9 point scale. There was a 1 s period where a white fixation cross was displayed on a black background (jittered 0.5–1.5 s) before each stimulus picture. Stimulus presentations were made using E-prime software. For the social and non-social stimuli 12 different pictures from 5 different categories (Political leader; sports men and women; school children; people wearing typical national dress in different contexts and popular given names were used (Social—1: National leader, 2: Olympic gold-medal champion—male, 3: Olympic gold-medal champion—female, 4: National table-tennis player—male, 5: National table-tennis player—female, 6: National male football team, 7: school children in uniform, 8: Man and woman in traditional wedding dress; 9: Two martial arts players fighting—male, 10: Men and women in traditional opera dress, 11: Men and women in traditional dress; 12: Popular given names. Non-social—1: National flag, 2: National Flag-map, 3: Picture of capital city, 4: Ancient iconic building, 5: Modern iconic building, 6: Iconic monument, 7: Bank note (100RMB and equivalent value for other countries), 8: Traditional food, 9: Famous supermarket brand; 10: Mid-range value car with manufacturer logo, 11: Economy car with manufacturer logo; 12: Similar value touch-screen mobile telephones showing manufacturer name). To aid subjects in identifying the country represented in the pictures all of them had a small national flag inserted underneath the picture displayed. In all cases it was first confirmed that subjects used were highly familiar with the flags of the 4 countries. Examples of stimulus pictures are shown in Figure 1.
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FIGURE 1. Examples of stimuli: social and non-social Chinese, Taiwanese, Japanese, and South Korean stimulus pictures used in the study. The bottom row of pictures (mobile phones) also shows the size of the country flag which appeared under each of the stimuli presented at aid identification of Nationality.



We first used an independent cohort of 20 subjects (n = 10 female) to rate Chinese social and non-social pictures on a scale of 1–9 for (1) likeability and also for the questions: (2) How much does this picture make you feel that China is better than other countries and (3) How much does this picture make you proud to be Chinese? Results showed that all the Chinese social and the majority of non-social (the two unsurprising exceptions were money and food) picture categories chosen evoked equivalent high scores on all three questions [mean ± s.e.m. rating scores—Q1: Social 6.95 ± 0.29, Non-social 7.31 ± 0.27, t(22) = 0.95, p = 0.36; Q2: Social 6.75 ± 0.26, Non-social 6.80 ± 0.24, t(22) = 0.13, p = 0.90; Q3: Social 6.99 ± 0.31, Non-social 6.96 ± 0.22, t(22) = 0.057, p = 0.96] showing that the Chinese social and non-social stimulus sets did not differ significantly in their likeability or their ability to generate feelings of National pride. Furthermore, with the exception of two non-social pictures (money and food) there was a high positive correlation between likeability ratings and ratings given by individual subjects on both questions about feelings of evoked national pride for both the social (overall mean correlation of 0.77 ± 0.03 for Q2 and 0.68 ± 0.05 for Q3) and non-social pictures (0.69 ± 0.04 for Q2 and 0.65 ± 0.05 for Q3). We therefore decided for the main experiment to ask subjects to provide only likeability ratings to avoid deliberately priming them to consider their feelings of National pride. For the first part of the main experiment (test 1) subjects were seated in front of a computer screen and asked to rate the social and non-social pictures from the four countries on a scale of 1–9 for likeability (1 = dislike very much, 5 = neutral and 9 = like very much) as well as for arousal (1 = not aroused at all and 9 = very aroused) and familiarity (1 = completely unfamiliar and 9 = very familiar). Subjects were shown and required to rate the 96 different pictures presented in a random order and told that their scores would be kept anonymous.

For the second part of the experiment (test 2) subjects were asked to return 7 days later in order to take part in a completely different experiment. However, instead when they returned they were first re-administered the PANAS questionnaire (to ensure that they had not experienced a significant mood change during the week between the tests) and then unexpectedly asked to perform the original task again, although with stimuli being presented in a different random order. All original 51 subjects completed this second test and no additional OXT or PLC treatment was given. No studies have reported significant time of day effects for intranasal OXT treatment in humans and so we did not restrict tests to a specific time of day. In both experiments subjects were tested between 09.00 and 20.00 (mainly 14.00–16.00) and there were no overall differences between the treatment groups, or between tests 1 and 2 within groups (p > 0.1 in all cases). On average differences in test times for individual subjects in test 1 and test 2 were <2 h.

STATISTICS

Likeability, arousal and familiarity ratings made by subjects were averaged separately across the 12 social and 12 non-social stimulus pictures for each of the four different countries. In all cases mixed factor repeated measure ANOVA tests were performed using SPSS 17.0 (SPSS Inc., Chicago, IL, USA) with significant interaction effects being explored using Simple Effect Tests and corrected for multiple comparisons using Bonferoni. In the main analysis treatment and sex were considered as between-subject factors and country, social vs. non-social and test 1 vs. test 2 as within-subject factors. Where secondary ANOVA analyses were carried out separately for the social and non-social stimuli and including stimulus sub-categories as a within-subject factor this was corrected for by reducing the accepted significance level for main effects and interactions to p < 0.025. No correction was applied to p-values for additional ANOVAs investigating potential treatment effects on stage of menstrual cycle, arousal or familiarity since these were considered as controls and not predicted to reveal significant treatment effects.

RESULTS

Table 1 shows that there were no significant differences between the OXT and PLC groups in age or for personality, empathy, anxiety, or depression scores. There were also no significant differences between scores on the PANAS administered prior to each of the two tests.

Table 1. Ages and questionnaire scores for study subjects (mean ± s.e.m.).
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For likeability scores an ANOVA revealed main effects of social vs. non-social stimuli [F(1, 47) = 61.60, p < 0.0001, η2 = 0.576] and country [F(3, 141) = 138.53, p < 0.0001, η2 = 0.747] and a significant interaction between social vs. non-social stimuli and country [F(3, 141) = 6.18, p = 0.002, η2 = 0.116]. Figure 2 shows this was due to the non-social stimuli being scored significantly higher than social ones for all four countries and the expected ethnocentric effect with overall score for both social and non-social stimuli being highest for China followed by Taiwan and then South Korea with Japan the lowest. Post-hoc comparison tests revealed likeability scores for Chinese picture stimuli were significantly higher than all three other nations during both tests (p < 0.0001 for both social and non-social); scores for Taiwanese pictures were significantly higher than for South Korean and Japanese ones (p < 0.01) and scores for South Korean pictures were significantly higher than for Japanese ones (p < 0.0001). There was a significant interaction between social vs. non-social × country × sex [F(3, 141) = 2.90, p = 0.037, η2 = 0.058] which was contributed to by a slightly higher likeability ratings for Chinese and Taiwanese non-social stimuli in male subjects and lower ratings for Japanese social stimuli in female subjects, although none of these differences achieved significance (p > 0.176 in all cases). Most importantly in the context of the current study there was also a significant interaction between treatment × social vs. non-social × country [F(3, 141) = 4.26, p = 0.007, η2 = 0.083] which Figure 2 shows is due to OXT increasing likeability scores for Chinese social, but not non-social stimuli in both tests (OXT vs. PLC for social stimuli from China, test 1: p = 0.0096; test 2: p = 0.0065). There was no overall significant difference between likeability scores given by subjects in test 1 vs. test 2 (China social: PLC – p = 0.76, OXT – p = 0.50; China non-social: PLC – p= 0.33, OXT – p= 0.77). OXT had no significant effect on social stimuli from other countries (test 1: Taiwanese, p = 0.745; Japanese, p = 0.455; South Korean, p = 0.292; test 2: Taiwanese, p = 0.510; Japanese, p = 0.708; South Korean, p = 0.177). There were no significant differences between likeability scores for the social pictures from these 3 countries in test 1 vs. test 2 (p >0.1 in all cases). There was however a test × treatment × sex interaction [F(3, 141) = 5.80, p = 0.020, η2 = 0.110]. This was due to a slight but consistent reduction in overall likeability ratings given by female subjects to both social and non-social stimuli across all four countries in the PLC group in test 2 compared with test 1 (p = 0.015). On the other hand likeability ratings in OXT-treated subjects were very similar in tests 1 and 2. In males ratings in both PLC and OXT treated individuals were similar in tests 1 and 2.
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FIGURE 2. Likeability ratings for each country. Histograms show mean ± s.e.m. likeability ratings of social (A,C) and non-social (B,D) stimulus pictures for four different countries given by OXT (filled bars) and PLC (unfilled bars) treated subjects in the two tests (A,B: test 1, 45 min after OXT/PLC treatment; C,D: test 2, 7 days after treatment). **p < 0.01 for OXT vs. PLC.



To control for the possibility of a potential interaction between stage of menstrual cycle and OXT effects on likeability ratings we performed a separate ANOVA on test 1 scores in female subjects in the OXT and PLC groups and including stage of cycle as a factor (Follicular vs. Luteal – OXT group n = 4 follicular and n = 9 luteal; PLC group n = 3 follicular and n = 10 luteal). Results showed there was neither a main effect of cycle phase [F(1, 22) = 0.534, p = 0.473, η2 = 0.024] nor an interaction between treatment × cycle phase [F(1, 22) = 0.251, p = 0.621, η2 = 0.011].

In view of the fact that both social and non-social stimulus pictures contained a number (n = 5 for both social and non-social) of distinct sub-categories, and we hypothesized OXT might have had differential effects on these due to contextual experience, we performed a second analysis on tests 1 and 2 including these sub-categories as a within-subject factor. For social stimuli the sub-categories used were: (1) Party Leader picture 1, (2) Famous sports stars – pictures 2–6, (3) School children in typical uniform – picture 7, (4) Adults taking part in events in traditional dress – pictures 8–11, (5) Popular given names – picture 12; for non-social stimuli there were: (1) The National flag – pictures 1,2, (2) Ancient and Modern National monuments and buildings – pictures 3–6, (3) Money – picture 7, (4) Typical national food and food supermarket – pictures 8,9 and (5) Consumer products from National companies – pictures 10–12. An initial analysis revealed no significant differences between scores for the different categories in test 1 vs. test 2 and so scores from the 2 tests were combined. Separate ANOVAs were therefore performed for social and non-social category sub-groups with categories (n = 5) and country as within group factors and treatment and sex as between subject factors. For the social stimuli there was a main effect of category [F(4, 47) = 22.67, p < 0.0001, η2 = 0.325] and country [F(3, 47) = 111.79, p < 0.0001, η2 = 0.704] and a category × country interaction [F(12, 47) = 13.92, p < 0.0001, η2 = 0.229]. This showed that there were differences between the likeability ratings of the 5 different stimulus categories both within and across countries. While there was no treatment × category interaction [F(4, 47) = 0.169, p = 0.954, η2 = 0.004], indicating that OXT effects were similar across the five categories, there was a marginally significant treatment × country interaction [F(3, 47) = 2.89, p = 0.038, η2 = 0.058 – p < 0.025 considered significant following correction for multiple ANOVAs] due to OXT effects occurring mainly for Chinese stimuli (p = 0.014). There were no other significant main effects or interactions. For the non-social stimulus categories there was a similar pattern with main effects of category [F(4, 47) = 25.05, p < 0.0001, η2 = 0.348] and country [F(3, 47) = 151.52, p < 0.0001, η2 = 0.763] and a category × country interaction [F(12, 47) = 34.02, p < 0.0001, η2 = 0.420]. While there was no treatment × category interaction [F(4, 47) = 1.528, p = 0.196, η2 = 0.031], there was a significant treatment × country × category one [F(12, 47) = 2.13, p = 0.014, η2 = 0.043]. Post-hoc tests corrected for multiple comparisons showed that this was due to OXT significantly increasing likeability ratings for the Chinese flag stimulus category (p = 0.005) and decreasing them for the Japanese food/food supermarket category (p = 0.029) (see Figure 3). No other significant differences were found across the stimulus categories from the different nations (p > 0.1 in all cases). There were no other significant main effects or interactions.
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FIGURE 3. Likeability ratings of different non-social stimulus categories for: (A) Chinese, (B) Taiwanese, (C) Japanese, and (D) South Korean. Histograms show overall mean ± s.e.m. combined likeability ratings for the different stimulus picture categories given by OXT and PLC treated subjects in the tests given 45 min (test 1) and 7 days (test 2) after treatment. Non-social categories—1. Chinese flag – Flag and Flag-map; 2. Ancient and modern buildings and monuments and Capital cities—capital city, ancient iconic building, modern iconic building and monument; 3. Money—100RMB or equivalent Bank note; 4. Traditional national food and food supermarket; 5. Consumer products and their manufacturers—mid-range value car with manufacturer logo, economy car with manufacturer logo, touch-screen mobile telephone showing manufacturer name. **p < 0.01 and *p < 0.05 for OXT vs. PLC.



For arousal scores (see Figure 4) there were also significant main effects of social vs. non-social stimuli [F(1, 47) = 13.82, p = 0.001, η2 = 0.227] and country [F(3, 141) = 86.15, p < 0.0001, η2 = 0.647]. This suggests that the non-social picture stimuli were significantly more arousing than the social ones, with highest arousal ratings for Chinese followed by Japanese and Taiwanese, with South Korean ones evoking the lowest arousal. There were no significant treatment interaction effects and so, as predicted, there was no evidence for an overall effect of OXT on arousal ratings. Similarly, in the secondary ANOVA analysis including the five different categories of social and non-social stimuli there were no significant treatment × category, treatment × country or treatment × country × category interactions (p > 0.66 in all cases) confirming that OXT did not influence arousal responses for any specific stimulus category.
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FIGURE 4. Arousal ratings for stimulus pictures from each country. Histograms show mean ± s.e.m. arousal ratings of social (A,C) and non-social (B,D) stimulus pictures for four different countries given by OXT (filled bars) and PLC (unfilled bars) treated subjects in the two tests (A,B: test 1, 45 min after OXT/PLC treatment; C,D: test 2, 7 days after treatment). No significant treatment effects were found.



Analysis of familiarity scores (see Figure 5) also revealed a significant main effect of social vs. non-social stimuli [F(1, 47) = 33.84, p < 0.0001, η2 = 0.419] and country [F(3, 141) = 318.82, p < 0.0001, η2 = 0.872] and a significant interaction between social vs. non-social stimuli and country [F(3, 141) = 8.25, p < 0.0001, η2 = 0.149]. This showed that the non-social stimuli were scored significantly higher than social ones for picture stimuli from all four countries (p < 0.01 in all cases) and that, as expected, subjects were most familiar with Chinese social and non-social stimuli (p < 0.0001), followed by Taiwanese, Japanese, and South Korean for social stimuli, or Japanese, Taiwanese, and South Korean for non-social stimuli. There was a significant test × country interaction [F(3, 141) = 3.81, p = 0.012, η2 = 0.075]. This was mainly contributed to by subjects rating Taiwanese picture items more familiar in test 2 compared to test 1 (p = 0.010). There was also a trend for a test × treatment × sex interaction [F(3, 141) = 3.76, p = 0.059, η2 = 0.074] with the post-hoc analysis showing that males in the OXT group generally rated pictures as significantly more familiar in test 2 compared with test 1 (p = 0.02). Similarly in the secondary ANOVA analysis including the 5 different categories of social and non-social stimuli there were no significant treatment × category, treatment × country or treatment × category × country interactions (p > 0.224 in all cases) showing that, as expected, OXT did not influence familiarity responses for any specific stimulus category.
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FIGURE 5. Familiarity ratings for stimulus pictures from each country. Histograms show mean ± s.e.m. familiarity ratings of social (A,C) and non-social (B,D) stimulus pictures for four different countries given by OXT (filled bars) and PLC (unfilled bars) treated subjects in the two tests (A,B: test 1, 45 min after OXT/PLC treatment; C,D: test 2, 7 days after treatment). No significant treatment effects were found.



Although, as predicted, we found no significant OXT effects on arousal and familiarity ratings we nevertheless also explored their potential contributions to main finding of an OXT effect on likeability scores in the two different tests. We therefore also performed separate ANOVAs on test 1 and test 2 including arousal and familiarity scores as nuisance covariates. This analysis confirmed that there was still a significant, albeit reduced, treatment × social vs. non-social × country interaction in both tests [test 1: F(3, 141) = 2.80, p = 0.043, η2 = 0.058; test 2: F(3, 141)= 2.66, p = 0.051, η2 = 0.056]. Post-hoc comparison tests also confirmed a significant increase in likeability scores for China social stimuli in the OXT group in test 1 (p = 0.02) and a trend toward significance in test 2 (p = 0.077). Thus, while an OXT effect on arousal and familiarity may have contributed to some extent to increased likeability scores for the Chinese social stimuli in both tests, it also appears to have significant effects independent of them.

DISCUSSION

Overall our results have shown that intranasal OXT facilitates likeability ratings in both male and female Chinese subjects in terms of pictures depicting Chinese politicians, sports men and women, men and women in traditional dress and school children compared with those associated with other Asian countries (Taiwan, South Korea, and Japan). On the other hand OXT treatment had no overall effect on similar liking for national and cultural symbols (such as food, money, cities, buildings, and monuments) and consumer outlets/products (supermarkets, cars, and mobile phones). A further analysis which divided stimulus pictures into different sub-categories revealed that an exception to this was the two pictures (flag and flag-map) showing the Chinese national flag where there was also a clear facilitatory effect of OXT on likeability ratings. Despite clear evidence for derogation (in terms of lower likeability ratings) of both social and non-social pictures depicting out-group cultures (notably Japanese where average scores were mainly in the “dislike” rather than “like” part of the scale) there was no overall evidence that this was influenced by OXT, other than a significant reduction in combined ratings for a typical Japanese food dish (sushi) and food supermarket (Ito Yokado). There were no significant effects of OXT on arousal or familiarity ratings on either the social or non-social picture sets from the four different countries. Importantly, we have also shown that these behavioral effects of OXT were maintained even a week after treatment. Thus, our results have also demonstrated for the first time that behavioral effects of OXT treatment can be maintained for some time following treatment and are not restricted to the immediate period of elevated concentrations after intranasal application.

While overall increases in likeability scores for Chinese social stimuli following OXT treatment were relatively small they were highly consistent across the different sub-categories of stimuli. The strongest effects were seen for pictures of men and women in various forms of traditional dress and for sports stars, followed by the current party Chairman (Chairman Xi), with only popular names failing to show a significant effect. Considering the Chinese social stimuli were given high average likeability ratings in the PLC treated group (mean = 6.88/9), it is interesting that OXT treatment was still able to increase them further (mean = 7.69/9). The majority of previous studies reporting similar magnitude OXT effects on aspects of social attraction have tended to use stimuli with relatively neutral initial valence (Theodoridou et al., 2009; Striepens et al., 2014).

There was clearly no overall effect of OXT on ethnocentric attitudes underlying the “country of origin” effect for commercial products and their manufacturers, and also no effect in relation to ancient/modern buildings/monuments or money. There was a slightly greater liking for non-social rather than social pictures and so the absence of an effect of OXT on them is unlikely to have been because they were less interesting. Since likeability ratings were very high for most of the non-social stimuli it is possible OXT effects might have been obscured by a potential ceiling effect, although there was only a small difference in ratings compared with social stimuli where robust effects did occur. Also, there was a strong significant facilitatory action of OXT for increasing likeability of pictures of the National flag (the flag alone and a flag-map) despite the high ratings observed in the PLC group. Previous studies have shown that National flags are a potent and influential stimulus where even subliminal exposure can influence political thought and behavior (Hassin et al., 2007) and in-group normative values (Sibley et al., 2011). Since National flags are often carried or worn by people this may represent a contextual situation where a non-social stimulus can effectively become equivalent to a social one as a result of repeated social associations. While it is also possible that OXT is not simply acting on social stimuli per se in this context but is instead increasing an individual's sense of National affiliation and pride, the social and non-social picture sets used in our study received equivalent ratings for evoking feelings of National pride by a group of independent raters. Although the two flag pictures used did elicit high National pride ratings other national iconic symbols such as Beijing and the Forbidden City were rated even higher. Thus, OXT effects are unlikely to be specifically associated with levels of National pride evoked by social or non-social picture stimuli.

All the picture stimuli used in the current study included a small national flag underneath them in order to guarantee that subjects correctly identified the country of origin and it is possible that this may have contributed to the observed ethnocentric effects for both social and non-social items. However, while OXT facilitated likeability ratings for the main picture stimuli depicting the Chinese National flag it is clear that this effect did not extend to the smaller flag icon positioned underneath the target pictures. If this were the case then it would be expected that all social and non-social picture items would have shown a facilitatory OXT effect, which clearly they did not. Thus, it seems likely that OXT effects were restricted primarily to the target stimulus images which would have been the main focus of attention.

In line with the majority of studies which have reported OXT effects on behavior toward “in-group” or “out-group” members (see recent meta-analysis by Van IJzendoorn and Bakermans-Kranenburg, 2012), we mainly found evidence for increased “in-group” favoritism and not additionally for increased “out-group” derogation. Indeed, the only somewhat indirect evidence for the latter was in terms of significantly reduced liking for food-related stimuli (Japanese sushi and the food supermarket Ito Yokado). However, while some consider ethnocentrism to involve both in-group bias and favoritism as well as out-group derogation, recent research has suggested that these two components of ethnocentrism are separable constructs (Bizumic and Duckitt, 2012) and therefore OXT may specifically be acting on the in-group favoritism factor rather than out-group derogation.

To the best of our knowledge this is the first study to investigate potential gender differences in the context of OXT effects on “in group” favoritism/ethnocentrism. Despite growing evidence for gender differences for OXT actions on physiological and emotional responses (Kubzansky et al., 2012; Ditzen et al., 2013; Fischer-Shofty et al., 2013; Rilling et al., 2014; Hoge et al., 2014; Yao et al., 2014) we found no clear evidence for this in the context of the current study. A recent study reporting OXT-induced increases in empathy for pain in out-group individuals also found no gender difference in responses to OXT (Shamay-Tsoory et al., 2013). While we did not control specifically for possible menstrual cycle effects we did not find any main effects of the follicular vs. luteal phase or any interaction between treatment and cycle phase. Several other studies have also failed to find an influence of the menstrual cycle on functional effects of OXT treatment (Theodoridou et al., 2009; Domes et al., 2010). Nevertheless, it is possible some subtle differences would have been found if we had used a larger subject group or a more extensive range of stimulus pictures, although the current study design was deliberately constructed to include pictures that had an overall similar attraction for both males and females.

Our finding that likeability for Chinese social and flag pictures was maintained for 1 week after intranasal OXT treatment suggests that behavioral effects induced during experience of increased concentrations can be maintained even after they have declined. It is possible that OXT may have either facilitated learning of the increased likeability ratings given to specific stimuli during test 1 which resulted in the same higher ratings being given in test 2. Alternatively, or additionally, OXT may have produced a more general increase in likeability of Chinese social stimuli and flags. While our study design cannot distinguish between these two possibilities it is interesting that female subjects in the PLC group showed a significant decline in likeability ratings in test 2 compared to test 1 across all the different nations while this was not the case in the OXT group. Thus, for female subjects at least ratings produced in test 1 were not simply learned and reproduced in test 2 and that instead a revised likeability judgment occurred. In the female OXT group on the other hand maintenance of similar likeability ratings may either have been the result of stronger learning of the initial rating given, or because subjects did not want to revise their judgment. Animal studies for example have demonstrated that under conditions where OXT concentrations are elevated both neural plasticity and learning effects (Kendrick, 2000; Ferri and Flanagan-Cato, 2012) can occur, particularly in the context of social recognition. In humans intranasal OXT also facilitates learning with social feedback (Hurlemann et al., 2010). Nevertheless, although we cannot be sure of the precise mechanism whereby OXT-induced changes in likeability ratings were maintained for a week post-treatment in the current experiment it is clear that in certain contexts behavioral preferences can remain altered well-beyond the immediate period of elevated concentrations following intranasal treatment. This may have important implications for potential therapeutic-treatment protocols using intranasal OXT treatment where daily dosing regimens are typically been used. In some instances less frequent treatments when combined with behavioral training might also be effective in influencing long-term behavioral changes and reduce the risk of possible receptor desensitization problems. There is evidence for increased CSF concentrations of OXT following intranasal application in humans (Striepens et al., 2013) and monkeys (Chang et al., 2012), and other similar peptides in humans (Born et al., 2002), and it is generally considered that OXT given intranasally crosses the blood-brain barrier to penetrate into the brain cerebrospinal system (see Striepens et al., 2011, 2013; Neumann et al., 2013). The duration of elevated OXT concentrations in CSF following intranasal treatment has not been clearly established, although findings reported in recent in vivo microdialysis study in rats (Neumann et al., 2013) and on endogenous release profiles in sheep following birth (Kendrick et al., 1991) suggest that they are unlikely to persist for more than a matter of a few hours.

Oxytocin had no significant effect on arousal and familiarity ratings for the picture stimuli used in the two tests, and OXT effects on likeability ratings were still present even when they were included as nuisance covariates, although significance levels were reduced. It is therefore unlikely that increased liking for Chinese social and flag pictures in either of the tests was contributed to primarily by enhanced arousal responses or making items appear more familiar. This is in agreement with a number of other studies which have also reported no effect of OXT on arousal (Scheele et al., 2012; Striepens et al., 2012, 2014). However, we cannot entirely rule out the possibility that some contribution of arousal and familiarity to increased likeability following OXT treatment might have occurred.

Studies showing OXT enhancement of attractiveness ratings of faces have found associated increases in activity in striatal reward regions (Scheele et al., 2013; Striepens et al., 2014) and so it is possible that in the present study increased liking for Chinese picture stimuli was also associated with OXT promoting their rewarding effect. This possibly requires experimental confirmation however.

A limitation of the current study was that relatively few picture stimuli were used for each individual country and possibly a larger number and wider range of stimuli might have revealed additional effects. We deliberately included a number of different categories of both social and non-social and our analysis did reveal some evidence for differential effects of OXT. Another potential limitation was that experiments were conducted across a wide time range, in terms of time of day, and this may have had some influence on results. However, although there may be circadian variations in endogenous CSF OXT concentrations no previous studies have reported evidence for time of day effects on behavioral effects of intranasal OXT treatment. Importantly there were no significant differences between the treatment groups and on average re-tests after 1 week were conducted within 2 h of the time of the original one. A final limitation, as discussed above, was that our paradigm did not allow us determine whether maintenance of altered likeability ratings 1 week after OXT treatment reflects a generalized revised liking for Chinese stimuli or a facilitation of learning of the original ratings given for the specific stimuli.

In summary, the current study has shown a facilitatory effect of OXT on ethnocentrism in both men and women in terms of increased liking for pictures depicting both social and flag stimuli from the subjects' native country, China. There was no strong evidence for an influence of OXT on likeability of either social or non-social stimuli from other Asian countries despite clear general evidence for dislike of some out-group stimuli. The behavioral effects of a single intranasal dose of OXT were maintained for at least a week.
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The role of endogenous oxytocin as neuromodulator of birth, lactation and social behaviors is well-recognized. Moreover, the use of oxytocin as a facilitator of social and other behaviors is becoming more and more accepted. Many positive effects have been attributed to intranasal oxytocin administration in animals and humans; with current research highlighting encouraging advances in its potential for use in mental health disorders. The new frontier will be investigating the effective use of oxytocin in pediatric populations. Limited animal data is available on this. Large-scale human studies focusing on autism are currently under way, but many other possibilities seem to lie in the future. However, we need to know more about the risks and effects of repeated use on the developing brain and body. This paper will provide an overview of the current understanding of the role of endogenous oxytocin and its related neuropeptide systems in influencing behaviors, in particular attachment, and will review (a) the literature on the use of intranasal oxytocin in young animals, children (age range birth-12 years) and adolescents (age range 13–19 years), (b) the expected benefits and risks based on the current research, and (c) the risks of oxytocin in children with severe psychopathology and early life trauma. The paper will conclude with a clinical perspective on these findings.
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INTRODUCTION

Current understanding of oxytocin and its related neuropeptide systems is growing at an exponential rate. Oxytocin's centrally acting role in behavioral modulation and attachment is increasingly recognized (Feldman, 2012; Churchland and Winkielman, 2012; Tops et al., 2014). Recent studies (Broadbear et al., 2014; Love, 2014; Tops et al., 2014) have been able to highlight a neurobiological model for these behavioral changes, and outline with greater specificity the complex interaction between oxytocin and other neuropeptides and monoamines. These findings have been applied and expanded to the field of addiction, and behavioral neuroscience (Kovacs et al., 1998; Rilling et al., 2012; Buisman-Pijlman et al., 2014b; Williams and Johns, 2014; Zanos et al., 2014). Many positive effects have now been attributed to intranasal oxytocin in the adult population (Veening and Olivier, 2013), however there are multiple questions that remain unanswered in regards to the safe and effective use of intranasal oxytocin in the child and adolescent population. In particular, there is a lack of evidence in regards to the effects of both acute and chronic exposure on the developing brain. This paper aims to provide a review of current knowledge in relation to this area, and highlight both theoretical and clinical gaps in research evidence and data regarding what will likely be an increasing area of interest in the management of common childhood and adolescent psychiatric disorders in future.

This paper will briefly review the current understanding of the role of endogenous oxytocin and its related neuropeptide systems in influencing behaviors, in particular attachment, and will review (a) the literature on the use of intranasal oxytocin in young animals, infants, children and adolescents, (b) the expected benefits and risks based on the current research, and (c) the risks of oxytocin in children with severe psychopathology and early life trauma. Finally this paper aims to utilize the current knowledge base to assist in providing a framework for the direction of potential further clinical application and will provide examples for future research questions.

OXYTOCIN AND ITS RELATED NEUROPEPTIDE SYSTEMS

Oxytocin, a hormone synthesized by the hypothalamus and subsequently secreted by the posterior pituitary gland, is a neuropeptide well-known for its neuro-modulatory role in lactation, child-birth, mother-infant bonding (Love, 2014), and more recently for its role in social affiliation and partner attachment in adults (Buisman-Pijlman et al., 2014b; Tops et al., 2014). Oxytocin's centrally acting effects form the basis of research stemming from Nobel laureate in Chemistry Vincent du Vigneaud's early descriptions and syntheses of oxytocin and vasopressin in 1953 (Love, 2014; Sarnyai and Kovacs, 2014). Oxytocin has it's effect through the Oxytocin receptor and Vasopressin 1A Receptor. Immunohistochemical studies have revealed that magnocellular oxytocin neurons of paraventricular, supraoptic, and accessory hypothalamic nuclei via local dendritic and distant axonal release of oxytocin modulate various forms of behaviors (Lee et al., 2009; Knobloch et al., 2012; Dolen et al., 2013). It is possible that axonal projections of oxytocin neurons can be altered in patients afflicted with neurodevelopmental diseases, which may impair oxytocin signaling and contribute to defects in social behavior. Such pathophysiological mechanisms require further research.

Oxytocin has been shown to have a relationship with both vasopressin and serotonergic neural pathways (Broadbear et al., 2014), with increasing evidence suggesting that oxytocin and vasopressin's individual and combined modulatory influences on related neurotransmitter systems, including dopaminergic, serotonergic, and endogenous opioid system play a crucial role in the brain's motivational and reward pathways (Love, 2014), and behaviors related to stress-responses and addiction (Buisman-Pijlman et al., 2014b; Tops et al., 2014). Oxytocin has also been implicated in modulating the reactivity of the hypothalamic-pituitary-adrenal axis (Buisman-Pijlman et al., 2014b), thus in part determining the extent of psychological and physiological response to stress (Feldman, 2012).

This expanding knowledge base has underpinned adult human and animal studies administrating intranasal oxytocin as a modulator of behaviors, for example, those associated with substance abuse (McGregor and Bowen, 2012; Pedersen et al., 2013). Authors have outlined the rationale for intranasal administration of oxytocin in research, based on this administration route bypassing the blood-brain barrier, and increasing the half-life of the delivered substance in cerebrospinal fluid thus ensuring maximization of centrally acting effects (Veening and Olivier, 2013). Intranasal delivery accesses rostral and possibly other brain areas following absorption through the nasal epithelium (Veening and Olivier, 2013). In the pediatric population, intranasal delivery of oxytocin is likely to be the easiest, least intrusive and most preferable mode of administration given pragmatic factors relating to level of insight into treatment, and aversion behaviors, however this needs further investigation.

From a clinical perspective, Intellectual Disabilities, Autism Spectrum Disorders (ASDs) and ADHD are common neurodevelopmental disorders presenting in childhood. Whilst neurodevelopmental disorders frequently require ongoing treatment and management in adolescent populations, this is an age group in which affective disorders, anxiety disorders and eating disorders, or traits thereof, also start to manifest and may require clinical intervention. In the child and adolescent this cohort, disorders are frequently and universally, however not exclusively, underpinned by a developmental history characterized by attachment difficulties or early life trauma.

OXYTOCIN'S ROLE IN ATTACHMENT

An important precursor to the investigation of oxytocin's role within pediatric populations is the concept of attachment. From a theoretical perspective, Bowlby defines attachment as “a biological instinct…Attachment behavior anticipates a response by the attachment figure which will remove threat or discomfort” (Bowlby, 1960). Oxytocin has been implicated in priming the bond between a mother and child (Love, 2014), and it is known from animal studies that the development of the oxytocin system continues throughout the postnatal period in an experience-dependent manner (Oreland et al., 2010). Given that development of secure attachment is in part reliant on an infant's salience toward their primary caregiver, evidence that administration of oxytocin improves the salience of social cues further highlights the importance of oxytocin in the process of attachment (Love, 2014; Tops et al., 2014).

VARIATIONS IN THE OXYTOCIN SYSTEM

Notably, findings from animal and human studies display that there are individual variations within basal oxytocin levels and in reactivity of the system. Whilst genetics contribute in part, environmental influences such as social experiences, stress and trauma early in life have also been shown to affect this variation. Buisman-Pijlman et al. (2014b) outlined that these influences can induce long-term changes to the oxytocin system, having a subsequent impact on an individual's susceptibility to addiction and relapse. Feldman (2012) also noted that the human oxytocin system is sensitive to both positive early social experiences and negative experiences such as separation. Rather than a static feedback system, it is now more accepted through recent studies that the human oxytocin system functions in a complex context-dependent manner (Feldman, 2012; Guastella and Macleod, 2012). Factors aside from genetic influence that have been implicated in variations in an individual's oxytocin system include prenatal maternal stress and substance use (Johns et al., 1998), early life trauma including parental separation (Opacka-Juffry and Mohiyeddini, 2012), and childhood sexual abuse (Heim et al., 2009). A sound understanding of these factors will be of importance to assess the risks and benefits of exogenous oxytocin in the pediatric population.

CURRENT EVIDENCE ON THE USE OF INTRANASAL OXYTOCIN IN YOUNG ANIMALS, INFANTS, CHILDREN, AND ADOLESCENTS

In the adult population, literature on the use of intranasal oxytocin has spanned the last six decades in research, with early reports focusing on its role in obstetrics (Hendricks and Pose, 1961; Cohen et al., 1962), followed by exploration of oxytocin's possible application to the field of psychiatry, in particular, obsessive compulsive disorder (Ansseau et al., 1987; Den Boer and Westenberg, 1992) and symptoms of post-traumatic stress disorder (Pitman et al., 1993; Olff, 2012).

In the last 10 years, authors have highlighted oxytocin's prosocial effects in the adult population, categorized further into “trust” (Baumgartner et al., 2008), “mind-reading” and “face-processing and memory” (Heinrichs et al., 2003; Beetz et al., 2012) and stress-response in animals (Parker et al., 2005). It is these benefits, in addition to genetic studies displaying a consistent pattern of oxytocin involvement in ASDs (Campbell et al., 2011), that have led to an interest in the promise of treatment of ASDs with intranasal oxytocin. A recent systematic review of randomized control trials of oxytocin intervention in autism by Preti et al., noted that whilst promising findings in the measures of emotion recognition and eye gaze, there is need for better powered studies prior to valid clinical recommendations being made (Preti et al., 2014).

Prior to recent years, animal studies relating to the effects of oxytocin have mainly focused on single dose administration, and in an adult population. On review of current animal data (Table 1), there were four studies identified investigating administration of oxytocin via intraperitoneal injection, and three studies using intranasal oxytocin in young.

Table 1. Acute and long-term effects of oxytocin administration in young animals.
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Studies focusing on intraperitoneal oxytocin injection reinforced inconsistent findings displayed in earlier data according to dose and measured outcome variable, and further highlighted that in the short-term, oxytocin administration may lead to a decrease in positive social behaviors (Suraev et al., 2014), whilst in the long term contribute to heightened social interaction and diminished display of anxiety (Bowen et al., 2011) (see Table 1).

All three animal studies investigating intranasal oxytocin involved repeated dosing. Firstly, Bales et al., found repeated dosing during adolescence had long-term effects on partner preference in prairie voles (Bales et al., 2013). Secondly, Rault et al., found that neonatal pigs displayed increased aggressive behaviors and locomotion, and diminished social contact following daily intranasal oxytocin administration in days 1–3 of life. In addition, there was decreased responsiveness on dexamethasone suppression test at 11 weeks, suggesting repeated intranasal oxytocin administration in early life can cause chronic dysregulation of the hypothalamic-pituitary axis (Rault et al., 2013). Most recently, Simpson et al., found that in newborn rhesus monkeys, administration of daily intranasal oxytocin increased an infant's affiliative communication gestures and decreased salivary cortisol levels (Simpson et al., 2014). In a similar trend identified in the administration of oxytocin via intraperitoneal injection in young animals, the use of intranasal oxytocin produced largely variable results, which appeared to be dose-dependent. Whilst prosocial effects and a decrease in salivary cortisol levels were some of the positive outcomes observed, authors also commented on intranasal oxytocin administration in young animals having the potential to increase aggressive behaviors, impair pair-bond formation, and lead to disruption of the HPA-axis.

A thorough review of current literature found that there were only six human studies (Table 2) focusing on the use of intranasal oxytocin in a child or adolescent population. Of these studies, five occurred in populations with a diagnosis of ASDs (Guastella et al., 2010; Gordon et al., 2013; Tachibana et al., 2013; Dadds et al., 2014; Guastella et al., 2014), and one in a population with Fragile X Syndrome (Hall et al., 2012). Of these six studies, Guastella et al.'s (2014) RCT investigating the effects of a course of intranasal oxytocin on social behaviors in youths with ASDs, and Tachibana et al., were the only groups to investigate chronic administration of intranasal oxytocin over 2, and 6 month periods, respectively, although there was notably a small sample size in the later study. Moreover, only three of the relevant studies found on review included children under the age of 12 (Gordon et al.; Dadds et al.; Tachibana et al.), with a clear lack of data pertaining to the effect of intranasal oxytocin administration in the neonatal and early childhood/pre-pubertal stages of development, a time during which the oxytocin system displays its highest degree of neuroplasticity. From a broader perspective, review of the current literature of intranasal oxytocin use in child and adolescent populations highlighted significant limitations to inferring clinically significant results, and recognizing consistent patterns of effect between studies, including: small sample sizes, limited data on chronic use compared to single-dose administration, and a predilection toward male subjects.

Table 2. Intranasal oxytocin administration in children and adolescents (0–18 year old).
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Studies identifying beneficial clinical outcomes to intranasal oxytocin administration were (1) Gordon et al., who found improved performance in detecting socially salient information on a well-validated fMRI emotion judgment task (“Reading the Mind in the Eyes Test”) following intranasal oxytocin, in addition to identifying that oxytocin enhances activity in social brain regions (see Table 2) (Gordon et al., 2013), (2) Guastella et al., in their 2010 crossover study who displayed improved performance on the RMET in 60% of subjects following intranasal oxytocin administration (Guastella et al., 2010), (3) Hall et al., who reported improved frequency of eye gaze at a specific dose oxytocin, in addition to decreased salivary cortisol levels in subjects receiving a specific dose (Hall et al., 2012) and (4) Tachibana et al.,'s study revealing six of a total 8 male youths with a primary diagnosis of ASD displayed improved performance on communication and social interaction domains of the Autism Diagnostic Observation Schedule-Generic (ADOS-G) following incremental dose increases of intranasal oxytocin over a 6 month period (see Table 2).

The most recent studies by Dadds et al., and Guastella et al., do not report identified significant clinical benefit following the administration of oxytocin.

Despite an evolving scope of current animal and human research data relating to the use of intranasal oxytocin in adults, studies relevant to young animals, and the pediatric population remain limited to date. Factors contributing to this may be related the uncertainty of risks of single, or multiple oxytocin dose administrations on the developing brain, in addition to an absence of clear methods to measure outcome (Miller et al., 2013). Review highlighted no significant reporting of side effects or adverse events in the studied populations, with multiple studies referring to intranasal oxytocin being well-tolerated.

THE EXPECTED BENEFITS AND RISKS OF INTRANASAL OXYTOCIN IN PEDIATRIC POPULATIONS

In assessing expected risks and benefits of oxytocin administration in the pediatric population, it will be important to first consider basic principles of neuroadaptation, including the development of tolerance, changes in receptor numbers, and receptor sensitivity, related to repeated exposure of any drug.

Based on current research data in adult animal and human populations, and the promising findings noted in behavioral modulation (Miller, 2013; Love, 2014), translational studies to the pediatric population could too hold promise. There is a potentially broad scope of application for the use of intranasal oxytocin based on mental health disorders or presentations that are characterized by a decreased responsiveness to social cues, emotional dysregulation and aggression. It would also be of interest to determine if the positive findings in the field of oxytocin and substance addiction (Bowen et al., 2011; Buisman-Pijlman et al., 2014a) were reproducible in younger populations.

As outlined by Miller et al. (2013) in their study reviewing the role of gender in regards to symptomatology in ASDs, there are variations in oxytocin and vasopressin identified between sexes (Miller et al., 2013). Broader application of this principle and an understanding of baseline variations in endogenous oxytocin levels between sexes will likely be important in future research involving administration of intranasal oxytocin to both young males and females for various mental health disorders.

In recent reviews, authors have commented on “cascading effects” of intranasal oxytocin (Veening and Olivier, 2013) whereby administration of intranasal oxytocin also stimulates release of peripherally acting oxytocin (Veening and Olivier, 2013). One rat study did report increased basal levels of oxytocin after long-term administration during adolescence (Suraev et al., 2014); the opposite could be possible as well-depending on the age of exposure. Potentially detrimental effects of inadvertently raising systemic levels of oxytocin remain unclear both in the adult and pediatric population, and would require further investigation from a safety perspective.

RISKS OF OXYTOCIN IN CHILDREN WITH SEVERE PSYCHOPATHOLOGY AND EARLY LIFE TRAUMA

As outlined, the oxytocin neuropeptide system in humans remains in an evolutionary state with ongoing plasticity throughout infancy, early childhood, and during adolescence (Buisman-Pijlman et al., 2014b).

Those impacted by significant early life trauma are more likely to display a heightened degree of emotional dysregulation (Antoniadis et al., 2012). It is well-recognized in psychiatric practice that emotional dysregulation, impulsivity, and relationship instability are clinical features of psychopathology in Borderline Personality Disorder that are likely to be in an evolutionary state during adolescence (Barnow et al., 2012). The role of oxytocin in modulating the relational capacities in children and adolescents has been considered extensively in the literature, particular in relation to attachment disorders, anxiety and autism-spectrum disorders (Meyer-Lindenberg et al., 2011; Frijling et al., 2014).

The effect of intranasal oxytocin on these subjects might be difficult to predict. In addition, there will need to be a heightened awareness of the interconnectivity of for example the dopaminergic, serotonergic, and noradrenergic systems (Tops et al., 2014), and potential effects this poses, with oxytocin administration. In a clinical subgroup already plagued by attachment and relational difficulties, further concern is warranted given the risk of oxytocin administration leading to long-lasting behavioral and social, and neuroendocrine consequences (Miller, 2013).

The current research in fact suggests that oxytocin administration (intranasally) in the clinical settings for autism, social anxiety disorder, post-natal depression, obsessive-compulsive disorder, schizophrenia, borderline personality disorder, and post-traumatic stress disorder, yield minimal improvement in emotion recognition and interpersonal trust. In the context of developmental trauma, positive effects (behaviorally or neurobiologically) were in fact lowered or absent (Bakermans-Kranenburg and van I Jzendoorn, 2013). It may be more feasible to identify improvements in disorders that have a homogenous etiology and little comorbidity.

DISCUSSION

An evolving wealth of animal and human data relating to the neuro-modulatory role of the endogenous oxytocin system, its interactions with other neural pathways, and its implications on behaviors from a neuroscience perspective is expanding at an exponential rate (Tops et al., 2014). There is evidence highlighting (1) the importance of oxytocin in attachment (Love, 2014) and (2)the factors that may lead to individual variations in the endogenous oxytocin system including early life trauma and environmental factors (Buisman-Pijlman et al., 2014b). This highlights further potential research questions based around whether attachment difficulties may be in part modifiable not only through psycho-education and implementation of behavioral strategies, but through implementation of pharmacotherapies for high-risk populations.

Furthermore the benefits of intranasal oxytocin administration in the adult population are now also becoming clearer, and the potential clinical applications more far-reaching. Researchers are now investigating the potential use of intranasal oxytocin in the treatment of depression as an adjunct to selective serotonin reuptake inhibitors (Emiliano et al., 2007), anxiety (Guastella et al., 2009), and more recently, anorexia nervosa (Kim et al., 2014) with promising preliminary results findings. This data would be of high clinical relevance if translated to trials targeting the adolescent population in which affective, anxiety and eating disorders are also prevalent. There are limited animal and human studies reflecting consistent results to date in pediatric populations, with the vast majority focusing on the use of intranasal oxytocin in modifying behaviors related to ASDs. There are fundamental considerations relating to neuroplasticity, neuro-adaptation and the impact of significant psychopathology that remain inadequately explored, and will likely inform further discussions around the safety of intranasal oxytocin as a therapeutic intervention. Based on our knowledge of the context-dependent nature (Guastella and Macleod, 2012), and plasticity of oxytocin system (Buisman-Pijlman et al., 2014b), animal and human studies are challenging to translate to pediatric populations. In addition, further questions relating to sensitive and specific methods of measuring outcomes in potential trials need consideration. Addressing these issues could lead to a broader wealth of research relating to oxytocin in pediatric populations, findings of which would likely continue to inform the way in which therapeutic interventions in the child and adolescent population are considered in the future.
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In 2005, Kosfeld et al. published their now seminal paper showing that intranasal oxytocin (OXT) administration increased interpersonal trust (Kosfeld et al., 2005). This finding spawned broad interest into the effects of OXT on social and emotional behavior in humans (Bos et al., 2012), and its implications for translational medicine (Meyer-Lindenberg et al., 2011; Striepens et al., 2011). Over the years OXT has gained the reputation of facilitating empathy and affiliation, based on early findings reporting beneficial effects of OXT on trust (Kosfeld et al., 2005), social support (Heinrichs et al., 2003), and processing social information (Hollander et al., 2007; Savaskan et al., 2008; Unkelbach et al., 2008; Hurlemann et al., 2010). This view is supported by studies showing that OXT improves cognitive empathic abilities such as mindreading (Domes et al., 2007; Bartz et al., 2010; Guastella et al., 2010) and recognizing positive emotional expressions (Marsh et al., 2010). As a result of these positive effects on social behavior, there has been considerable speculation about OXT's therapeutic potential in people with social and emotional disabilities.

This prosocial view of OXT has been challenged by findings showing that the effects of OXT are strongly context-dependent (Bartz et al., 2011; Bos et al., 2012). For example, OXT has also been shown to increase envy and gloating (Shamay-Tsoory et al., 2009), defensiveness toward out-group members (De Dreu et al., 2010, 2011) and increased in-group conformity (Stallen et al., 2012). Although this ethnocentrism might be considered prosocial within one's own group, defensiveness toward an out-group is not, and extreme ethnocentrism often leads to nationalism or even racism.

This paradox gives rise to two questions. First, how can the beneficial effects of OXT on empathy, trust and affiliation be compatible with its seemingly contradictory anti-social effects? Second, what implication does this have for the therapeutic potential of OXT in social and emotional neurodevelopmental conditions? With regard to the first question, we provide a brief overview of the literature aiming to understand the mechanism(s) underlying OXT's efficacy. There are two main perspectives on how OXT affects social behavior (via anxiety reduction or increasing social salience), which try to reconcile its pro- and anti-social roles, but there have been no attempts to date to integrate these into a single viewpoint. A potential third factor, reward sensitivity might aid this integration. We propose a model that unites these perspectives, providing new avenues of research into OXT's efficacy in social and emotional neurodevelopmental conditions.

MECHANISMS UNDERLYING OXT'S EFFECT ON SOCIAL BEHAVIOR

Early attempts to reconcile different effects of OXT on social behavior suggested interaction effects between stress, anxiety and social approach (Heinrichs and Domes, 2008; Heinrichs et al., 2009). An excellent review (Churchland and Winkielman, 2012) highlights OXT's anxiolytic effects as a key mechanism. Churchland and Winkielman (2012) argue that low-level anxiety drives higher-order social-cognitive effects. A large body of animal literature also supports the idea of OXT as an anxiolytic (Bale et al., 2001; Ring et al., 2006; Ebitz et al., 2013). Ebitz and colleagues showed that OXT reduces social vigilance in the rhesus macaque (Ebitz et al., 2013), potentially by reducing social threat or anxiety. In humans, a reduction in anxiety could facilitate “pro-social” behavior by eliminating social threat during social interactions. Consistent with this, there is evidence for anxiolytic effects of OXT in humans with anxiety disorder (Labuschagne et al., 2010). Labuschagne et al. (2010) showed that OXT decreases amygdala activity in response to fearful faces in people with a generalized social anxiety disorder (GSAD), to the level of typical controls.

Decreased social threat following OXT administration is also in line with findings showing improved coping mechanisms in stressful situations (Heinrichs et al., 2003). Although there is broad consensus about the anxiolytic properties of OXT, its antisocial effects are not entirely explained by this. As mentioned above, earlier findings (De Dreu et al., 2010, 2011) demonstrated increased in- out-group differences after OXT administration (but see Shamay-Tsoory et al., 2013). However, reduced anxiety would be expected to lead to decreased in- and out-group differences by also reducing anxiety toward out-group members. In addition, direct empirical tests of the anxiolytic effects of OXT in humans has shown that oxytocin can increase anxiety toward an unpredictable threat (Grillon et al., 2012). This suggests that OXT's anxiolytic properties cannot completely account for the differences in behavioral findings.

Another perspective on the effects of OXT on social behavior involves social salience. It has been hypothesized that OXT increases sensitivity for salient social cues (Bartz et al., 2011; Striepens et al., 2012; Wittfoth-Schardt et al., 2012). This is known as the “social salience hypothesis” and fits with findings of improved mind-reading and increased eye contact (Domes et al., 2007; Guastella et al., 2008). Increasing the salience of subtle contextual eye-cues could indeed improve mind-reading and might cause an attentional bias toward such cues. However, the effects of OXT administration on promoting ethnocentrism emerge, regardless of the valence of an intergroup comparison (De Dreu et al., 2010, 2011). This suggests that these effects cannot be explained by the notion that OXT administration generally increases perceptual salience for social cues, as that would alter valence ratings. Interestingly, recent work has demonstrated that affiliative emotion (a primary target in OXT research) may be distinguishable from general emotional valence (Moll et al., 2012). In addition, Striepens et al. (2012) showed that OXT administration did not alter valence ratings for aversive social stimuli. Since the administration of OXT also facilitated startle response and memory for negative cues, these authors conclude that OXT administration may promote general “approach and protective behavior, but with heightened caution” (Striepens et al., 2012). It is likely that OXT does affect affiliative emotion but it is possible that, depending on the context, general emotional valence is not affected. How OXT does this remains an open question. It seems that, by itself, the social salience hypothesis also cannot fully explain the varied behavioral findings.

In addition to being an anxiolytic and potentially increasing perceptual salience of social cues, OXT may exert its effects on social behavior via a third mechanism: increased reward sensitivity (Leckman, 2011; Strathearn, 2011; Dolen et al., 2013). The idea that reward sensitivity is an important contributing factor to OXT's effect on social behavior is not new (Young et al., 2001), nor necessarily incompatible with the social salience hypothesis (Weisman and Feldman, 2013). Animal studies have shown strong links between OXT and the reward circuitry, specifically in the ventral striatum (Shahrokh et al., 2010; D'Cunha et al., 2011; Keebaugh and Young, 2011; Baracz and Cornish, 2013). A recent study also demonstrated involvement of reward circuits in the efficacy of OXT in humans (Groppe et al., 2013). Groppe et al. (2013) showed that the modulation of social salience by OXT takes place in the human ventral tegmental area (a key area in the mesocorticolimbic dopamine-system), confirming previous animal findings (Shahrokh et al., 2010). Similarly, Strathearn et al. (2009) showed that the ventral striatum is activated during mother-infant interaction, which is accompanied by increased peripheral OXT release.

Two neurobiological pathways may underlie OXT's effect on reward processing: an OXT-dopamine (Shahrokh et al., 2010; Baracz and Cornish, 2013) pathway and an OXT-opioid pathway (Gu and Yu, 2007). The former likely influences the “wanting” aspect of reward processing, whereas the latter likely pertains to the “liking” aspect of reward processing (Berridge et al., 2009). The opioid-OXT pathway is also likely to be involved in OXT's effects on social bonding and affiliation (Burkett and Young, 2012). If either type of reward processing is affected by OXT it is possible that this will also affect reward learning (Berridge et al., 2009).

Lastly, OXT has also been repeatedly associated with drugs of abuse and addiction (Burkett and Young, 2012; Carson et al., 2013; Sarnyai and Kovacs, 2013), which also act on the reward system. It has even been suggested that OXT's facilitation of social reward sensitivity may somewhat override that of drug-induced reward (Sarnyai and Kovacs, 2013; Tops et al., 2013). The way in which reward sensitivity precisely affects social interactions remains unknown, but these findings suggest that OXT influences the means by which social reward sensitivity modulates social behavior. Additionally, context may play a role in the exact type of pathway affected.

FUTURE DIRECTIONS

The three different mechanisms reviewed here are not mutually exclusive. For example, decreased anxiety could lead to increased sensitivity for social salience, and vice versa. Together, anxiety and social reward sensitivity influence attribution of social salience. They might, in a given context, either promote or impede social behavior. We hypothesize that the mechanism by which OXT affects social behavior depends upon these two systems (see Figure 1). Subsequently, the environment provides feedback to the OXT system about the resulting social behavior, influencing anxiety and reward sensitivity. This synergy in turn determines the salience of social cues in a particular context.


[image: image]

FIGURE 1. Oxytocin reduces anxiety and stress for social interaction and increases social reward sensitivity. With respect to the latter, OXT likely affects hedonistic reward processing (e.g., “liking”) via its interaction with the opioid system and incentive reward processing (e.g., “wanting”) via a striatal-dopamine pathway (Berridge et al., 2009). Which pathway is affected likely depends on the specific context. Both reduced anxiety and increased reward sensitivity might increase sensitivity for social salience but also directly improve aspects of social cognition depending on person and context. Furthermore the subsequent contextual or environmental feedback affects the sensitivity and plasticity of the OXT system depending on its valence (e.g., positive or negative feedback). Positive feedback after OXT administration, such as pleasant social interaction, might reinforce the sensitivity for social reward and further decrease anxiety. This feedback potentially also alters the plasticity of the OXT system. For example, more OXT may be released during social interaction. Another potential scenario is that OXT administration leads to decreased anxiety, which in turn leads to heightened social salience. Which may also involve paying more attention to (potentially) negative social cues. Administration of OXT might therefore have a stronger impact on this negative feedback in neurotypical individuals, as was shown by Striepens et al. (2012). Lastly, any type of feedback resulting from altered social reward processing is likely to affect reward learning.



In people with autism spectrum conditions (ASC) or GSAD this system might be disturbed, resulting in social interaction deficits. Recent research has shown hypoactivation in the reward circuitry in ASC during social reward processing (Delmonte et al., 2012). In addition, people with ASC show increased anxiety (White et al., 2009), which might lead to an attentional bias toward negative cues (Winton et al., 1995) in social interaction. Together, these factors create a negative feedback loop, which further enhances this negative spiral. In such situations OXT may have a positive effect by reducing anxiety and increasing the rewarding value of social interactions. The social motivation hypothesis (SMH) for ASC (Stavropoulos and Carver, 2013) indeed suggests that reward sensitivity is decreased in ASC and that OXT helps alleviate this. For example, it has been shown that OXT administration leads people with ASC to respond more appropriately to reciprocity in a cyberball game (Andari et al., 2010). Increased reward sensitivity would thus enable participants to better distinguish which player offers the most positive interaction. Furthermore, reduced anxiety for social interaction (such as direct eye contact) may modulate gaze-time (Domes et al., 2013d), and increased reward sensitivity may shift attention toward positive social cues (Domes et al., 2013c). In individuals with ASC, this could modulate face and emotion processing (Domes et al., 2013a,b). Reducing anxiety and improving the reward value of social interaction would also improve emotion recognition and social behavior in individuals with and without ASC (Hollander et al., 2007; Guastella et al., 2010; Domes et al., 2013b). Although the anxiolytic effects of OXT have been widely researched, its combination with reward sensitivity may prove to be a novel target for OXT administration in ASC. Interestingly, this might also help explain the variation of the effects of OXT seen across the population.

In individuals that do not experience heightened anxiety in social situations or experience reduced reward sensitivity, OXT might not necessarily show beneficial effects. Moreover, it might even impede social behavior. For example, by decreasing anxiety social vigilance might become blunted (Ebitz et al., 2013), while increasing reward sensitivity could possibly lead to gloating (Shamay-Tsoory et al., 2009). Furthermore, ethnocentrism occurs naturally in the normal population (Yzerbyt and Demoulin, 2010): under normal circumstances people tend to favor their own group over out-group members. Thus, interaction with in-group members is generally considered more rewarding. Also, a negative interaction with out-group members may constitute a form of negative feedback compared to positive interaction with in-group members. Our model predicts that administration of OXT would increase these differences. It strengthens the rewarding type of interaction and reinforces the effect of negative feedback. In this context, OXT indeed promotes ethnocentrism (De Dreu et al., 2010, 2011).

In conclusion, over recent years it has become clear that the effects of OXT administration on human social behavior are not best framed in absolute terms such as pro- or antisocial. We aim to shift the focus to underlying core processes such as anxiety and reward sensitivity. When applied to studied contexts, the modulation of OXT on these core processes can lead to different behavioral outcomes dependent on person and situation, especially since reward processing and anxiety in specific contexts differs from person to person. More research is needed to investigate how the dynamics of OXT modulation on these core processes translates to different contexts and groups.
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Oxytocin (OT) is released in response to social signals, particularly positive ones like eye contact, social touch, sexual behavior, and affiliative vocalizations. Conversely, exogenous delivery of OT has diverse behavioral effects, sometimes promoting affiliative and prosocial behaviors, but sometimes suppressing them. Here, we argue that one unifying interpretation of these diverse effects is to view OT as an evolutionarily conserved physiological signal indicating affiliative interactions and predicting their behavioral consequences. In this model, OT regulates the way information about the social environment accesses the neural circuitry responsible for social behavior, thereby shaping it in sometimes counter intuitive but adaptive ways. Notably, prosociality is not always the most adaptive response to an affiliative signal from another individual. In many circumstances, an asocial or even antisocial response may confer greater fitness benefits. We argue that the behavioral effects of exogenous OT delivery not only parallel the behavioral effects of affiliative interactions, but are themselves adaptive responses to affiliative interactions. In support of this idea, we review recent evidence that OT does not unilaterally enhance social attention, as previously thought, but rather can reduce the typical prioritization of social information at the expense of other information or goals. Such diminished social vigilance may be an adaptive response to affiliative social interactions because it frees attentional resources for the pursuit of other goals. Finally, we predict that OT may mediate other behavioral consequences of social interactions, such as reduced predator vigilance, and argue that this is a rich avenue for future behavioral and neurobiological study.
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INTRODUCTION

Oxytocin (OT) is a mammalian neuromodulatory hormone that is released during social behavior. OT and its non-mammalian homologues are critical for parturition and egg laying in mammals and non-mammals alike (Insel and Young, 2001; Donaldson and Young, 2008) and are involved in a wide array of courtship and sexual behaviors in species as diverse as snails (Van Kesteren et al., 1995), stickleback fish (Kleszczynska et al., 2012), and humans (Murphy et al., 1987). In some species, including sheep (Kendrick et al., 1991) and humans (Murphy et al., 1987), sexual stimulation is sufficient to cause the release of OT. These nonapeptides are also endogenously released following child birth in both placental mammals (Donaldson and Young, 2008) and marsupials (Parry et al., 1996).

In mammals, the suite of social behaviors that cause OT release includes many different affiliative social signals. A “social signal” is a feature of or gesture made by a social actor (“signaler”) that conveys information about the state or future behavior of the signaler to another social actor (“receiver”). When the information contained in the signal is veridical, accurately reflecting the state of the signaler, these signals are “honest”. Thus, honest affiliative social signals provide a receiver with information about the likelihood of prosocial (vs. antagonistic) interactions with the signaler (Crockford et al., 2008). The affiliative social signals that result in OT release include touch in the mouse (Stock and Uvnäs-Moberg, 1988; Agren et al., 1995); social proximity, huddling, and grooming in the tamarin (Snowdon et al., 2010); and grooming in the chimpanzee (Crockford et al., 2013). In humans, social touch (Holt-Lunstad et al., 2008) and participating in parental care (Gordon et al., 2010) predict increased peripheral levels of OT, as does receipt of affiliative vocalizations (Seltzer et al., 2010) and interspecies eye contact (Nagasawa et al., 2009). Taken together, current research suggests an evolutionarily conserved link between receipt of affiliative social signals and OT release in mammals. This link has become elaborated during primate evolution, extending from its ancestral role in sexual and maternal behavior to signal a wider array of affiliative social cues such as eye contact and vocal communication.

In stark contrast, the effects of OT on the receiver—its proximate function—are diverse. Exogenous delivery of OT is sufficient to induce maternal behavior in rats (Pedersen and Prange, 1979) and sheep (Kendrick et al., 1991) and pair bonding in monogamous voles (Williams et al., 1994). Exogenous OT delivery also promotes a wide array of social behaviors such as flocking in the zebra finch (Goodson et al., 2009), reward sharing in macaques (Chang et al., 2012) and marmosets (Smith et al., 2010), trusting decisions in humans (Kosfeld et al., 2005), affiliative behaviors such as huddling and grooming in squirrel monkeys and marmosets (Winslow and Insel, 1991; Smith et al., 2010), and eye gaze in humans and macaques (Guastella et al., 2008a; Andari et al., 2010; Gamer et al., 2010; Ebitz et al., 2013).

Together, these findings are consistent with the hypothesis that OT serves largely prosocial functions. However, exogenous OT also promotes social behaviors that are not prosocial or affiliative (Bartz et al., 2011b). For example, OT promotes reward withholding in macaques in some contexts (Chang et al., 2012), reduces trust in some patient populations (Bartz et al., 2011a), increases some negative social emotions in humans (Shamay-Tsoory et al., 2009), reduces the attentional salience of social cues (Ebitz et al., 2013), promotes the punishment of out-group members in humans (De Dreu et al., 2011), and increases aggression in dominant male squirrel monkeys (Winslow and Insel, 1991).

Current unifying theories of OT function in primates have been largely concerned with studies of the behavioral consequences of exogenous OT delivery. In particular, two major models have emerged from these findings: the prosociality hypothesis (Kosfeld et al., 2005; Striepens et al., 2011) and the interactionist component process model (Bartz et al., 2011b). However, these theories explain only the behavioral consequences of exogenous OT delivery, with little consideration of the adaptive function of the peptide. Here, we argue that a unifying theory of OT function in primates should also consider the endogenous causes of OT release and thereby begin to address the fundamental question of what role OT plays in nature. We review the evidence in support of the prosociality hypothesis and the interactionist component process model and evaluate these hypotheses from an evolutionary perspective. This perspective is informed by both the behavioral consequences of OT delivery and the causes of OT release. Throughout, we strive to incorporate relevant observations from the ethological literature. Ultimately, we argue that an evolutionary perspective provides unique new insights into many of the diverse behavioral consequences of exogenous OT delivery.

THE PROSOCIALITY MODEL OF OXYTOCIN (OT) FUNCTION

Studies of the behavioral effects of exogenous OT delivery in humans often report that the peptide promotes prosociality (Kosfeld et al., 2005; Guastella et al., 2008b; Striepens et al., 2011). The term “prosociality” refers to behaviors that are beneficial to a social partner. Behaviors that directly benefit the health of social partners such as resource sharing or cooperation towards a common goal are prosocial. Affiliative gestures such as social touch are prosocial because they reduce the stress responses of others (Dunbar, 2010). While many diverse behaviors can be categorized as prosocial, exogenous delivery of OT promotes a surprising diversity of them in humans. OT promotes resource sharing (Kosfeld et al., 2005), eye contact (Guastella et al., 2008a; Andari et al., 2010; Gamer et al., 2010), and positive social signals during conflict (Ditzen et al., 2009). Similarly, OT delivery promotes social contact in marmosets (Smith et al., 2010) and voles (Williams et al., 1994), as well as resource sharing (Chang et al., 2012) and eye contact (Ebitz et al., 2013) in rhesus macaques. This is not an artifact of exogenous manipulation, but rather may reflect the endogenous function of the peptide. For example, variation in the OT receptor gene also predicts resource-sharing decisions (Israel et al., 2009). Thus, OT has multiple, evolutionarily conserved prosocial effects, suggesting that one essential function of the peptide is the promotion of prosociality.

The hypothesis that OT evolved to promote prosociality may have its roots in early psychological theories of prosociality. In one of the first textbooks of social psychology, Mcdougall (1908) hypothesized that prosociality was a natural consequence of parental instincts, the result of “tender emotions” originally directed towards offspring that were later co-opted to promote the helping of others. OT would seem a likely substrate for these tender emotions. OT is critically involved in mammalian maternal behavior (Pedersen and Prange, 1979; Kendrick et al., 1987) and, in humans, endogenous OT levels are correlated with individual differences in infant-directed care behaviors in both men and women (Gordon et al., 2010). However, as is true of most correlative studies of endogenous OT levels, it is unclear whether OT is the cause or consequence of these affiliative parental behaviors.

While many aspects of maternal behavior are prosocial or affiliative, maternal behaviors are not uniformly prosocial. Rather, maternal behavior can also include non-social behaviors such as nest building (Pedersen and Prange, 1979) and antisocial behaviors such as increased aggression and territoriality toward other adults (Maestripieri, 1992). These postpartum changes in behavior have adaptive functions. For example, increased aggression and territoriality protects the vulnerable infant from predation and aggression by conspecifics (Maestripieri, 1992). Selection pressures thus do not strictly favor tender postpartum changes in behavior, but rather behaviors that enhance offspring survival. Moreover, just like prosocial maternal behaviors, nest building (Pedersen and Prange, 1979) and maternal aggression (Ferris et al., 1992) can be induced by central delivery of OT.

One theoretical concern with the prosociality model is the observation that it is reciprocal when the endogenous causes for OT release are considered (Figure 1). Because OT is released in response to affiliative cues from a signaler, it is unlikely to invariably promote prosocial behavior in the receiver. While prosociality is frequently a reasonable response to the receipt of affiliative social signals, there are circumstances in which prosociality is not the most adaptive response. Prosociality can be costly, either in terms of time spent, energetic expenditure, or resources lost to sharing. Thus, natural selection would not favor indiscriminate prosociality, but rather promote the judicious deployment of prosocial behavior, appropriate to the individual and social context.
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FIGURE 1. In nature, OT is released in the context of dyadic interactions. In particular, receipt of affiliative social signals such as eye contact, grooming, social proximity and affiliative vocalizations provokes OT release. The prosociality hypothesis argues that endogenous OT largely functions to release these same behaviors in the receiver, increasing eye contact, proximity seeking and social approach behaviors directed back towards the signaler. These actions would then provoke OT release from the signaler, leading to a cascade of reciprocal affiliation and prosociality. While this is likely to be an important mechanism in the formation of social bonds, an inflexibly reciprocating response may not be adaptive in all circumstances.



Consider the case of an encounter with an individual from outside one’s group. Gregarious animals divide their social worlds into in-group members (social partners who belong to the same group) and out-group members (individuals who belong to other groups). Relationships with in- and out-group members are different in several ways. In-group members have many opportunities to interact, and thus to reciprocate prosocial behavior. For example, sharing resources with in-group member today may result in grooming tomorrow. Conversely, out-group members are much less likely to interact in the future, and thus have fewer opportunities to reciprocate today’s prosocial gestures.

In addition to more frequent opportunities for reciprocation, in-group members also have comparatively greater access to information about each other’s propensity towards prosociality. Having knowledge of other individuals’ past interactions with others is sufficient to promote prosociality and cooperation in a population (Nowak and Sigmund, 1998, 2005). In-group members, due to their frequent proximity, have many opportunities to observe each other interact and gather information about each other, while little is likely to be known about an out-group member. Indeed, prosocial behaviors are more commonly directed towards in-group members than out-group members (Hewstone et al., 2002). Moreover, the effects of OT on prosocial decisions are mediated by in/out group status (De Dreu et al., 2011).

Even beyond this specific circumstance, too much prosociality can hinder rather than help fitness. In evolutionary game theory, simulations are used to model repeated interactions between dyads within a population, in which the consequences for fitness of each interaction are derived from game theoretic payoff matrices (Axelrod and Hamilton, 1981; Nowak and Sigmund, 2005). The fittest individuals survive to pass their strategies on to the next generation. These simulations model behavior at a macro level: they address the outcome of interactions, rather than the process of interactions, and look at the expression of various strategies in the population as it evolves over time. Thus, these studies provide insight into the social strategies that are most likely to be favored by natural selection, given the parameters of the simulations and payoff matrices. In population-level simulations of the sort of economic games in which OT can increase cooperation (Declerck et al., 2010) and trust (Kosfeld et al., 2005), the most adaptive strategies are rarely the most prosocial (Axelrod and Dion, 1988; Dacey and Pendegraft, 1988; Nowak and Sigmund, 1998, 2005). In many cases, evolution may favor deception and defection. It is important to note that in the natural world that these games simulate, each of these decisions would be predicated on the same conspecific behaviors, such as approach, eye contact, and other affiliative signals. The hardwired release of prosocial responses would result in an “always cooperate” strategy.

In such games, however, the strategies that thrive are rarely strictly prosocial. Rather, winning strategies, though strongly dependent on simulation parameters, can involve defection in response to a partner’s previous defection (Axelrod and Hamilton, 1981), permanent defection following a single antisocial act from a partner (Dacey and Pendegraft, 1988), defection in response to changes in one’s own fitness level (Axelrod and Dion, 1988), or defection dependent on the cost-to-benefit ratio of the reciprocal act (Nowak and Sigmund, 1998). A hardwired mechanism promoting prosociality in response to affiliative signals would be selected against, unlikely to outcompete other strategies for expression, even when the majority of individuals within that population were initially prosocial since it takes only a few defectors to outcompete a population of strict cooperators (Axelrod and Hamilton, 1981).

While these are largely theoretical concerns, the evidence against a solely prosocial function for OT does not end here. Rather, exogenous delivery of OT does not uniformly increase prosociality. In humans, OT reduces prosocial decisions towards out-group members (De Dreu et al., 2011) and reduces prosocial decisions in persons with borderline personality disorder (Bartz et al., 2011a). In non-human primates, OT reduces reward-sharing choices in some decision contexts, such as when monkeys have to choose between delivering reward to themselves or giving reward to another monkey (Chang et al., 2012). Similarly, in freely behaving squirrel monkeys, OT increases both affiliation and aggression (Winslow and Insel, 1991), depending on the dominance status of the monkey treated with OT. Thus, OT does not consistently promote prosociality, but rather can have complex and seemingly contradictory effects on social behavior.

Despite these challenges, insofar as reciprocal prosociality is expressed in nature it seems probable that OT is involved. Reciprocal prosociality is the very definition of social bonds, which have profound consequences for health and mating opportunities. Thus, disruption of the endogenous OT system may have profound consequences for both social relationships and health. Indeed, blockade of the OT system blunts the species-typical appearance of social bonds in marmosets (Smith et al., 2010) and voles (Williams et al., 1994). Moreover, knockout mice lacking the OT receptor gene have severely reduced social bonds, engaging in fewer proximity soliciting behaviors and failing to develop familiarity with other mice (Winslow and Insel, 2002; but see Crawley et al., 2007). Autism, a developmental disorder characterized by reduced social engagement, has been associated with changes in the OT receptor gene (Wu et al., 2005; Jacob et al., 2007), depressed OT levels in plasma (Modahl et al., 1998), and with alterations of the peptide’s structure (Green et al., 2001). While there is correlational evidence for a link between the endogenous OT system and the ability to establish and maintain social bonds, additional work is needed to determine whether OT is truly necessary and sufficient for reciprocal prosociality. In particular, the development of an animal model of reciprocal prosociality would allow for the blockade and rescue of OT function required to address this question.

THE INTERACTIONIST COMPONENT PROCESS MODEL OF OXYTOCIN (OT) FUNCTION

The interactionist component process model was developed to address the diverse and complex effects of exogenous OT delivery (Bartz et al., 2011b). According to this hypothesis, OT has different effects, depending on context and individual, due to neuromodulatory effects on the component computations that shape these decisions. Complex social behaviors are unlikely to depend on a single neural substrate. Rather, they require the involvement of many cortical and subcortical structures to track social percepts, perform theory of mind computations, evaluate rewards, select actions, and even regulate arousal. Complex, context-dependent effects of OT delivery could arise simply from unidirectional effects on these component processes. The original formulation of this model posits several specific component processes; specifically that OT enhances social salience, promotes affiliative motivations, and reduces social anxiety. Broadly, this model provides a coherent framework that accounts for the diverse behavioral observations that prove challenging for the prosociality model.

This model thus provides a mechanistic account by which OT may generate disparate behaviors but does not address the ultimate function of OT. In particular, the component process model does not explain why OT affects these particular component processes in different ways. Moreover, because there is a paucity of data on the distribution and function of OT receptors within the primate brain, the model’s component processes are based on the categorization of the existing literature into conceptual groups, rather than on a neurobiological framework. Additional work on the distribution of OT receptors in humans and other primates is needed to inform future modifications to this model.

Here, we argue that one particular component process included in the original model should be updated, drawing on recent behavioral evidence, knowledge of the distribution and function of endogenous OT activity, and our hypothesis that the behavioral effects of OT delivery are adaptive responses to affiliative social signals. In particular, we hypothesize that OT should reduce, rather than enhance, the typical salience of social stimuli, in direct contrast to the predictions of the interactionist component process model.

“Salience” is the degree to which a stimulus is likely to be selected by attention: prioritized for processing at the expense of other possible attentional targets. Cues that predict important events in the environment are salient because they attract attention, regardless of current goals. Such cues are behaviorally relevant, either in a deep biological sense or because they have previously proved predictive of biologically relevant events. It should come as no surprise then that social animals are attentionally salient for each other. For example, faces are uniquely salient attentional targets in both humans (Cerf et al., 2009) and rhesus macaques (Ebitz et al., 2013). The critical and unique “social salience” of a face allows for the rapid and error-free detection of conspecifics and likely plays an important role in more complex social behaviors. Monitoring others is a fundamental component of normal social behavior because it allows animals to avoid agonistic interactions and pursue affiliative ones. For primates, the face in particular provides critical information about the identity and behavioral state of social partners that can be used to guide behavior (Leopold and Rhodes, 2010).

While OT promotes gaze to the eye region of the face (Guastella et al., 2008a; Andari et al., 2010; Gamer et al., 2010; Ebitz et al., 2013), and social gaze to both photographs (Ebitz et al., 2013; Parr et al., 2013) and live conspecifics (Chang et al., 2012), OT conversely obliterates the attentional salience of face images (Ebitz et al., 2013). In a recently reported study, face and non-face distractor images were briefly flashed in the periphery while monkeys made eye movements to targets in order to receive fluid reward. Spatially incongruent distractor stimuli interfered with saccades to rewarded targets, causing slower response times compared to when no distractors were present. Moreover, saccades to rewarded targets were even slower and less accurate following face distractors, compared to non-face distractors. This response time slowing effect was the strongest for images of emotional faces. OT, however, flattened the typical attentional salience of faces in general, causing a dose-dependent reduction in response time slowing following face distractors. This effect was particularly strong for emotional face distractors (Figure 2A). Even at longer presentation times, OT blunts species-typical gaze to emotional faces in the rhesus macaque (Parr et al., 2013) and human (Domes et al., 2012). Moreover, like many other animals that live in hierarchical societies (Mcnelis and Boatright-Horowitz, 1998), rhesus macaques make sacrifices to monitor high status others (Deaner et al., 2005), but OT blunts this prioritization of information about dominant monkeys (Figures 2B, C).
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FIGURE 2. OT reduces species typical social vigilance in the rhesus macaque. Rhesus macaques are typically vigilant for specific classes of others: those with high status and those displaying emotional expressions such as fear or threat. (A) One way to measure social vigilance is to examine how much the appearance of task-irrelevant social information interferes with task performance. When fearful and threatening faces are presented in competition with rewarded targets, they slow response times, increasing the latency of eye movements towards rewarded targets (blue bars). However, OT dose dependently reduces the typical slowing of task response times caused by task-irrelevant emotionally expressive faces (shades of red). OT thus reduces the distraction typically caused by emotionally expressive faces. (B) Another way to examine social vigilance is to look at choices to gather social information. Typically, rhesus macaques will choose to view high status others. However, OT treatment reduces choices to view high status faces. (C) High status face choices are typically accompanied by fast response times (* indicates faster response times for this category compared to low status faces (plotted), female perinea (not plotted), and gray square images (not plotted)). However, after OT treatment, choices to view high status faces are no faster than choices to view low status faces or the other image categories. Figures adapted from Ebitz et al. (2013).



Thus, OT seems to reduce, rather than enhance, the attentional salience of critical social signals. From an adaptive perspective, this makes sense. Social attention exacts time and opportunity costs so it is maladaptive to maintain a state of high social vigilance when the absence of social threat has been communicated through affiliative signals. Adjusting the attentional priority of social information in response to these signals would conserve energetic and attentional resources for the pursuit of other goals, such as foraging. However, the studies reviewed above do not provide an exhaustive assessment of the effects of OT on the salience of social stimuli. It remains possible that OT may enhance the attentional salience of some social cues in some circumstances. OT may enhance the attentional salience of happy facial expressions, for example, or selectively enhance the attentional salience of threatening facial expressions for new mothers.

At first glance, it seems difficult to place these finding in the context of previous reports that OT promotes gaze towards the eye region of faces (Guastella et al., 2008a; Andari et al., 2010; Gamer et al., 2010; Ebitz et al., 2013) and towards live conspecifics (Chang et al., 2012). However, it is important to draw a distinction between the mechanisms that rapidly direct attention towards social stimuli (social salience) and those that maintain attention towards a social stimulus once it has been initially detected (social gaze). Like other forms of attention, social attention need not be a unified process, but rather may rely on multiple competencies that together function to direct processing resources towards social stimuli. It is possible that OT has opposing effects on the mechanisms that direct and sustain social attention. Unfortunately, none of studies indicating that OT promotes social gaze have included the necessary nonsocial controls to show that OT has a specifically social effect on gaze, rather than a more general, low-level effect, such as promoting gaze to high contrast image features. Moreover, in our own work, we found that OT promoted gaze to both face and non-face images, but had more specific effects on the attentional salience of social images (Ebitz et al., 2013).

Many alternative explanations of the effect of OT on social gaze have been posed. In particular, OT may make gaze less goal directed, thereby enhancing feature-dependence (Schulze et al., 2011), it may reduce the anxiety that typically inhibits eye gaze (Averbeck, 2010), or it may reduce the efficacy of gaze in collecting social information, in which case longer viewing durations may be a compensatory strategy (Ebitz et al., 2013). Regardless of the mechanism, OT seems to fundamentally shift the purpose of social gaze. Rather than being rapidly deployed to salient emotions and identities after OT delivery, social gaze is sustained and directed towards the eyes of others.

The suppression, rather than enhancement, of social salience following OT release is consistent with known neural effects of OT, particularly on the amygdala. The amygdala serves an important function in vigilance. Simply stimulating the amygdala of the anesthetized cat results in a searching response that resembles attentive scanning (Ursin and Kaada, 1960). Amygdala signaling modulates activity in extrastriate cortex in a way that resembles classic top-down attentional signals in primates (Morris et al., 1998) and the amygdala is necessary for the enhanced detection of emotional stimuli relative to non-emotional stimuli (Anderson and Phelps, 2001). On a trial-by-trial basis, activity of single neurons in the amygdala predicts attentional deployment to rewarded stimuli (Peck et al., 2013). Moreover, many amygdala nuclei contain single neurons that respond to faces, including the central (output) nucleus, as well as the more associative basolateral and medial amygdala (Brothers et al., 1990; Gothard et al., 2007; Hoffman et al., 2007). These neurons are tuned to particular identities and expressions, such as fearful and threatening faces. The amygdala thus carries signals that parallel the behavioral expression of facial salience: faces elicit greater activity than non-faces, emotionally expressive faces elicit even greater activity, and amygdala activity is associated with and necessary for stimulus prioritization.

OT receptors are particularly prevalent in the primate amygdala compared to many other brain regions (Boccia et al., 2007). Moreover, exogenous OT reduces amygdala responses to salient stimuli in humans (Kirsch et al., 2005; Petrovic et al., 2008; Gamer et al., 2010) and both amgydala and behavioral responses in mice (Viviani et al., 2011; Knobloch et al., 2012). While OT has been reported to blunt activity in one amygdala subregion in an fMRI study (Gamer et al., 2010), it is important to note that the amygdala is not a unitary structure, but rather a collection of interconnected nuclei that make very different contributions to behavior (Ursin and Kaada, 1960). Moreover, many of its intrinsic connections are inhibitory and techniques like fMRI or single unit recordings cannot distinguish between changes in the firing of inhibitory or excitatory neurons. Detailed, local perturbations of OT levels in the mouse report that OT activates inhibitory interneurons, which in turn suppress activity in the central, output nucleus of the amygdala (Huber et al., 2005), but much additional research utilizing local perturbations of OT signaling in the amygdala are needed to fully understand the impact of OT on neuronal activity and associated behavior.

THE EFFECTS OF EXOGENOUS OXYTOCIN (OT) ON SOCIAL DECISION-MAKING IN PRIMATES

The complex and apparently contradictory behavioral effects of exogenous OT may have some unified relationship. It is possible, for example, that OT may simply increase the expression of individuals’ preferred or default strategies in social decision-making (Shamay-Tsoory et al., 2009; Declerck et al., 2013). OT would then increase prosocial behaviors when they are already likely and suppress them further when they are unlikely. This magnification of pre-existing decision preferences could be simply enacted through unified effects on component processes known to be affected by OT (Bartz et al., 2011b). The attentional salience of emotional social cues may be one such component process effect (Ebitz et al., 2013; Parr et al., 2013). Reducing the salience of important social information would make decisions less responsive to the vagaries of the external environment and more dependent on the pre-existing biases of the decision maker.

Decisions in nonsocial domains are made on the basis of the acquisition of sensory information and the acquisition of information about value (Roitman and Shadlen, 2002; Krajbich et al., 2010). Similarly, the acquisition of social information shapes social behavior and decisions (Van Kleef et al., 2010). In other decision-making domains, altering perceptual inputs to decision circuitry provokes specific changes in decisions. For example, altering the quality of perceptual information shapes the rate at which decision processes rise to the threshold for making a decision (Roitman and Shadlen, 2002). The rate of evidence accumulation can be detected in response time: longer latency decisions are associated with slower accumulation processes. Moreover, at least in the domain of value-based decision-making, the accumulation of sensory evidence in favor of a particular decision is gated by attention (Krajbich et al., 2010).

Given these known effects of attention on decision-making in other domains, it is probable that OT-mediated alterations in social salience would have two specific consequences for social decisions. First, if less social information is acquired because OT suppresses social attention, less information about the external social world would be available at the level of the decision circuitry, rendering social decisions less responsive to the external social environment. This could have consequences for social decisions, rendering them either more prone to noise or more consistent with other factors that influence decision circuitry, such as pre-existing biases. Second, a change in social information availability would also be apparent in response time, which would be slower when less social information was accumulated, barring any changes in response threshold (Roitman and Shadlen, 2002).

Across behavioral studies in multiple species, this hypothesis is consistent with the effects of exogenous OT on decision-making. In the rhesus macaque, for example, OT delivery magnifies preexisting biases in social decision making by increasing the frequency of reward sharing when monkeys are already prone to reward sharing and suppressing it when they already prefer not to share rewards (Figure 3A). These changes in decision bias are accompanied by slower reaction times (Figure 3B). Similarly, in the squirrel monkey, OT increases aggressive and sexual behaviors selectively in dominant monkeys, who were already more prone to these behaviors than their subordinate counterparts (Winslow and Insel, 1991). OT may also have similar consequences for social-perceptual judgments. In humans, OT induces positive biases in emotion classification (Di Simplicio et al., 2009) and increases the false alarm rate for identifying faces as familiar (Savaskan et al., 2008; Rimmele et al., 2009).


[image: image]

FIGURE 3. In a reward-sharing social decision task in the rhesus macaque, OT promotes both pro- and anti-social decisions and increases decision time. In this task, monkeys were required to choose between donating or withholding rewards given various pairs of choice options (decision contexts). Two decision contexts are depicted here: choices made between rewarding another monkey and rewarding no one (other vs. neither context) and choices made between rewarding self and rewarding the other monkey (self vs. other context). (A) In the other vs. neither choice context, OT delivery (red) increased the frequency of prosocial decisions compared to saline delivery (gray). Conversely, when the monkeys chose whether or not to deliver reward to another monkey in the self vs. both context, OT (light green) increased the frequency of selfish choices compared to saline (dark green; y-axis magnified in inset). (B) OT (red) also slowed response times in both decision contexts compared to saline (gray), but particularly in the other vs. neither context. Figures adapted from Chang et al. (2012).



These observations raise a significant methodological concern for future studies of exogenous OT delivery. Namely, it is possible that apparently unidirectional effects of OT on behavior are not due to a fundamental function of the peptide, but rather to biases in the behavioral context or subjects, which are simply magnified by OT delivery. Thus, future research on the effects of OT on social decisions should employ within-subject manipulations and construct payoff matrices to ensure indifference between decisions at baseline.

Though the idea that OT magnifies pre-existing biases finds support in the existing literature, it is, like the component process model, limited in scope. It addresses only the consequences of exogenous delivery of OT and not the adaptive function of the peptide. Nevertheless, these observations are consistent with our hypothesis that OT promotes adaptive responses to affiliative social signals. Following affiliative social signals, it makes sense for decisions to be less dependent on others’ emotions and more consistent with the actor’s own preferences. When affiliative signals are “honest” (conveying veridical information about the signaler) they indicate that the probability of an agonistic interaction with the signaler is small (Crockford et al., 2008). While social behaviors and decisions are typically highly responsive to others (Van Kleef et al., 2010), social responsivity can be in conflict with an individual’s preferences for particular social decisions or behaviors. However, when the likelihood of a negative or antagonistic response is low, an individual’s preferred social behaviors can be deployed with relative impunity compared to when no information is available about the likelihood of an antagonistic response. It follows then that OT should inhibit behavioral inhibition imposed by the threat of an agonistic response, thereby indirectly facilitating social approach behavior or any other individually preferred social behaviors typically inhibited by the possibility of antagonism. Importantly, the effects of honest affiliative signals on a receiver’s estimate of agonistic interaction may vary as a function of the prior probability of such interactions. In social systems in which agonism is generally low, as in more egalitarian social systems, OT may have little effect compared to more hierarchical social systems.

THE ADAPTIVE COMPONENT PROCESS MODEL

Given the evolutionarily conserved causes of OT release, we hypothesize that a central function of OT is to act as mediator between affiliative signals in the social environment and the generation of adaptive behavioral responses. This hypothesis places the function of OT squarely within the context of the dyadic interactions that regulate its endogenous release in primates (Figure 4). We argue that OT should function not to release an inevitably prosocial response to an affiliative signal, but rather to release an adaptive and species-typical response, which depends on each species’ unique social and selective pressures. Affiliative signals may recruit different component processes in different species. The vole is an illustrative example. OT is known to be a major determinant of pair bonding in the vole, but it is the distribution of receptors, and thereby recruitment of component processes, that differentiates between monogamous and polygynous voles (Insel and Shapiro, 1992). Specifically, monogamous voles have a comparatively greater density of OT receptors in the nucleus accumbens and prelimbic cortex. Affiliative signals may more effectively elicit reward processes, for example, in monogamous prairie voles, compared to polygynous montane voles, thereby promoting different behavioral responses to identical signals from the two species.


[image: image]

FIGURE 4. The adaptive component process model of OT function. Affiliative signals, particularly those from familiar or socially proximate others, provoke OT release in the receiver. OT then affects behavior via interacting and sometimes complimentary effects on “component processes”. Here, putative component processes are suggested on the basis of OT receptor distribution in the rhesus macaque (Boccia et al., 2007). OT provokes changes at the level of each component processes then indirectly influence signals in decision circuitry responsible for selecting between actions. Ultimately, the response that is generated is an adaptive response to the receipt of honest affiliative signals, informed by the component processes that are regulated by OT.



Thus far, we have argued that OT is involved in two behaviors that are both adaptive and released in response to social interactions: it magnifies in/out group decision biases and decreases vigilance for conspecifics. We will now draw two additional parallels between the OT literature and the ethology literature, in which adaptive responses to affiliative signals have been well characterized. First, we review evidence that OT mediates the relationship between affiliative social interactions and the stress-protective endocrine changes that follow those interactions. Second, we predict that OT may mediate the classic effect of group size on vigilance for predators.

OXYTOCIN (OT) MEDIATES THE NEUROENDOCRINE CONSEQUENCES OF SOCIAL INTERACTIONS

Social interactions are associated with a variety of physiological changes in both humans and other animals. Affiliative interactions, such as grooming and playing with others, are associated with reduced stress responses in baboons, for example (Virgin and Sapolsky, 1997). Moreover, simple receipt of affiliative vocalizations predicts reduced glucocorticoid levels in baboons (Crockford et al., 2008), leading researchers to speculate that the informative content of these honest affiliative signals is protective against stress. In the rhesus macaque, sitting in proximity to others predicts reduced biomarkers of stress (Gust et al., 1993). Receipt of grooming reduces heart rate in monkeys (Boccia et al., 1989; Aureli et al., 1999) and is associated with reduced cortisol levels (Gust et al., 1993). Moreover, grooming others also reduces cortisol metabolite levels in one macaque species (Shutt et al., 2007). Pair bonds in particular may enhance the protective function of these signals. Marmosets, when separated from their mate, exhibit increased urinary cortisol responses to novel stressors. However, when subjected to the same stressor in the presence of their partner, no increase in cortisol levels is observed (Smith et al., 2010). Among the various neural and endocrine changes that occur during affiliative social interactions, the most specific of these is arguably OT.

Several detailed reviews have argued that OT mediates the relationship between social interactions and their physiological benefits (Uvnäs-Moberg, 1998; Insel and Young, 2001). Exogenous OT delivery is sufficient to produce many of the same endocrine and arousal effects as affiliative social interactions. In rats, centrally-delivered OT blunts hypothalamic-pituitary-adrenal (HPA) axis activity, as indexed by reduced corticosterone levels in response to noise stress (Windle et al., 1997). Similarly, in squirrel monkeys chronic OT treatment blunts the typical increase in HPA axis tone in response to social isolation (Parker et al., 2005). In rats, OT provokes prolonged reductions in blood pressure (Petersson et al., 1996) and upregulates the activity of the inhibitory noradrenaline autoreceptor (Petersson et al., 1998). In humans, higher OT levels are correlated with reduced heart rate and blood pressure (Light et al., 2005). Finally, there is direct functional evidence for the hypothesis that OT informs the relationship between social interactions and reduced stress in humans. OT modulates the relationship between affiliative social interactions and reduced cortisol levels (Heinrichs et al., 2003). Future work will be necessary to determine whether OT plays a modulatory or even mediating role in these effects in non-human models of social support, in which invasive and transient blockades of OT signaling can be employed to determine whether OT is necessary for the protective health benefits of social interactions.

OXYTOCIN (OT) MAY MEDIATE THE EFFECT OF SOCIAL GROUPS ON VIGILANCE

Intriguingly, some of the same social behaviors that predict reduced stress also predict other behaviors, such as reduced vigilance for predators. Therefore, we now examine evidence that OT may be involved in regulating predator vigilance, elucidating one testable prediction that naturally springs from the hypothesis that the fundamental role of OT is to mediate the relationship between affiliative interactions and their behavioral consequences.

In ethology, “vigilance” is a state of scanning the environment for threat, be it a predator or a threatening social partner (Pulliam, 1973; Roberts, 1996). However, vigilance is opportunistically costly. Attention can, by definition, only be directed towards one target at a time, and time spent scanning the environment for threat is time not spent foraging for food, grooming, or pursuing other goals. It is maladaptive to maintain a state of high vigilance when it is not warranted. Indeed, many species reduce their levels of vigilance when predation threat is low (Hunter and Skinner, 1998). Vigilance also decreases as social group size increases (Roberts, 1996). Traditionally, this is interpreted as a “many eyes” effect in which vigilance is reduced because more individuals can detect and orient the group to sources of threat as group size increases (Pulliam, 1973). However, this hypothesis does not address the neurobiological mechanisms that mediate the effects of social grouping on vigilance.

Larger groups provide not only more eyes, but also more opportunities for affiliative social interactions (Dunbar, 2010). Moreover, social interactions may themselves predict variation in vigilance. Neighbor proximity is a better predictor of vigilance than group size in many species (Roberts, 1996) and controlling for neighbor distance may reduce or eliminate the effect of group size on vigilance (Pöysä, 1994). Similarly, vigilance is low during grooming in monkeys (Maestripieri, 1993; Cords, 1995). Unfortunately, rates of vigilance have only been studied in the grooming monkey, not the recipient of grooming, so it remains possible that this effect is due solely to attentional competition and not to the hormonal changes that accompany grooming (Maestripieri, 1993). Future research is needed to determine whether rates of vigilance are similarly reduced in the animal being groomed, who experiences little attentional competition but significant neuroendocrine changes (such an effect would come as no surprise to anyone who has observed a bout of grooming). It will also be critical to examine the time course of these effects in order to determine whether grooming suppresses vigilance through direct attentional competition, which would be an instantaneous effect on vigilance, or though neuroendocrine changes, which would continue to shape behavior long after the grooming interaction ends.

It is not simply the proximity or interaction with a neighbor, however, that determines the effect of group size on vigilance. Rather, the effect of others on vigilance is modulated by the relationship between the vigilant individual and the other; for example, the effect of neighbor proximity on vigilance behavior is modulated by partner familiarity (Kutsukake, 2006; Macintosh and Sicotte, 2009). Similarly, OT release can be modulated by the quality of the relationship between signaler and recipient: more OT is released during grooming when partners are frequent groomers, compared to when they are only distantly related (Crockford et al., 2013). These striking parallels between known determinants of vigilance behavior and the effects of OT provide strong justification for evaluating the role of this peptide in vigilance.

There is also some limited empirical evidence in support of this link. First, OT reduces vigilance behaviors, defined as instances of rearing up onto hindquarters, during noise stress in the rat (Windle et al., 1997). Second, in the rhesus macaque, social vigilance decreases following OT delivery (Ebitz et al., 2013; Parr et al., 2013). However, it remains unknown whether OT reduces vigilance for predatory threat in primates, though the anxiolytic effects of the peptide and its effects on the amygdala are consistent with this idea. Thus, future work is necessary to determine whether OT suppresses predator vigilance and, if so, whether it mediates the relationship between social grouping and vigilance in nature.

CONCLUDING REMARKS

The complex effects of OT on social decision-making highlight the need to dissociate the cause from the consequence of OT release. While OT appears to be consistently released in response to positive social interactions, it does not have consistently prosocial consequences. Rather, OT appears to make decisions more prosocial only in circumstances that already evoke prosocial behavior. Instead of a hardwired means by which prosociality begets prosociality, OT provides an internal signal that reflects affiliative interactions and which can, in turn, shape social behavior in sometimes counterintuitive but potentially adaptive ways.

The interactionist component process model provides an important and insightful framework for probing the behavioral effects of OT, but additional work is needed to identify the component processes within each species. Future updates to this model should incorporate what is known about OT receptor distribution and local neural function. In particular, examining the behavioral effects of local OT delivery will prove insightful in updating this model. By injecting OT directly into the cortical and subcortical structures in which its receptors are found, the component effects of OT can be identified and dissociated in terms of their effects on behavior. Research utilizing this technique has shown great promise in rodents (Huber et al., 2005; Guzmán et al., 2013). Continuing this line of inquiry in primates will provide insight into both the mechanism of OT’s behavioral effects, but also into the function of these structures in regulating the comparatively complex social behaviors and decisions of primates.

Additionally, comparisons between the behavioral effects of OT and other agents with known mechanistic consequences will have profound consequences for our understanding of OT function. For example, a substantial open question in the literature is whether the behavioral effects of OT require a central mechanism, or, rather, if any are due to changes in peripheral arousal (Kemp and Guastella, 2011). It is possible that some of the apparently complex cognitive effects of OT, such as changes in social decisions or attention, may be more simply due to changes in arousal or task engagement. Comparing the social attentive effects of OT and beta-blockers, for example, might provide insight into this question, as will careful analyses of the level of task engagement before and after OT.

Response time is too infrequently reported in studies of the decision-making effects of OT, largely due to experimental designs not optimized for the collection of this information. However, this data is essential for understanding decision-making effects and will prove critical in the development of computational models of OT’s effects on social decision-making. Future studies should consider collecting and reporting this data. The few studies that have reported response times indicate that OT slows response times when subjects are making reward-sharing decisions (Chang et al., 2012), classifying emotional stimuli (Petrovic et al., 2008; Di Simplicio et al., 2009), or making decisions to seek social information (Ebitz et al., 2013). However, it does not seem that OT has uniformly sedative effects on response time. For example OT speeds response time when attending to social stimuli would slow performance instead of facilitating it (Ebitz et al., 2013).

The OT literature is truly unique in both the breadth of species studied and the diversity of methodological traditions that have conducted work in this domain. Though we have attempted to draw parallels across this vast literature, and others have previously made admirable contributions to understanding the role of OT across species (Insel and Young, 2001; Donaldson and Young, 2008), future work on OT is poised to make truly interdisciplinary progress in understanding the function of this peptide. In particular, direct comparisons of behavioral effects across phylogenetically distant species may prove informative, as well as collaborations between groups hailing from distinct research traditions. Understanding OT will further not only our knowledge of this fascinating peptide, but also our understanding of the sociality that unites so many species.
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responsiveness on dexamethasone
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system
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1U, International Unit.
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ical outcome
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American ancestry, chid's ADHD diagnosis, child's disruptive behavior during
motherchid interaction task, first bom status, mother's number of five births,
prematurity in weeks, Caesarian delivery, time of day of scanning, and mother’s
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Rodent species or Phenotypes of interest for studying  Studies of oxytocin circuitry References
taxonomic group group living
Meadow voles Seasonal variation in social behavior OTR distribution across seasonal social  Parker et al. (2001),
Microtus pennsyivanicus teritorial vs. communall inducible by phenotypes Beery and Zucker (2010
changing laboratory light cycles
Effects of OT and antagonist infusions  Beery and Zucker (2010)
on same-sex partner preferences.
Tuco-tucos Species-rich genus with multiple solitary  OTR distribution in C. socisbilis and Beery et al. 20083)
Genus Ctenomys and social species; additional variation in  C. haigi
social behavior within the family
(Octadontidae)
Molesats ‘The only eusocial rodents; solitary and  OTneurophysin fiber distribution in Rosen et al. (2008)
Family Bathyergidae extremely social species within the naked mole-rats (Heterocephalus glaber)
family, as well as variation between
breeders (e.g., queen) and subordinates
OTR distribution and Oneurophysin Kalamatianos et al. (2010)
fiber density in naked mole-rats and
cape mole-rats (Georychus capensis)
OT neuron number and social status Mooney and Holmes (2013)
(dominant breeder or subordinate
non-breeder]
Singing mice Multiple social species with different OTR distributionin S. teguina and Campbell et al. (2009)
Genus Scotinomys social stuctures. S. xerampelinus
Striped mice. Philopatic (group-iving) males and OT immunoreactivity in group/solitary  Schradin et al. (2013)
Rhabdomys pumilio dispersers Iaboratory housing and induced

breeding status (no differences)
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Variable B Standard error

cohort: 2002 161.17% 70.86

cohort: 20037 - -
High Rank —55.76 8875
Middle Rank? - -
Low Rank -a1m 66.48
Total Friendships 37.07° 1813
Play Friendships —63.445 3164

s Reference category;* 0.05 < p < 0.10; * p < 0.05.
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Variable B Standard error
Birth cohort: 2002 17.61* 51.21
Birth cohort: 2003° - -
High Rank 283557 147.46
Middle Rank? - -
Low Rank —451.05* 139.74
Disturbance Time 0.30% 0.056
Draw Time —0.72* 033
Total Friendships 56.29° 30.12
Multiplex Friendships 132.30* 49551
Play Friendships —91.21% 4379
Proximity Friendships —202.80* 46.71
High Rank x Proximity Friendships 123.52¢ 4433
Middle Rank x Proximity Friendships? - -
Low Rank x Proximity Friendships 170.83% 49.25

s Reference category; b 0.05 < p < 0.10;

P <005 **p<00l.
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Females Males

Total 25 (25) 29 (26)
Pregnant/Lactating 10 (10) N/A
Rank High 6(6) 6(6)
Middle 8(8) 9(9)

Low 1 14 (1)

irth Cohort 2002 14 (14) 14(12)
2003 101 15 (14)

Housing Condition Outdoor Stabl 1707 17 (16)
Outdoor Unstable 6(7) 93

Indoors. 2m 30
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Measurements Placebo
Age (years) 220403
NEO-FIVE FACTOR INVENTORY (NEO-FFI)
Neuroticism 30.4+2.1
Extraversion 394413
Openness to experience 395411
Agreeableness 40311
Conscientiousness 40911
Self-Esteem Scale (SES) 33009
Empathy Quotient (EQ) 364414
Beck Depression Inventory (BDII) 83+15
State-Trait Anxiety Inventory (STA)—State 42.0+2.0
State-Trait Anxiety Inventory (STA)—Trait 438+2.0
POSITIVE AND NEGATIVE AFFECTIVE SCALE (PANAS)—POSITIVE
Test 1 279415
Test 2 27.1£15
POSITIVE AND NEGATIVE AFFECTIVE SCALE (PANAS)—NEGATIVE
Test 1 19.04£13
Test2 169+1.1

895% Confidence interval.

Oxytocin

223403

33.0+1.4
40513
400412
417408
42711
33.6+07
37.0%15

9.5+1.2
376417
401418

293£1.0
265+2.0

17.8£1.1
14.9£16

t-value

-086

056
~062
-028
-1.05
-115
-061
-032
-064

169

140

-081
021

076
104

p-value

0.395

0.577
0.541
0.781
0.301
0.256
0.548
0.752
0.524
0.097
0.167

0.424
0.831

0.453
0.307

cr

131005

—361063
—471025
381029
-39t012
—-5.0t0 1.4
-291t016
481035
—5.1t026
—-0.8109.7
—~16t09.1

—5.1t022
—451055

—2.11046
-191t056.9
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Variable B Standard error
Birth cohort: 2002 34837 78.55
Birth cohort: 2003° N -
High Rank 128.81 155.83
Middle Rank? - -
Low Rank —193.62 113.34
Play Friendships 224.76* 41.45
Reciprocal Friendships —210.08* 80.77
Reciprocal Friendships? —56.57* 19.97
High Rank x Play Friendships ~157.08* 6179
Middle Rank x Play Friendships® - -
Low Rank x Play Friendships —234.60%* 61.95
High Rank x Reciprocal Friendships 314.44% 83.13
Middle Rank x Reciprocal Friendships® - -
Low Rank x Reciprocal Friendships 259.96* 67.05

s Reference category; * p < 0.05; ** p < 0.01.
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Proximity Friendship A preference displayed by the subject toward a peer for proximity

Play Friendship Apreference displayed by the subject toward a peer for play

Multiplex Friendship* A preference displayed by the subject for a peer in more than one behavioral domain (e.g., subject preferred the peer for
both proximity and play)

Reciprocal Friendship* Apreference displayed by the subject for a peer that also preferred that subject, regardless of behavioral domain

Total Number of Friends The total number of individually unique peers that were preferred by a subject, irrespective of behavioral domain

* Denotes higher quality friendships.





OPS/images/fnbeh-08-00068/fnbeh-08-00068-t001.jpg
Behavior  Conditions Interaction partner Species aor Body fluid Sex Study

Genital  Vaginocervical stimulation  Experimenter Rat iy Blood F Sansone etal., 2002
Experimenter Sheep hig Blood F Kendrick etal., 1986
Orgasm self Human i) Blood M Ogawaetal, 1980
Self Human i) Blood EM Carmichael et al., 1987
Nipple ~ Mother suckling Offspring Rat i) Blood F Juszczak and Stempniak, 1997
Offspring Rat i Blood F Neumann etal, 2000
Offspring Dog i Blood F Uvnas-Moberg et al., 1985
Offspring Pig i Blood F Uvnas-Moberg et al., 1985
Rates of mother suckling  Offspring Rhesus macaque {1 Blood F  Maestripieri et al, 2009
and grooming
Nipple stimulation Self Human i) Blood F  Christensson et al, 1989
Body Stroking Experimenter Rat iy Blood M Stock and Uvnéis-Moberg, 1988
Pinching (negative) Experimenter Rat hig Blood M
Stroking Owner Dog ° Blood M Handiin etal, 2011
Stroking Known person Dog i Urine EM Mitsui etal, 2011
Rates of grooming and Mate Tamarin monkey & Urine EM  Snowdon et al., 2010
sexual contact
Grooming
- donors and receivers Bond partner Chimpanzee i) Urine EM Crockford etal, 2013
Non-bond partner =3 Urine EM Crockford et al, 2013
Massage Stranger Human 3 Blood EM  Morhenn et al, 2008
- no relationship anxiety Stranger Human T Blood F Tumeretal, 1999
- relationship anxiety Stranger Human 3 Blood F Tumeretal, 1999
-after weeks of massage  Spouse Human ° Saliva EM HoltLunstad etal, 2008
course
‘Warm contact
- rating of partner support  Partner Human a Blood FM Grewen etal. 2005
Massage then trust game  Stranger Human i) Blood EM  Morhenn et al, 2008
Play
- child Mother Human i) Urine EM Fries et al, 2005
- child Stranger Human =4 Urine EM Fries etal. 2005
- neglected child Foster carer Human =4 Urine EM Fries etal, 2005
- neglected child Stranger Human @ Urine EM Fries etal, 2005
- mother Own child Human =3 Urine F Bickand Dozier, 2010
- mother Stranger child Human by Urine F Bickand Dozier, 2010
Bondedness
- mothers Own infant Human ° Blood F Feldman etal, 2007
Synchrony
- fathers Own infant Human iy Blood M Gordon etal., 2010
Being fed Unspecified Dog by Blood F Uvnds-Moberg et al, 1985
Being fed Known person Dog iy Urine EM Mitsui etal, 2011
Being fed Unspecified Pig i Blood F Uvnas-Moberg et al., 1985
Food sharing (control:
self-feeding)
- donors and receivers Bond and non-bond ~ Chimpanzee hig Urine EM Witig etal., 2014
partners
Trust Game Stranger Human = Blood F M Morhenn etal., 2008
- receiving trusting offer Anonymous Human i Blood EM Zaketal, 2005
- receiving automated offer ~ Computer Human i Blood EM Zaketal, 2005
- share secret Experimenter Human i Blood EM Kériand Kiss, 2011
- share neutral information  Experimenter Human = Blood EM  Kériand Kiss, 2011
Social stressor Experimenter Human =3 Urine F Seltzeretal, 2010
- then neutral activity v Human 4 Urine F Seltzer etal, 2010
- then tactile comfort* Mother Human ° Urine F Seltzeretal, 2010
- then vocal comfort Mother Human i Urine F  Seltzeretal, 2010
Commanded to trot Known human Dog hiy Urine EM Mitsui et al, 2011
Restraint Rat by Blood M Gibbs, 1984
Ether Rat i) Blood M Gibbs, 1984
Cold Rat = Blood M Gibbs, 1984
Hearing uncontrollable noise
through headphones
- not highly emotional Experimenter Human < Blood FEM Sanders etal., 1990
- highly emotional Experimenter Human T Blood EM Sanders etal., 1990

This table does not attempt to be exhaustive but rather to provide an overview of the range of studies conducted, specifically the ones mentioned i this review. & OT
change in oxytocin levels after engaging in the behavior compared with baselin condition. & positive correlation. {1+ oxytocin levels were higher or increased. <
oxytocin levels were not different. * “Dyadic” indicates that the behavior has principally evolved as a dyadic behavior even if it was not dyadic in the cited studies.
*An exception for this section, involving tactile contact.
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ROI's

Amygdala Amygdala Insula Insula Pars. Oper. Pars.Oper. Medical  Medical Premotor Premotor
(left) (right) (left)  (right) ~(left) (right) prefrontal  prefrontal  cortex  cortex
cortex (left) ~cortex (right) (left) (right)
ROI's  Amygdala - - 0.000 0.001 0.007 0.009 0.002 0.003 0.010 0.000
(left)
Amygdala - - 0000 0003 0.001 0.060 0.000 0.001 0005 0103
(right)
Insula (left)  0.000 0.000 - - 0.039 0173 0.006 0.142 0031 0137
Insula (right) ~ 0.000 0.001 - - 0.042 0.045 0.000 0.003 0031 0.000
Pars. Oper.  0.001 0083 0000 0148 - - 0.005 0124 0121 0049
left)
Pars. Oper. 0,020 0.000 0000 0007 - - 0052 0.000 0001 0001
(right)
M prefrontal  0.001 0.002 0000 0001 0003 0.207 - - 0030 0085
cortex (I
M prefrontal 0,014 0.008 0.000 0000 0.001 0294 - - 0000 0029
cortex (r)
Premotor 0,016 0.010 0000 0001 0012 0012 0.010 001 - -
cortex (left)
Premotor 0,034 0.003 0011 0003 0.102 0.066 0.162 0088 - -

cortex (right)

Figures in Bold indicate the 1% probability level.
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ROI's

Amygdala Amygdala Insula Insula Pars. Oper. Pars.Oper. Medical  Medical Premotor Premotor
(left) (right) (left)  (right) ~(left) (right) prefrontal  prefrontal  cortex  Cortex
cortex (left) ~cortex (right) (left) (right)

ROIs Amygdala - 0.000 0000 0.002 0115 0.000 0.007 0000 0000

eft)

Amygdala - - 0000 0.000 0.000 0026 0.000 0.001 0000  0.000

(right)

Insula (left) ~ 0.248 0067 - - 0271 0.149 0.765 0.014 0003  0.005

Insula (right) ~ 0.007 0.022 - - 0.023 0.003 0.006 0.001 0002 0000

Pars. Oper.  0.262 oon 0265 0703 - - 0327 0657 0151 0023

left)

Pars. Oper.  0.058 0015 0014 0047 - - 0095 0018 0019 0030

(right)

M prefrontal  0.003 0.060 0001 0004 0.000 0.005 - - 0000 0000

cortex ()

M prefrontal  0.002 0.000 0000 0.146 0036 0.440 - - 0000 0118

cortex (r)

Premotor 0,013 0.005 0000 0119 0342 0690 0.010 0026 - -

cortex (left)

Premotor  0.159 0.183 0004 0477 0.092 0.150 0307 0264 -

cortex (right)

Figures in bold indicate the 1% probability level.
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