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The articles in this Special Edition summarize the latest
research on oxytocin (OT), and often arginine vasopressin
(AVP), in human parental behavior, other social behaviors,
social cognition, social information processing in the brain, as
well as developmental disorders and psychopathology. These
articles aspire to not only review progress in these areas but
to identify the limitations of what have been done and also to
articulate high priority directions for future research. The
relevance of the emerging evidence for understanding the
psychobiology of mental illness is emphasized. To set the
stage, here we discuss how OT in the central nervous system
(CNS) might have mediated the critical advances in social
behavior during the evolution of placental mammals.
Selection for avid and sustained maternal behavior was
critical for the successful evolution of placental mammals.
OT was selected from phylogenetically earlier nonapeptides
to enable the unique features of placental mammalian
reproduction: birth of neonates after in utero fetal develop-
ment (parturition); delivery into the mouths of suckling
infants of high quality nutrition produced within the
mother's body by the larger process of lactation (milk ejec-
tion); and activation of maternal nurturing of newborns. In all
mammalian species tested to date, OT appears to facilitate
the postpartum initiation of maternal behavior (Pedersen,
2013). In sub-primate mammals, this involves, in concert
with and dependent upon the reproductive hormone condi-
tions that promote the onset of parturition, OT-initiated
motivation to exhibit hard-wired, species-specific sets of
offspring-directed care-taking behaviors. To restate this point
in a more general way that is a central theme of this Special
Issue: with the evolution of placental mammals, OT was
selected to activate brain systems promoting maternal beha-
vior, a sustained and prosocial motivational state. Other
social attachments and social behaviors that were selected
later during mammalian evolution appear to be at least
partially based on OT (and AVP) neural systems that first
emerged during the evolution of maternal behavior. Support-
ing this contention are the OT and AVP dependence of pair-
bond formation in the monogamous prairie vole (Young and
Wang, 2004) and marmosets (Smith et al., 2010), studies
indicating OT regulation of social interactions in rhesus
macaques (Chang et al., 2012; Parr et al.,, 2013; Ebitz et al,,

2013; Winslow et al., 2003) and the rapidly accumulating
number of reports of OT influences (mostly positive) on
human trust, cooperation and social cognition (e.g., see
Meyer-Lindenberg et al., 2011).

During early placental mammalian evolution, OT was also
coopted to produce affective changes vital to the success of
maternal behavior, e.g., reduced fear/anxiety (see Febo and
Ferris; MacDonald and Feifel, both this volume; Neumann
et al., 2000; Figueira et al., 2008), which enabled suppression
of newborn-directed aggression during parturition (McCarthy,
1990; McCarthy et al, 1986) and regulation of intruder-
directed aggression during lactation (Bosch et al.,, 2005;
Consiglio and Lucion, 1996; Consiglio et al., 2005; Giovenardi
et al., 1998; Lubin et al., 2003) AVP (also selected from earlier
nonapeptides during the evolution of mammals) appears to
play an important role in activating and sustaining maternal
behavior (Bosch and Neumann, 2008; Pedersen et al., 1994)
and regulating affective changes and increases in intruder
aggression associated with the onset of maternal behavior
(see Febo and Ferris, this volume). These points are relevant
to another theme that is central to this Special Issue: from
early on in placental mammalian evolution, OT and AVP were
selected for important roles in emotion regulation necessary
for successful social behavior.

The evolution of avid and sustained maternal behavior as
well as other unique aspects of placental mammalian repro-
duction effectively eliminated long-standing barriers to
development of larger and more complex brains and, even-
tually, higher intelligence. In utero development and mater-
nal protection during maturation as well as a uniquely rich
and reliable source of nutrition, i.e., milk, substantially
increased the percentage of offspring that survived to repro-
duce. Therefore, numbers of offspring required for reproduc-
tive fitness decreased allowing each offspring to be larger and
endowed with a bigger brain. In addition, maternal protection
during the lactation period allowed further brain growth and
development to occur before offspring had to fend for
themselves. This also created a malleable period during
which epigenetic influences from the mother, siblings and
the environment influenced brain development in survival-
enhancing ways (McGowan and Szyf, 2010; Champagne,
2012). Selection for mental abilities that increased the
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effectiveness of maternal behavior, and later paternal beha-
vior, in enhancing the survival of offspring to reproductive
age may have also spurred on the evolution of more complex
brains and greater intelligence.

In many rodent species (e.g., rats, mice), the strong, OT-
dependent maternal motivation that is activated at parturi-
tion is directed towards newborns in general. Mothers in
these species do not bond to individual offspring (Pedersen,
2013). OT appears to have been centrally involved in the next
evolutionary leap in prosocial behavior in mammals; forma-
tion of selective attachments to specific individuals. The
formation of selective bonds requires the ability to learn the
identity of important conspecifics (e.g., offspring, mothers,
mating partners). In sub-primate mammals, individual iden-
tification is based largely on learning the unique olfactory
cues of others. Oxytocin was coopted during the evolution of
selective social bond formation to facilitate acquisition of the
memory of odor cues of other individuals. For example, OT
release in the olfactory bulbs is necessary for ewes to encode
the memory of the specific odors of their newborn lambs in
the immediate postpartum period (Kendrick et al., 1997). The
capacity to form selective, olfactory-based bonds may have
emerged from the ability earlier in evolution to form tran-
sient memories of the odors of novel conspecifics. For
example, rats and mice are able to remember the unique
odor of a novel individual for approximately 1-2 h. Experi-
ments with OT gene knockout mice or central administration
of OT antagonists have demonstrated that formation of
transient social memory is entirely OT dependent (Ferguson
et al., 2000; Takayanagi et al., 2005). These findings indicate
that OT has played a significant role in social cognition since
early in mammalian evolution. Evidence for extensive invol-
vement of OT in human social cognition is another major
theme developed in many of the articles in this Special Issue.

During the evolution of primates, maternal and other
social behaviors have become less dependent on specific
sex hormones and olfactory cues. The neurobiological control
of social interactions has evolved from hard-wired behavioral
programs reflexively triggered by specific sensory cues to
more flexible and complex processing and integrating of cues
from multiple sensory modalities. These evolutionary
changes in the psychobiology of social relationships in
primates have certainly been facilitated by, and perhaps
contributed to the selection for, expansion of non-olfactory
regions of the cortex and advances in intelligence. OT still
clearly plays a crucial role in primate maternal behaviors.
Intracerebroventricular (ICV) infusion of OT in nulliparous
rhesus macaques increases their interests in infants mea-
sured by looking, touching, maintaining proximity, and lip-
smacking (Holman and Goy, 1995). Furthermore, peripheral
administration of OT antagonist delivered to the limbic
regions of the CNS substantially reduces nulliparous female
macaque's interest in infant and sexual behavior (Boccia
et al., 2007). Using non-human primates also permits unique
investigations into the role of OT in mediating more complex
social behaviors and social cognition than maternal beha-
viors and pair-bonding. Converging evidence from the studies
examining the role OT in complex social cognition in non-
human primates as well as in humans (Bartz et al.,, 2011)
suggests that the effects of OT are critically gated by social

contexts and intrinsic social orientations. For example, ICV
administration of OT in male squirrel monkeys increases
associative behaviors in low status males but increases
sexual assertiveness in higher status males, upon exposures
to female monkeys (Winslow and Insel, 1991). Furthermore,
increasing OT levels in the CNS via OT inhalation in rhesus
macaques promotes either other-regarding or self-regarding
behaviors depending on social decision contexts (i.e., what
the available options are concerning self and others) (Chang
et al., 2012), while controlling for the state of social vigilance
toward specific social stimuli (Parr et al., 2013; Ebitz et al.,
2013). Taken together, these findings endorse the idea that OT
interacts closely with the neural systems involved in social
perception and decision-making. Chang and Platt (this issue)
review selected studies of OT and social behavior in non-
human primates, focusing on the interplay between social
motivation and social vigilance for promoting social beha-
viors. The emergence of OT research in non-human primates
(see Chang and Platt; Evans et al., this volume) provides a
platform for investigating the neurobiology of central OT for
shaping complex social cognition. Importantly, a non-human
primate model can further help test the efficacy and safety of
long-term OT-based therapies in the same subjects by sys-
tematically monitoring neurophysiological and other physio-
logical and behavioral changes (see Chang and Platt, this
volume).

In this volume, Febo and Ferris summarize their pioneer-
ing functional magnetic resonance imaging (fMRI) studies in
awake rats, including nursing mothers, and Swain et al.
provide a review including the latest fMRI studies of brain
activation in human parents elicited by visual and auditory
stimuli from infants. Both show the remarkably complex
neural processing associated with parental behavior toward
the lower end and the peak of mammalian evolution. Many
brain areas activated by nursing stimuli in rat mothers and
infant visual and auditory stimuli in human parents are
analogous, specifically areas involved in sensory processing,
mobilization of hard-wired, instinctive nurturing behaviors
(referred to as reflexive/instrumental caring responses by
Swain et al.), and emotion regulation. Febo and Ferris surmise
from evidence that many of these brain areas contain high
concentrations of OT receptors in rats and are activated by
ICV administration of OT as well as that central OT release
during parturition may produce the coordinated activation of
these many brain areas during the onset of rat maternal
behavior, a conclusion that is supported by extensive studies
in sheep (Kendrick, 2000). In humans, Swain et al. point out
that these areas are most prominently activated by stimuli
from very young infants whose behavior is limited to com-
municating basic needs (e.g., hunger, cold, discomfort). How-
ever, the more interactive stimuli from older human infants
activate higher cortical regions and cortico-limbic connec-
tions implicated in mentalization, empathy and Theory of
Mind which may enable human parents to provide more
attuned and sensitive responses to their infants' social cues
that are critical for the development of secure attachment in
their offspring. However, little is known about relationships
between central OT systems and the brain activation pattern in
human parents, in part because of the lack of reliable methods
to locate OT receptors in the human and non-human primate
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brain. However, Pedersen (this issue) summarizes a recent
immunohistochemical study (Boccia et al, 2013) that has
identified OT receptors in limbic and some cortical brain sites
(unfortunately the study did not examine prefrontal and
temporal cortices) that are activated in human parents by
infant visual and auditory stimuli (the cover of this Special
Issue illustrates OT receptor immunostaining in the human
amygdala visualized in the Boccia et al., 2013 study).

To date, most studies of OT and parental behavior in
humans have examined blood concentration relationships
with parent-infant interactions. Apter-Levi et al. (this
volume) summarize the considerable body of evidence, much
of it from their own group, that OT levels in human parents
and their children are inter-related and correspond to the
degree of synchrony of their interactions. They then report
the first evidence that parent AVP levels are related to
stimulatory contact with their infant, joint attention to
objects, and efforts to increase object salience following
infant social gaze. These novel findings add further to the
bio-behavior synchrony model of parent-infant interactions
that has been developed by this group (Atzil et al., 2012). Kim
et al. (in this Special Issue) report the first study to examine
the relationships between OT levels and maternal responses
during conditions that are stressful to their infants (a mod-
ified still-face procedure). They found that the duration of
maternal gaze toward the distressed infant, a key index of
sensitive parenting, is directly related to maternal release of
OT. Elmadih et al. (this volume) employ the novel strategy of
comparing OT levels between mothers who exhibit high
sensitivity in their interactions with their infants and
mothers with low sensitivity. Surprisingly, OT levels were
significantly higher in low sensitivity mothers, a finding that
contrasts with positive relationships between OT levels and
sensitive parenting found in previous studies. Citing reports
that higher OT levels are associated with stress in social
relationships or disturbed parental relationships in child-
hood, Elmadih et al. hypothesize that low sensitivity mother
may have greater stress responses to the demands of caring
for their infants and/or experienced deficient parenting early
in life. Elmadih et al. conclude that mothers' stress reactivity
and attachment history are core variables that should be
assessed in studies of OT relationships with parent-infant
interactions.

Van Ijzendoorn, Bakermans-Kranenburg and colleagues
have pioneered fMRI studies of the effects of intranasal OT
on responses to infant stimuli. In this issue, they (Voorhuis
et al.) report a puzzling finding that intranasal OT adminis-
tration in women increased activity in temporal and frontal
cortical sites but at the same time decreased accurate inter-
pretation of images of infant facial expressions. Their results
contrast with findings that intranasal OT increases accuracy
of emotion recognition when viewing images of adult faces
(Domes et al., 2007; Guastella et al., 2010). The Van IJzendoorn
and Bakermans-Kranenburg group previously found that OT
administration to nulliparous women decreased amygdala
activation and increased activity in emotion regulation sites
in responses to infant crying or laughter (Riem et al., 2011,
2012). These effects were interpreted as evidence that OT
improves responses to infant's emotional states by decreas-
ing negative emotional arousal and increasing empathy for

infant distress and the incentive salience of infant laughter.
In light of the functional disconnect between OT effects on
brain activity and infant face emotion recognition in the
current Voorhuis et al. article, behavioral/emotional tests
might be critical for interpretation of fMRI studies that look
at OT-mediated modulations in hemodynamic activity.

Studies in which OT is administered by the intranasal
route have enabled rapid advance in our understanding of OT
regulation of human social behavior and social cognition as
well as the psychotherapeutic potential of OT. Initial, indirect
evidence that intranasal OT penetrates the CNS was provided
by Born et al. (2002) when they demonstrated that intranasal
AVP (only two amino acids different from OT) crosses the
blood-brain-barrier. Evidence that OT administered by the
intranasal route enters the CNS has more recently been
reported in rats (Neumann et al., 2013) and monkeys (Chang
et al., 2012). Early on, intranasal OT was reported to have a
number of prosocial effects in human subjects including
increasing interpersonal trust (Kosfeld et al, 2005;
Baumgartner et al., 2008; Mikolajczak et al., 2010); cooperation
(Andari et al., 2010) and eye contact (Andari et al.,, 2010;
Guastella et al., 2008) as well as improving performance in
domains of social cognition such as face emotion recognition,
Theory of Mind, perception of the trustworthiness of faces,
and empathy (Domes et al., 2007; Fischer-Shofty et al., 2010;
Guastella et al., 2010; Hurlemann et al., 2010; Petrovic et al.,
2008; Theodoridou et al., 2009). Kanat et al. (this volume)
review and critique the burgeoning number of fMRI studies of
intranasal OT effects on brain region and circuit responses to
social stimuli. Most consistently, OT administration has
affected social stimuli influences on the activity of the
amygdala and associated regions of the temporal and pre-
frontal cortices as well as their connectivity. However, the
specific regions affected and the directionality of effects are
strongly influenced by differences in social stimuli, gender,
reproductive state in women, and attachment style as well as
variations in the oxytocin receptor gene.

This Special Issue includes several articles that provide
important additions to our understanding of the complexity
of OT effects on human social behavior and social cognition.
Our understanding of the often contrasting effects of OT in
different conditions and the wide range of variables that
appear to influence those effects will require a great deal of
future research. Evans et al. (this volume) take on the task of
comparing the many reports of intranasal OT effects on
human social behavior and social cognition. Initially they
examine the controversy about whether OT administered by
the intranasal route penetrates the CNS. The authors then
view and critique the inconsistencies in the rapidly increas-
ing literature on intranasal OT effects. The notion that OT is
always “prosocial” is refuted. Striking gender differences in
the effects of OT are emphasized. The authors discuss
suggestions by some investigators that a general effect of
OT such as anxiety reduction or enhancement of the salience
of social stimuli might account for the wide range of social
facilitating influences of OT that have been reported.

De Dreu and colleagues have published a series of ground-
breaking studies demonstrating that OT has strikingly con-
trasting effects on attitudes and behavior directed toward
simulated in-group and out-group members. They found that
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intranasal OT increases positive attitudes and empathy only
for in-group members, enhances agreement more with in-
group members and promotes greater in-group cooperation
when competing with an out-group. Ten Velden (this issue)
summarizes their earlier work and reports the results of this
group's latest study. In a simulated poker game situation,
they found that subjects who received intranasal OT with-
drew from betting more, even when they had a strong hand,
if they were competing with an in-group member but not
when competing with an out-group member. The body of
work from De Dreu and colleagues powerfully demonstrates
that OT effects on human social behavior are situation
dependent and could exacerbate conflict between groups.
Blandon-Gitlan et al. (this volume) report the fascinating
finding that intranasal OT treatment eliminates same race
bias in face recognition memory, a phenomenon that has
been strongly validated in previous studies. In contrast to
those receiving placebo, participants who received intranasal
OT prior to initial viewing of face images of Black and White
individuals subsequently exhibited no race difference in
accurate identification of previously seen faces. The
Blandon-Gitlan et al. report seems to conflict with the
implication of De Dreu's studies that the prosocial effects of
intranasal OT are exclusively in-group directed and empha-
sizes the importance of understanding and comparing the
underlying psychobiology in situations in which OT amplifies
or diminishes group differences.

The generally prosocial effects of OT in animal and human
studies has generated considerable interest in examining OT
as an etiological factor in and a potential treatment for
developmental and psychiatric disorders in which social
deficits are prominent. Anagnostou et al. (this volume) report
the results of a small (15 subjects) preliminary 12-week
randomized, placebo-controlled clinical trial of intranasal
OT in high functioning children and adolescents with autism
spectrum disorders (ASDs). A number of measures of social
cognition and functioning as well as repetitive behaviors and
anxiety improved in OT recipients over the treatment period.
Gains in some measures persisted 3 months after disconti-
nuation of intranasal OT treatment. No adverse events,
OT-related side effects or clinically significant changes in
laboratory tests occurred. In a recently published 6-week
randomized, placebo-controlled pilot clinical trial in 19 adults
with ASDs, Anagnostou et al. (2012) found that subjects
receiving twice daily intranasal OT compared to placebo
demonstrated improvements in empathic accuracy, lower
order repetitive behaviors and quality of life. Francis et al.
(this issue) review the remarkable evidence that, in develop-
mental disorders with markedly different underlying genetic
abnormalities and pathophysiology, OT function is signifi-
cantly altered in ways that correspond to the social behavior
anomalies exhibited by individuals with those disorders.
Specifically, the marked social avoidance and anxiety in
ASDs, the Prader-Willi Syndrome and the Fragile-X Syndrome
are associated with impaired OT (and in some cases AVP)
activity and/or release in patients or animal models of the
disorders. In contrast, in individuals with Williams Syndrome
who exhibit hypersociability, a positive correlation is found
between OT levels and increased stranger approach and
decreased adaptive social behavior. Francis et al. hypothesize

that the distinct neurobiological abnormalities of these four
disparate neurodevelopmental disorders may all lead to
dysregulation of OT control of social behavior.

Virtually all psychiatric disorders are associated with
some degree of impairment of social function although
profound deficits are primarily associated with severe and
persistent mental illnesses such as psychotic disorders.
Numerous studies conducted in animal models of psychiatric
disorders have found that OT may have therapeutic potential
in a wide spectrum of disorders including anxiety, depres-
sion, psychosis and addiction (Macdonald and Feifel, 2013;
Meyer-Lindenberg et al., 2011). These considerations as well
as ample evidence that intranasal OT treatment exerts effects
in the CNS have led a few investigators to conduct rando-
mized clinical trials (RCTs) in some psychiatric disorders (as
well as neurodevelopmental disorders—see Anagnostou
et al, in this issue). Pedersen (this issue) emphasizes the
diversity of OT therapeutic effects by reviewing relevant
animal and human background studies and summarizing
the very promising results of intranasal OT compared to
placebo treatment in RCTs conducted in patients with schi-
zophrenia and alcohol dependence. OT significantly reduced
psychotic symptoms in patients with schizophrenia in all
three published studies in which intranasal treatments were
administered twice daily for 2, 3 or 8 weeks. Furthermore, in
one study (Pedersen et al., 2011) OT improved performance in
some social cognitive domains and, in another study (Feifel
et al,, 2012), OT improved performance in one neurocognitive
domain, verbal learning. The latter findings are particularly
exciting because social cognitive and neurocognitive deficits
contribute substantially to social dysfunction which is a
major cause of disability in schizophrenia (Fett et al., 2011)
and does not respond to currently available antipsychotic
medications (Bellack et al., 2004; Penn et al., 2009). Pedersen
presents his recent preliminary evidence that intranasal OT
is remarkably effective in blocking withdrawal in highly
alcohol-dependent patients. He presents the rationale for
testing intranasal OT efficacy in decreasing drinking in
alcohol dependence. Pedersen poses and discusses numerous
questions about our remarkable lack of information about OT
systems in the human brain and heretofore unexamined OT
mechanisms that may be important in the pathophysiology
of psychotic disorders and addictions. Finally, Pedersen
speculates that antipsychotic and withdrawal-blocking effi-
cacy of OT may be linked to as yet unexplored OT mechan-
isms that were selected during the evolution of maternal and
other social behaviors in placental mammals.

MacDonald and Feifel (this issue) explore the broad topic of
OT as a pathophysiological factor as well as a potential
treatment of anxiety disorders. These issues are particularly
important because disabling levels of anxiety occur in many
psychiatric illnesses. The authors begin with a discussion of
the vague and inconsistent ways in which anxiety is referred
to and conceptualized across disciplines followed by a review
of preclinical studies of OT and anxiety. An evolution-based
theoretical framework is then developed about the centrality
of OT and other socially relevant neuropeptides and neuro-
transmitters in regulating the balance between fear, anxiety,
avoidance and aggression-generating brain systems that have
been selected to enhance self-preservation and anxiolytic,
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approach, affiliation-generating systems that have been
selected to increase social/reproductive success. MacDonald
and Feifel continue with a highly comprehensive review of
studies of intranasal OT effects on as well as the relationship
of OT levels and OT receptor gene variants with anxiety
measures, stress hormone levels and anxiety-generating brain
region activity in normal subjects as well as individuals with
anxiety disorders or anxiety phenotypes. This includes the
authors' trend level findings that intranasal OT reduced
anxiety in male subjects (but exacerbated anxiety in female
subjects) in a small (N=13), preliminary 3-week RCT in
patients with generalized anxiety disorder. While acknowl-
edging that connections between brain regions play important
roles in anxiety, the potential significance of OT activity in
several brain areas in anxiety and anxiety disorders is thor-
oughly examined. The authors leave the reader with ten as yet
unanswered questions to guide future work on OT and
anxiety. Overall, a strong case is made to conduct clinical
trials testing the efficacy of intranasal OT in anxiety disorders.

Soeken et al. (this issue) make the case that dysfunction of
OT systems may contribute to postpartum depression and
that OT may be an effective treatment in this disorder. The
authors summarize current treatment options and discuss
their limitations. Animal and human research is reviewed
supporting the antidepressant efficacy of OT and the poten-
tial role of OT in depression especially in the postpartum
period. Areas requiring further research are identified.

There is broad consensus among evolution theorists that
higher primate and human intelligence is the product of
selection for mental abilities that provide advantages in
assessing complex and variable social situations and adjust-
ing social behavior to enhance access to resources and
mating opportunities (Barrett and Henzi, 2005; Moll and
Tomasello, 2007; Pinker, 2010; Heyes, 2012) in often highly
fluid social milieus. The primary function of the human brain
and its advanced mental abilities, such as abstract thought
and language, is viewed as enabling social success. The social
brain concept of human intelligence thus far has had mini-
mal impact in biological psychiatry and even less influence
on CNS drug development by the pharmaceutical industry
(Macdonald and Feifel, 2013; but see also Briine, 2008). The
extensive evidence cited in this and other articles in this
Special Issue suggest that CNS OT systems are a key compo-
nent of the human social brain. The rapidly accumulating
evidence that central OT abnormalities are found in many
psychiatric and developmental disorders and that OT treat-
ment reduces the severity of symptoms in a wide range of
disorders supports the view that malfunctions of the social
brain contribute to many psychopathophysiological condi-
tions (Brine, 2008). Intranasal OT administration and other
methods of examining brain OT systems may provide unique
opportunities to test the significance of this central element
of the social brain in psychiatric disorders. The high degree of
tolerability and safety of intranasal OT administration adds
to its feasibility and appeal as a means of probing the normal
and psychiatrically-disabled human social brain.

At the request of the Editors, articles in this special
volume have gone beyond reviewing and critiquing studies
on OT in human social behavior and psychopathology by
articulating novel and innovative concepts and illuminating

uncharted territory that hopefully will inspire new directions
in human and clinically-relevant animal research on OT and
psychopathology. To this end, many of the authors point out
the enormous gaps in our current understanding of OT
systems in the human brain, propose novel hypotheses about
the mechanisms of OT psychotherapeutic effects and discuss
the possible etiology of those effects in heretofore unexplored
roles for which OT may have been selected during the
evolution of placental mammalian maternal and other social
behaviors. As the Editors, we hope the papers appearing in
this special issue will collectively generate new and fruitful
discussions toward future research aimed at understanding
and treating social deficits in psychopathological conditions.
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anxiety, but also schizophrenia and bipolar disorder. Finally, we discuss the limits and

extent to which brain imaging may broaden our understanding of the parental brain given
our current model. Developments in the understanding of the parental brain may have
profound implications for long-term outcomes in families across risk, resilience and possible

interventions.

This article is part of a Special Issue entitled Oxytocin and Social Behav.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction to the parental brain

Human mothers and fathers exhibit a repertoire of parental
thoughts and activities that manifest interesting similarities
and differences as part of an array the crosses cultures (Hrdy,
2000) and species across species (Clutton-Brock, 1991) with
the common goal of caring for offspring. For humans, besides
meeting the primal evolutionary needs for survival and
continuation of our species, parenting involves interrelated
biological, psychological, and behavioral caregiving mechan-
isms that contribute critically to the first environment the
child experiences as a new family member.

The rich animal literature on parental brain (Bridges, 2008)
strongly supports the notion that a coherent understanding
of the physiology governing parenting in humans is also
possible. Indeed, much of the research on the human par-
ental brain involves attempts to look for human homologs of
'parental' brain circuits found in animals. This approach has
initially been successful using audiovisual stimuli of babies
during functional imaging - particularly with contrasts of
own vs. unknown babies — to activate brain regions that
recognize and respond to the special salience for the parent
of their own baby's stimuli (Barrett and Fleming, 2011; Swain,
2011b; Swain et al., 2007).

In this review, we summarize the state-of-the art of human
parental brain imaging in mothers and fathers. More specifi-
cally, we focus on the interpretation of brain-responses to baby-
cry and baby visual stimuli respectively and consider attempts
to integrate findings within the cognitive, affective, and social
neurosciences. First, we selectively review the psychological
and imaging evidence of relevant executive, emotion response/
regulation and reward mechanisms that may be activated in
the service of parental sensitivity. We then discuss these
findings in the context of research on oxytocin, and review
recent attempts to understand how parenting difficulties or
even psychopathology may be understood as abnormalities or
malfunctions of parental brain circuits. The importance of this
mechanistic understanding of parenting is underscored by
consideration of effects on offspring and possibilities to identify
families at risk and optimize therapeutic interventions.

1.1.  Parental sensitivity and child attachment

Ainsworth et al. (1978) first defined maternal sensitivity as a
mother's ability to attend and respond to her child in ways
that are contingent to the infant's needs. In the naturalistic
context, sensitive maternal care behaviors show a great deal

of variation between individual mothers, despite being rela-
tively stable in the same mothers across time and contexts
(Behrens et al., 2012; Jaffari-Bimmel et al., 2006; Wan et al.,
2013). Maternal sensitivity represents a pattern of behavior
which provides the infant with its primary social experience.
This suggests that it is important for organizing and regulat-
ing the infant's emotional, social and cognitive systems and
is consistent with accumulating evidence that maternal
sensitivity predicts a range of social-emotional child out-
comes - including the quality of their attachment relation-
ships (Bakermans-Kranenburg et al., 2003; De Wolff and van
I[jzendoorn, 1997), self-regulation (Eisenberg et al., 2001),
social functioning (Kochanska, 2002; Van Zeijl et al., 2006),
socio-emotional development (De Wolff and van [jzendoorn,
1997), and cognitive and language competence (Bernier
et al., 2010; Tamis-LeMonda et al., 2001). Furthermore, the
absence of skills needed to respond sensitively to child
signals has been linked to risk for maltreatment (Milner,
1993, 2003). Poor maternal sensitivity in infancy predicts
later harsh parenting (Joosen et al., 2012) and attitudes
towards punishment (Engfer and Gavranidou, 1987).
Frightening and anomalous maternal behavior confers pro-
found risk to the parent-infant attachment relationship
(Schuengel et al,, 1999) to subsequent child outcomes and
future parenting of their own children.

The concept of parent-infant attachment represents a land-
mark of contemporary developmental psychology (Bowlby,
1969b, 1973). In fact, Bowlby formulated his attachment theory
after studying associations between maternal deprivation and
juvenile delinquency, postulating a universal human need to
form close, affect-laden bonds, primarily between mother and
infant. He strongly argued, from an evolutionary perspective,
that attachment represents an innate biological system promot-
ing proximity-seeking between an infant and a con-specific
attachment figure. This proximity then increases the likelihood
of survival to reproductive age.

Because of this powerful biological instinct for attachment,
and in response to the patterns of attachment identified in the
Ainsworth mother-infant studies (Ainsworth et al, 1978),
Bowlby (1977) hypothesized that all human infants attach to
their caregiver but that children manifest different patterns of
attachment “security” depending on the quality of the care
they receive. Indeed, a vast literature in the study of attach-
ment over last several decades has established that infants of
caregivers who are available, responsive and sensitive to their
emotional and physical needs tend to manifest patterns of
“secure attachment.” Conversely, chaotic, unpredictable,
rejecting or neglectful care in which non-contingent responses
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to the child occur frequently, result in insecure or disorganized
patterns of attachment evolves (Shaver et al., 1987).

Understanding the neurobiology of attachment-formation
through parental sensitivity may help to formulate and
ameliorate pervasive and complex social problems such as
child abuse and neglect. However, little is known about the
cognitive or neurobiological mechanisms which underpin
healthy sensitivity, let alone poor sensitivity in mothers with
mental illness. This may explain why promising interven-
tions targeted at improving parenting through improved
sensitivity have shown inconsistent findings and generally
small effect sizes (Bakermans-Kranenburg et al., 2003; Wan
et al., 2008c).

1.2.  Neurocognitive mechanisms underlying parental
sensitivity

For sensitive caregiver responses to infant cues, complex
brain systems must manage an array of complex thoughts
and behaviors contingent on feedback from the baby. These
include recognition and acknowledgment of child signals,
attribution of salience to child cues, maintenance of visual
contact, expression of positive effect, appropriate mirroring
and vocal quality, resourcefulness in handling child's distress
or expanding the interaction, consistency of style, and dis-
play of an affective range that matches the infant's readiness
to interact. Such behaviors are likely to be the result of
complex neural networks involved in generating and organiz-
ing emotional responses (Kober et al., 2008) as well as in
attention and executive function, reward and motivation,
and sensorimotor circuits - a model well supported by the
literature (Swain and Lorberbaum, 2008). We update this
model below incorporating the newest work on fathers and
the effects of mental illness on parenting capacity. Indeed,
mental health problems may manifest as impairment in any
of these networks and play a significant role in poor parent-
ing. Identifying these may provide an opportunity to predict
which parents are likely to have which type of parenting
problems and facilitate targeting of interventions. Here, we
highlight brain processes, mechanistically related to certain
cortico-limbic circuits, and relevant for healthy parenting
sensitivity.

1.2.1.  Executive function

Executive functions, including attention control, working
memory and flexible task-switching, are likely to be impor-
tant to parental sensitivity. Deficits in attention set-shifting,
spatial working memory and a sustained attention measure
have been linked with poor maternal sensitivity to non-
distress infant cues (Gonzalez et al., 2012). In closely related
work, mothers with a classification of disorganized attach-
ment responded more slowly to negative attachment words
and the speed of response to such stimuli was correlated with
disorganization, suggesting negative associations with
attachment stimuli that may contribute to ongoing cognitive
difficulties during mother-infant interactions (Atkinson et al.,
2009). Greater attention bias to infant distress cues in late
pregnancy has also been associated with better scores on a
parental bonding questionnaire (Pearson et al., 2010), raising
the question of how attention deficit disorder affects

parenting — an issue yet to be studied. Attention bias to
infant distress has also been compared between breastfeed-
ing (n = 27) and formula feeding (n = 24) mothers of 3-6
month old infants and observed to be greater in breastfeeding
mothers (Pearson et al., 2011). It is plausible that reduced
attention bias towards emotional stimuli (specifically infant
distress) is associated with low maternal sensitivity in some
mothers. However, other mothers with low sensitivity may
show a selectively exaggerated attention bias to infant dis-
tress which results in the mother becoming overwhelmed by
the stimuli; this may be particularly relevant for mothers and
fathers with schizophrenia or in those with little social
supports in deprived circumstances. In depressed patients,
evidence suggests a tendency to pay more attention to
negative emotional stimuli (Elliott et al., 2011); an effect
mediated by enhanced response in the ventral anterior cingu-
late, which may contribute to the maintenance of low mood.

1.2.2.  Emotion regulation

Recognizing emotion in preverbal infants is more difficult than
recognizing emotions in adults. In some parents, inability
to recognize and distinguish the subtleties of infant emotion
cues may underpin poor maternal sensitivity. Consistent with
this, depression is associated with decreased discrimination of
facial emotion (Anderson et al., 2011). Response to distressing
signals from the infant also requires a mother to distinguish
positive from negative emotions; indeed, studies suggest that a
mother's sensitivity to distress may be a better predictor of
child outcomes than her sensitivity to non-distress cues
(Joosen et al, 2012; Leerkes, 2011; Leerkes et al, 2009;
McElwain and Booth-Laforce, 2006). Thus, poor maternal care
behavior could derive in part from reduced recognition, as well
as reduced response to infant emotions generally, and/or
specifically, to signals of infant distress. Conversely, some
mothers may become overwhelmed by their infant's distress.
Notably, enhanced responsiveness to negative emotions,
(mediated by enhanced amygdala response), has been
observed in non-parent depression (Arnone et al, 2012). In
depressed mothers, studies suggest women may avoid or limit
exposure to distressing infant stimuli (Field, 2010; Murray et al.,
1996; Pearson et al., 2012). In anxiety and depression, modulat-
ing stress and emotional responsiveness is an important target
for treatment and is associated with clinical improvement
(Harmer et al., 2011). The importance of emotion regulation
in the responses to baby stimuli is also consistent with the
ideas of postpartum preoccupations discussed below (Section
1.2.4).

1.2.3.  Reward/motivation

Extensive recent review of the animal literature (Numan
and Woodside, 2010) suggests that response to infants forms
a model motivational system employing dopamine and
oxytocin-rich pathways such as the medial preoptic area
(MPOA). Through such pathways, infant cues are thought to
provide motivation for maternal care behavior. Reward pro-
cesses include immediate hedonic responses (“liking”) and
approach motivation (“wanting”) or learning (Berridge and
Kringelbach, 2008). Frontostriatal brain regions are also criti-
cally implicated in reward, in particular the orbitofrontal
cortex (OFC) (Rolls, 2004) and ventral striatum including
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nucleus accumbens (NAcc) (Born et al., 2011). Although the
OFC generally codes hedonic signals, the medial OFC is
particularly important for computing reward value while
the lateral OFC makes stronger contributions to reward
learning. In mothers, the initial experience of pleasure and
activity in these brain circuits when exposed to their own
infant's cues may increase the salience of their infant's
stimuli and promote greater attention and bond-formation
to ensure continuous engagement in sensitive caregiving.
Indeed, reward/motivation pathways have been shown to be
active in response to baby-stimuli (discussed below). In
mothers with low sensitivity, the motivational or incentive
salience of emotional and/or infant cues may be diminished
through deficits in this and also in other OT-opioid reward
pathways (Curley, 2011). Thus, in rhesus monkeys, mothers
with greater attachment to infants possess the G allele of the
OPRM1 p-opioid receptor and have higher oxytocin responses
to lactation and pregnancy (Higham et al., 2011). Strikingly,
activity of opioids at the p-opioid receptor is also central to
the processing of reward in the context of drug dependence
(Herz, 1997; Simmons and Self, 2009), and social behaviors
(Higham et al., 2011). Very few studies, however, have exam-
ined neural substrates of reward-related processes among
mothers who display disrupted caregiving behavior.

1.2.4. Parental thoughts — preoccupations/habits, empathy
and positive thoughts

Parents experience dynamic change in their thoughts and
behaviors oriented toward their new infants. Immediately
after a child's birth and during the first few months of the
infant's life, parents are particularly drawn to their infants'
vocalizations and physical attributes and focus their thoughts
on the infants' physical and psychological needs (Bowlby,
1969a; Winnicott, 1956). Such intense mental focus and
behaviors were first referred to as “primary maternal preoccupa-
tion” by Winnicott (1956) and seem also consistent with the
activation of motivational-reward pathways by infant cues
reflecting an important evolutionary mechanism through
which infants promote long-term emotional ties with their
parents (Atkinson et al., 2009; Feldman et al., 1999; Gonzalez
et al.,, 2012; Leckman and Mayes, 1999).

Leckman et al. (1999) reported that all domains of parental
preoccupation peaked right after childbirth and then began to
decrease over the course of the first three to four postpartum
months in mothers and fathers, albeit less intensely for
fathers. Since newborns have very limited ways of commu-
nicating their needs, parents must constantly check the
infants in order to identify and attend to those needs.
The intensity of parental preoccupations decreases as par-
ents gain more experience in parenting and infants become
more responsive. However, excessively and persistently high
levels of parental preoccupation, particularly anxious and
intrusive thoughts and harm-avoidant behaviors can be
associated with postpartum psychopathology such as post-
partum obsessive compulsive disorders (OCD). In one sample,
levels of parental preoccupations were related to postpartum
anxiety at the first month postpartum (Feldman et al., 1999)
and lower maternal sensitivity at 3-4 months postpartum
(Kim et al., 2013). Abnormally low levels of parental preoccu-
pation, e.g. in postpartum depression also pose difficulties in

developing emotional bonds with the infant, and risk inade-
quate parenting (Feldman et al. 1999, 2009). Maternal schizo-
phrenia also interferes with care giving behavior in ways that
merit separate study and treatment (Abel et al., 2005; Wan
et al., 2008a, 2008b, 2008c). For typically developing parents,
the story for fathers will likely differ from mother. For
example, unlike for mothers, paternal sensitivity was pre-
dicted by anxious as well as caregiving and positive thoughts
(Kim et al., 2013). More nuanced assessments of mother and
father thought, mood and behaviors are required to clarify
how they are related over time and how they might inform
the nascent study of paternal brain physiology (below).

Parental empathy, (appropriate perception, experience and
response to another's emotion) may be especially relevant for
preverbal infants. Deficits of empathy in disorders such as
schizophrenia and autism have been associated with abnorm-
alities in certain brain networks (Gallese et al., 2004; Iacoboni,
2009; Uddin et al., 2007). These systems overlap significantly
with brain responses of parents to infant stimuli reviewed
here i.e. cingulate and insular cortices (Bernhardt and Singer,
2012).

Experiencing pain personally and experiencing the pain of a
loved one activate insula and anterior cingulate, with
another's pain activating more anterior regions and own pain
also recruiting brainstem, cerebellum, and sensorimotor cor-
tex. Such decoupled, yet parallel representations of empathy
in cortical structures like insula and anterior cingulate are
postulated as necessary for our ability to mentalize, that is,
understand the thoughts, beliefs, and intentions of others in
relation to ourselves (Frith and Frith, 2003; Hein and Singer,
2008). Humans may utilize separate circuitry to “decouple”
representations of external vs. internal information in order to
understand physical properties and assess personal emotional
values. In support of this, a brain network consistently
activated during tasks that require mentalizing has emerged,
including dorsomedial prefrontal cortex (DMPFC), medial pre-
frontal cortex (MPFC), precuneus/posterior cingulate cortex
(PCC), temporoparietal junction (TPJ), and posterior superior
temporal sulcus (pSTS) (Frith and Frith, 2006; Mitchell, 2009).
Such a framework for understanding of the contribution of
social ties to broad health issues (Eisenberger and Cole, 2012)
promises to be very helpful in considering the importance of
parent-infant dyads in health promotion.

By three to four months postpartum, infants are more
socially interactive, and parents increasingly engage in recipro-
cal positive interactions. These positive interactions further help
mothers to strengthen their attachment and heighten the
experience of positive feelings toward their infants (Mercer,
1985). As they successfully feed, take care of, and build affec-
tionate connections with their infants, mothers develop positive
feelings and self-confidence about parenting (Benedek, 1954).
Fathers may develop attachment to their infants more gradually
(Anderson, 1996; Pruett, 1998). Positive feelings about their
infants and parenting experience maybe critical in pathways
engaging dopamine-oxytocin reward circuits described in ani-
mal models (MacDonald, 1992; Numan and Insel, 2003b;
Shahrokh et al., 2010). Thus, interactions with the infant may
enhance parental oxytocin and dopamine release and foster the
maintenance of positive parental behaviors with associated
attentiveness and sensitive caregiving — perhaps implicating
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future therapeutic potential (Macdonald et al., 2013). In contrast,
if interactions with the infant are negative and stressful, parents
may experience less brain activation in reward-motivation
pathways, find the relationship less satisfying, harbor fewer
positive parental thoughts and be less willing to maintain it.

Such reward pathways maybe relevant very early in the
postpartum, as mother's positive feelings towards her unborn
fetus as well as her perception of her fetus have been
associated with greater maternal sensitivity to the infant's
signals and more affectionate vocalizations and touch (Keller
et al., 2003; Keren et al., 2003). It may be interesting in the
future to examine prepartum thoughts as relevant for post-
partum behaviors. Idealization of the infant and positive
thoughts about parenting may positively reinforce both
quality of parenting and feelings of reward. On the other
hand, worrying about the infant — such as health and other
concerns — may be associated with lower parental sensitivity
and higher intrusiveness. Indeed, negative feelings about
parenting may be linked to the parents' difficulties in devel-
oping emotional bonds with their infants (Mercer, 1985;
Nystrom and Ohrling, 2004) although the nature and direction
of this link needs clarification.

The following sections review the current state of evidence
from experiments designed to elucidate the brain basis of
parental attachment by presenting infant stimuli - sometimes
emotionally charged - during brain imaging. Such studies have
incorporated psychological, behavioral and hormonal mea-
sures and a very few include parents with abnormalities in
parenting or mental illness. The power and sensitivity of
functional imaging deliver mechanistic understanding of
abnormalities in brain associated with poor parenting and
promise earlier detection of problems that may not be obvious
from behavioral or self-report measures. In the future, brain-
based understandings may allow refinement of tailored treat-
ment approaches toward parenting and targeted augmenta-
tion of parenting resiliency (Rutter, 2013; Swain et al., 2012).

Tables 1 and 2 summarize experiments to date on human
parents using baby sound and visual stimuli with brain fMRI.

1.3. Human brain imaging methods

The primary technique used to study the brain in this review
is non-invasive blood-oxygen-dependent functional magnetic
resonance imaging (fMRI). fMRI assays brain activity by
indirectly measuring changes in regional blood oxygenation
during different periods in which infant cues may be pre-
sented. The differences between a region's oxygenated and
deoxygenated hemoglobin, between states of action vs. inac-
tion for instance, provide characteristic magnetic signals
localized to millimeters that are detected by scanners posi-
tioned around each subject's head. An important caveat
throughout the interpretation of parenting fMRI studies,
however, is that that brain activity measurements represent
an integration of electrical brain activity that may be instan-
taneous yet the related blood flow change lags behind over
seconds. Furthermore, experimental design captures brain
activity over periods of a few seconds or 10's of seconds.
On the one hand, short blocks or events may capture briefly
held mental states, but miss bigger changes such as sus-
tained emotion; while on the other hand longer blocks may

capture more complex brain responses, but also average
them out making subtle responses more difficult to detect.
Brain activity during these blocks may then be measured and
compared between periods of attending to stimuli of interest
and control stimuli to generate maps of the brain indicating
differences in brain activity that may be important for one set
of perceptions and thoughts vs. another. With parents as
subjects, infant cries and pictures have been stimuli and
comparisons of brain activity measured during baby cry vs.
control sound experience have been said to relate to the
parental experience of a baby cry, and so the associated
parenting thoughts and behaviors. Many of these studies
make use of seed-based analyses with modest group sizes
that will require replication in different populations to permit
generalization of findings and all results could relate to
activity that is excitatory or inhibitory. Future imaging with
connectivity analyses also promise to define more than just
response regions, but circuit behavior involving coordinated
activity between distant brain areas (Sripada et al., 2013).
The important limitation that response to baby cues may
not be directly related to parental care is being addressed
in studies that correlate responses to parental care
described below.

2. Parental brain responses to infant stimuli
2.1.  What's in a baby-cry?

In addition to communicating basic levels of discomfort,
hunger, and pain (Soltis, 2004), baby cry also signals the need
for physical proximity of caregivers leading to the dynami-
cally interactive cry-care thoughts and behaviors that lead to
attachment (Swain et al., 2004b), for which new parents
appear to be primed (Bowlby, 1969b). Supportive studies have
demonstrated that human mothers can recognize the cries of
their own infants, and mothers and fathers activate brain in
areas hypothesized to be involved in mammalian parenting
behavior (Swain and Lorberbaum, 2008; Swain et al., 2007).

2.1.1. Brain responses to auditory baby-stimuli:

baby-cry — 1st 10 years

Building on the thalamocingulate theory of maternal beha-
vior in animals (MacLean, 1990), Lorberbaum et al. (1999) - in
the first, though rather small study of its kind - predicted and
found that baby cries selectively activate cingulate and
thalamus in mothers in the early postpartum months
exposed to an audio taped 30 s standard baby cry using fMRI.
Informed by the animal literature, they expanded their
hypotheses to include the basal forebrain's medial preoptic
area and ventral bed nucleus of the stria terminalis and its
rich reciprocal connections as being critical to parental
behaviors (Lorberbaum et al., 2002). These include the des-
cending connections which modulate more basic reflexive
caring behaviors such as nursing, licking, grooming and
carrying reflexes in rodent studies, and ascending connec-
tions such as the mesolimbic and mesocortical dopamine
systems involved in more general motivation and flexible
responses required to tend a crying infant or prepare for a
threat. Even though these first studies involved cry stimuli
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Table 1 - Human parent brain responses to infant stimuli.

Author, year Parent Age of Paradigm, variable Study Brain network

group N infants design

Arousal Reflex Emotion Cognition
Salience Care Regulation

Baby-cry,

Mothers
Lorberbaum 4 3 weeks to Other vs. control 30s Y Y Y Y
et al. (1999) 3.5 years Blocks
Lorberbaum 10 1-2 months Other vs. control 30s Y Y Y Y
et al. (2002) Blocks
Seifritz et al. 10 <3 years Other vs. control, 6s Y N Y Y
(2003) +ve/—ve Events
Swain et al. 11-14 2-4 weeks Own vs. other, 30s Y Y Y Y
(2003, 2004a, and 3-4 experience and Blocks
2006) months thoughts
Swain et al. 12 2-4 weeks Own vs. other, delivery 30s Y Y Y Y
(2008) Blocks
Kim et al. 26 2-4 weeks Own vs. control, early- 30s Y N Y Y
(2010a) life Blocks
Kim et al. 20 2-4 weeks Own vs. other, feeding 30s Y Y Y Y
(2011) Blocks
Laurent 22 18 months Own vs. other, HPA axis 21s N Y Y Y
et al. (2011) Blocks
Venuti et al. 9 (of 18) >4years Hunger cry vs. noise, 10s N N Y Y
(2012) atypical cry from Events

infants with autism

Baby cry,

fathers
Seifritz et al. 10 <3 years Other vs. control, 6s Y Y Y Y
(2003) +ve/—ve Events
Swain et al. 9 2-4 weeks Own vs. other, 21s Y Y Y Y
(2003, 2004a) and 3-4 experience and Blocks

months thoughts
Mascaro 36 1 or 2 years Other baby-cry vs. 5s Y Y Y Y
et al. (2013a) control sound events
De Pisapia 9M+-9F 1 year Hunger cry; males vs. N N N Y
et al. (2013) females 14s
Blocks

Baby cry,

maternal-

pathology
Laurent and 22 18 months Own vs. other, 21s Y Y Y Y
Ablow (2012) postpartum depression Blocks
Musser et al. 22 18 months Own vs. other, maternal 21s Y Y Y Y
(2012) sensitivity Blocks
Landi et al. 54 2 months Other vs. noise, high 2s Y Y Y Y
(2011) and low distress cry, Events

substance abuse

Parental brain papers are comprehensively listed in chronological order and according to responses mothers, fathers and psychopathology - to
baby cry with columns for parent group, time point (age of infant), experimental paradigm, and study design. Brain networks related to
parenting featured in the article are also indicated. Empty boxes indicate lack of significance in the networks defined as

(i) Arousal/Salience=amygdala, ventral striatum,

(ii) Reflex Care=hypothalamus,

(iii) Emotion Regulation=mPFC, ACC, and

(iv) Cognition=dIPFC, insula, inferior frontal and orbitofrontal gyri, temporoparietal junction.

Glossary for Table: activations and deactivations, measured by functional magnetic resonance imaging, satisfied significance criteria of random
effects analysis at p<0.05 or fixed effects analysis at p<0.001 at a minimum.

that did not originate from the parent's own infant, and the behavior in animals (Numan and Insel, 2003a) and opened
control sounds were emotionally negative (sounded like up the field.

harsh static on the television), significant brain responses fit Hypothesizing that parental gender and experience would
with existing knowledge about regulation of parenting also influence neural responses to baby sounds such as baby
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Table 2 - Human parent brain responses to infant stimuli.

Author, year Parent Age of Paradigm, variable Study Brain network
group N infants design
Arousal Reflex Emotion Cognition
Salience Care Regulation
Mothers Baby
Visuals
Swain et al. (2003, 9-14 2-4 weeks Own vs. other, 30 s Blocks Y Y Y Y
2004a, 2004b, 2005, and 34 experience and
under review months thoughts
Bartels and Zeki (2004) 19 9 months to Own vs. other, 15 s Blocks Y Y Y Y
6 years comparison with
romantic partner
Leibenluft et al. (2004) 7 5-12 years Own vs. other 1.5s Event Y Y Y Y
Ranote et al. (2004) 10 4-8 months Own vs. other 20-40s Y Y N N
Nitschke et al. (2004) 6 2-4 months Own vs. other, affect 30 s Blocks N N Y Y
Strathearn et al. (2005, 28-30 3-18 months Own vs. other, 2 s Events Y Y Y Y
2008, 2009) affect, OT
Noriuchi et al. (2008) 13 15-20 Own vs. other, 32 s Video Y Y Y Y
months distressed
Lenzi et al. (2009) 16 6-12 months Own vs. other, joy/ 2 s Events Y Y Y Y
distress
Atzil et al. (2011) 28 4-6 months Own vs. other, 2 min Y Y Y Y
parenting syn Video
Barrett et al. (2012) 22 3 months Own vs. other, 3's Events Y Y Y Y
parenting
Riem et al. (2011, 2012) 21 (Non- N/A Cry (2 days) vs. 10 s Events Y Y Y Y
mom) control
Atzil et al. (2012) 15 4-6 months Own videos, 2 min Y Y Y Y
synchrony, OT Video
Lahey et al. (2012) 35 4-6 years Own vs. other, 13's Video N N Y Y
parenting
Fathers Baby
visuals
Swain et al. (2003, 9-14 2-4 weeks Own vs. other, 30 s Blocks Y Y Y Y
2004a, 2004b, 2005, and 3-4 experience and
under review) months thoughts
Atzil et al. (2012) 15 4-6 months Own videos, 2 min Y Y Y Y
synchrony, OT Video
Kuo et al. (2012) 10 2-4 months Own vs. other 15s Video Y Y Y Y
videos, Baby vs. Doll
videos
Mascaro et al. (2013b) 70 1-2 years Own vs. other 14 s Blocks, Y Y Y Y
images, measure T, regional
father-behav
Maternal Baby
psychopathology visuals
Moses-Kolko et al. 30 12 weeks Emotion faces, 4 s Blocks Y Y Y Y
(2010) depression
Schechter et al. (2012) 20 12-42 Own > other, IPV- 40 s Video Y Y Y Y
months PTSD
Moser et al. (2013) 20 12-42 Own > other, IPV- 40 s Video Y Y Y Y
months PTSD
Laurent and Ablow 22 18 months Own vs. other - 18 s Blocks Y Y Y Y
(2013) depression

Parental brain papers are comprehensively listed in chronological order and according to responses mothers, fathers and psychopathology - to
visual stimuli with columns for parent group, time point (age of infant), experimental paradigm, and study design. Brain networks related to
parenting featured in the article are also indicated. Empty boxes indicate lack of significance in the networks defined as

(i) Arousal/Salience=amygdala, ventral striatum,

(ii) Reflex Care=hypothalamus,

(iif) Emotion Regulation=mPFC, ACC, and

(iv) Cognition=dIPFC, insula, inferior frontal and orbitofrontal gyri, temporoparietal junction.

Glossary for Table: activations and deactivations, measured by functional magnetic resonance imaging, satisfied significance criteria of random
effects analysis at p<0.05 or fixed effects analysis at p<0.001 at a minimum.
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cry and laughter, Seifritz et al. (2003) studied four groups:
mothers and fathers of children under age 3, and non-parent
males and females, with 10 subjects in each group. They used
an event-related fMRI design, measuring brain responses to
brief 6-s sounds. Over the entire sample, intensity-matched
baby sounds of crying and laughing compared to “neutral”
sounds (white noise pulsed at 5-Hz with an averaged fre-
quency spectrum similar to the infant vocalizations) pro-
duced more brain activity in bilateral temporal regions. These
regions might be important for hearing processes (Heshyl's
gyrus and temporal poles), processing human vocalizations,
and empathic emotion processing including emotional mem-
ory. They also reported that women as a group including,
parents and non-parents (but not men), showed decreased
activity in response to both baby cry and laughter in the
subgenual anterior cingulate cortex. This finding is contrary
to the other studies (Lorberbaum et al., 1999, 2002; Swain et al.,
2005; Swain and Lorberbaum, 2008) and highlights how sample
selection, choice of stimuli and precision of region of interest
examined might affect findings. It is also the case thata 6 s vs.
a 30s stimulus time may have different meanings to
new parents or that there may be non-linear or multiphasic
responses within anterior cingulate similar to the well-
recognized phasic responses seen in amygdala. Their within-
group analyses reported that parents activated more to infant
crying than laughing in the right amygdala, while non-parent
response was greater for infant laughing than crying (Seifritz
et al., 2003). Although there was no direct comparison between
parents and non-parents, these within-group results suggest
that being a parent might be associated with changes
in amygdala function and represents the first attempts to
include gender and experience-dependent aspects of human
parenting.

Taking this approach further, Swain et al. (2003) have
been gathering data on groups of new parents across a range
of experience, temperament and parent-infant interaction
styles using each parent's own baby cries and including
comprehensive interviews and self-reports. In this design,
parents underwent brain fMRI during 30s blocks of infant
cries generated by their own infant contrasted with a “stan-
dard” cry and control noises matched for pattern and inten-
sity. In addition, they added a longitudinal component with
scans and interviews at 2 time points: 2-4 weeks and 12-16
weeks postpartum to coincide with the transition to parent-
hood associated with peaks of parental preoccupation in the
early postpartum (Leckman et al., 1999). They hypothesized
that parental responses to own baby cries would include
specific activations in thalamo-cortico-basal ganglia circuits
believed to be involved in human ritualistic and obsessive-
compulsive thoughts and behaviors (Baxter, 2003; Leckman
et al, 2004). They also reasoned that emotional alarm,
arousal and salience detection centers including amygdala,
hippocampus and insula (Britton et al., 2006; LeDoux, 2003)
would be particularly activated by own baby cry. The experi-
mental block design was used in order to give parents a
chance to reflect on their experience of parenting and,
according to our hypothesis, become more preoccupied with
their infants' well-being and safety. In a group of first-time
mothers (n=9) at 2-4 weeks postpartum, regions that were
relatively more active with own vs. unknown contrast

included midbrain, basal ganglia, cingulate, amygdala and
insula (Swain et al., 2003). This may reflect an increase in
arousal, obsessive/anxiety circuits normally more active for
new parents and persistently sensitive in some mental ill-
nesses (Swain et al., 2007). Interview and self-report studies
have reported that mothers are significantly more preoccu-
pied than fathers, and this is consistent with relatively
greater activation of amygdala and basal ganglia reported in
mothers compared with fathers (Swain et al., 2004a, under
review). In addition, grouping mothers and fathers together
across experience and comparing activity at 2-4 weeks vs. 34
months postpartum for own baby cry showed that significant
activity shifted from the amygdala and insula to medial
prefrontal cortical and hypothalamic (including hormonal
control) regions. This fits well with changes in parenting
confidence/experience in healthy parents, as a mother learns
to associate her infant cries with more flexible social beha-
viors and more mature attachment, there is greater regula-
tory cortical brain activity and less alarm and anxiety-related
activity (amygdala and insula).

2.1.2. Brain responses to auditory baby-stimuli:
baby-cry — last 5 years
Consistent with accumulating evidence of the importance of
oxytocin (OT) in establishing and regulating parenting in
humans (Galbally et al., 2011), neuroimaging in humans
suggests brain circuits that respond to baby-stimuli are also
associated with OT pathways. In one study, mothers experi-
encing vaginal vs. cesarean delivery - as a proxy for higher vs.
lower OT - showed greater brain activity in response to own
vs. other baby-cry at 2-4 weeks postpartum in emotion
regulation and limbic regions, including the caudate, thala-
mus, hypothalamus, amygdala and pons (Swain et al., 2008).
This fits with evidence for cesarean section being associated
with increased risk of postpartum depression - a condition of
aberrant emotion processing (Groenewold et al., 2012). At 3-4
months postpartum, the same mothers - all of whom
remained healthy — no longer showed differing responses to
own baby-cry (Swain, 2011a), suggesting that any potential
early-postpartum abnormalities in oxytocin are reversible.
However, the relationship between Cesarean section and PPD
is strongly confounded by a range of factors including low
maternal age, past depression and low social supports.
Recent studies have also used breastfeeding as a proxy for
maternal OT levels Imaging studies using baby cry (Kim et al,,
2011), find that breastfeeding vs. formula feeding is asso-
ciated with greater activations to own baby cries vs. other
baby cries in anterior and posterior cingulate, thalamus,
midbrain, hypothalamus, septal regions, dorsal and ventral
striatum, medial prefrontal cortex, right orbitofrontal/insula/
temporal polar cortex region, and right lateral temporal
cortex and fusiform gyrus. Additionally, when cry response
was compared with the inter-stimulus rest periods, instead of
the control sound (which some mothers judged to be aver-
sive), the amygdala was active. Furthermore, and for the first
time, Kim et al. (2011) reported a correlation of brain activity
to own vs. unknown baby-cry with independently-rated
behavioral measures of parenting in response (amygdala)
and regulation (frontal cortex) regions, suggesting the impor-
tance of balanced responses for sensitive care giving. Such
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studies have led to the suggestion that, combined with
behavioral strategies, acute or prolonged OT treatment may
offer a safe and accessible intervention for women at risk of
postpartum depression although no randomized controlled
trials have emerged.

Among nulliparous women, acute administration of oxy-
tocin has been reported to decrease amygdala responses and
increase insula and inferior frontal gyrus responses to poten-
tially adverse stimuli i.e. infant cries (Riem et al, 2011).
Similarly, acute testosterone was also found to increase
insula response to infant cries (Bos et al., 2010) in nulliparous
healthy women. Testosterone is metabolized to estradiol,
which activates neural regions important for maternal moti-
vation. Therefore, increasing oxytocin and testosterone avail-
ability in maternal brain may modulate the processing of
distressing emotional information e.g. infant cries and facil-
itate more appropriate responses, especially in mothers with
dysregulated responses to such stimuli (see above). By con-
trast, greater cortisol reactivity to stress has also been
associated with reduced neural responses to own baby cries
(vs. other baby cries) among primiparous mothers (Laurent
et al., 2011). The reduced neural responses were detected in
the regions important for emotion regulation (anterior cingu-
late cortex and medial PFC) and maternal motivation (limbic
area and periaqueductal gray). Studies such as these impli-
citly address effects of early-life events on later parental
brain function, translating to humans some aspects of
well-established rodent and non-human primate models
(Champagne, 2010; Kaffman and Meaney, 2007; Veenema,
2009) as well as long-term effects of early trauma on stress
axis functioning in human studies (Lupien et al., 2009;
McEwen, 2008). Thus, in mothers who report higher maternal
care in their own experience of childhood, greater responses
to infant cries may be seen in regulatory cortical regions,
including emotion regulation areas of the middle and super-
ior frontal gyri, whereas mothers reporting lower perceived
maternal care may be more likely to show increased hippo-
campal activations (Kim et al.,, 2010b) This underlines the
importance for parenting of coordinated responses of these
cortical and subcortical regions, as well as the importance of
early life experience in the functioning of these circuits.

Recent work has also examined whether variations in
infant cries are associated with maternal neural response to
the cries. One study exposed nulliparous women to two
different (high and low) distress levels of infant cries
(Montoya et al., 2012). Interestingly, women showed greater
neural responses to low distress cries vs. high distress cries in
the superior and middle temporal gyri. The findings suggest
that, compared to high distress cries, it was harder for
women to interpret the possible causes and meaning of the
low distress cries. Another study exposed a group of men and
women (a half of the total participants were parents) to cries
of typically developing infants and cries of infants who later
were diagnosed with autism spectrum disorder (ASD) (Venuti
et al., 2012). Cries of the ASD children showed abnormal
features including high frequencies, which elicited more
negative feelings in healthy adults and women, not men,
showed greater deactivations in dorsal medial PFC and
posterior cingulate cortex in response to cries of healthy
infants, indicating that women recruited more attention to

process the sound information than men. However, such
gender difference was not detected in response to cries of
ASD infants - perhaps because of abnormalities in ASD-cries
that are easier to detect. Alternatively, high distress or atypical
cries may inhibit maternal brain responses in some women
particularly if they are rendered more sensitive to negative
valence stimuli, such as with depression (Groenewold et al,,
2012).

Indeed, in the first study of baby cry in women who
experienced a postpartum depression, mothers at 18 months
postpartum showed reduced responses to own vs. other baby
in regions that process reward stimuli and promote maternal
motivation - nucleus accumbens, caudate and thalamus
(Laurent and Ablow, 2012). More depressive symptoms were
also associated with less activity in response to own vs. other
baby cry in the OFC, dorsal ACC, and superior frontal gyrus —
regions important for emotion information processing and
regulation, including valence and salience. Similarly, mothers
who used one or more teratogenic substances during preg-
nancy (e.g. tobacco and alcohol) showed decreased responses
to low distress cries in prefrontal cortex, insula and amygdala
(Landi et al., 2011). These reports may imply that maternal
depression and addiction to substances are associated with
disrupted mother-infant relationships and reduced neural
activation to infants, including infant cries, although whether
or how such associations are causal remains to be identified.
Alternatively, abnormalities in reward pathways that con-
tributed to the likelihood of substance use might also affect
parenting independently of these substances. In any case,
reduced activations in the PFC may considered a candidate
biomarker associated for risk of harsh, neglectful or other
forms of negative parenting among high risk women such as
mothers with mental illness (Goodman et al., 2011; Molitor
and Mayes, 2010) and represent a future potential therapeutic
target.

Parenting styles in humans are likely to be transmitted
across generations (Belsky et al., 2005; Champagne, 2010)
which explains in part why the neural and behavioral varia-
tions of mothering are associated with a mothers' own
parental care experiences. Quality of own parenting therefore
acts as a specific early life environment that should perhaps be
targeted for interventions for primiparous and multiparous
mothers who report low quality of maternal care. Such new
mothers exhibit both reduced brain density and activation to
infant cries in frontal, orbital and temporal cortices compared
to mothers who reported high quality maternal care (Kim
et al,, 2010b). Preliminary evidence also suggests that during
the first few critical months postpartum, the same regions
increase in size among healthy new mothers (Kim et al., 2010a)
according to voxel based morphometry.

Parenting also influences the development of attachment
style in children, which in turn affects the development of a
child's social information processing. For example, insecurely
attached nulliparous women displayed greater amygdala
reactivity to infant cry sounds than securely attached counter-
parts (Riem et al., 2012), suggesting that infant cries represent
more aversive stimuli for them. Amygdala responses to infant
cry in new mothers have also been interpreted as a form of
heightened sensitivity (Barrett and Fleming, 2011). It seems
that amygdala responses may be associated with negative and
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positive valence brain responses — perhaps relating to unmea-
sured factors in maternal experience.

2.2. What's in a baby's face?

Not only is facial recognition of one's infant and their
emotional state critical to their survival, but evidence sup-
ports human preference for the exaggerated cute/infantile
features of baby faces which appear to activate reward
mechanisms within the caregiver and motivate/promote
mothers to caregiving, bonding and attachment. In addition
to activation of nucleus accumbens (NAcc) in response to
baby schema (Glocker et al., 2009) and medial orbitofrontal
cortex (OFC) response to infant faces relative to adults
(Kringelbach et al., 2008), higher levels of infantile features
are preferred (Parsons et al., 2011). Neuroimaging also sug-
gests that the brain responds differentially to infant, relative
to adult human and adult and infant animal faces, in non-
parents, in regions including lateral premotor cortex, supple-
mentary motor area, cingulate cortex, anterior insula and
thalamus (Caria et al.,, 2012). Interestingly, activation in OFC
and fusiform face area is disrupted when an alteration to the
structure of an infant face (i.e. cleft lip) is perceived (Parsons
et al., 2013). Once parenthood is established, data further
indicate that greater specialization of the brain occurs with
for example a right-sided lateralization in the prefrontal
cortex (PFC) for emotional discrimination of infant relative
to adult faces (Nishitani et al., 2011), perhaps as a result of
attention processing (Thompson-Booth et al., 2014).

2.2.1. Brain responses to visual baby stimuli — 1st 10 years
Most early fMRI studies of parental responsiveness have very
small samples and detail few characteristics of mothers or
fathers making findings less reliable than some larger, newer
studies. We shall outline the older literature first before
considering more rigorous recent papers. One set of studies
used photographs taken extremely early (i.e. 0-2 weeks post-
partum), by the parents themselves. Using a block design,
mothers and fathers 2-4 weeks postpartum saw 6 pictures
continuously for 5 s each for blocks of 30 s (Swain et al., 2003,
2006) and own vs. other baby picture contrasts revealed
activations in frontal and thalamo-cortical circuits. Correla-
tions between activations to own vs. other contrast and
parent-infant interactions also revealed significant activations
in superior temporal lobe, OFC and ventral tegmental areas.
These networks may be important for regulation of parental
motivation and reward associated with baby-directed empa-
thy, approach and caring behaviors, as well as social bonding.
To examine whether parental love may make use of the
same reward circuits as other forms of love, Bartels and Zeki
(2004) used photographs of own, familiar and unfamiliar infants
(9 months to 3.5 years of age) as stimuli for parent brains. In 20
healthy mothers viewing still face photographs of their own
child compared to age-matched photographs of other children,
they reported increased activity in midbrain periaqueductal
gray and substantia nigra regions, dorsal and ventral striatum,
thalamus, left insula, ORC, sub-, pre-, and supra-genual anterior
cingulate, and superior medial prefrontal cortex. There were
also increases in cerebellum, left fusiform, and left occipital
cortex, but decreases in the left amygdala. They also compared

maternal brain responses of own vs. familiar child to contrasts
of best friend vs. familiar friend to control for familiarity and
positive affect and argued that responses were unique to the
own child's stimuli. They proposed that parent-infant attach-
ment was regulated by a “push-pull” mechanism involving
selective activation of motivation and reward systems, with
cortical regions suppressing critical social assessment and
negative emotion systems (Bartels and Zeki, 2004); this they
argued may be extended to orchestrate positive feelings and
caring behaviors.

In another report, photograph stimuli of much older own
vs. other children (5-12 years old) were used as stimuli and
mothers were asked to focus on identity but not feelings
during scanning (Leibenluft et al., 2004). Some social cogni-
tion regions which are important for empathy were signifi-
cantly activated in this paradigm, including anterior
paracingulate, posterior cingulate and superior temporal
sulcus (Saxe, 2006). In another small fMRI experiment using
visuals across familiarity, Nitschke et al. (2004) studied six
healthy, primiparous mothers' at 2-4 months postpartum as
they viewed smiling pictures of their own and unfamiliar
infants. They reported OFC activations that correlated posi-
tively with pleasant mood ratings to infant pictures. In
contrast, areas of visual cortex that also discriminated
between own and unfamiliar infants were unrelated to mood
ratings (Nitschke et al., 2004). Perhaps, activity in the OFC -
which may vary across individuals - is involved with high
order dimensions of maternal attachment. The implication
that complex aspects of parenting could be quantified using
fMRI of frontal areas to predict risks of mood problems in
parents is appealing but requires further detailed work.
Ranote et al. (2004) conducted a similar small experiment
with the innovative, and perhaps more ecological video
(silent) infant stimuli in 10 healthy mothers viewing alter-
nating 40 s blocks of own neutral, and an unknown infant.
They reported significant activation in “own” vs. “unknown”
infant comparison in the left amygdala and temporal pole
and interpreted involvement of circuitry regulating emotion
and theory-of-mind (ability to attribute feelings and states of
mind to others). This fits with fMRI experiments on biological
motion, which activate similar temporal cortex regions
(Morris et al., 2005).

Considering the contribution of the infant's affect to
maternal brain function prompted a study, again using silent
video clips of own vs. other infants in play or separation
situations (Noriuchi et al., 2008). First, these authors con-
firmed increased activation associated with own baby pic-
tures, in cortical orbitofrontal, anterior insula and precuneus
areas, as well as subcortical regions including periaqueductal
gray and putamen. These areas activate in arousal and
reward learning. Second, they found strong and specific
differential responses of mother's brain to her own-infant's
distress in substantia nigra, caudate nucleus, thalamus,
posterior and superior temporal sulcus, anterior cingulate,
dorsal regions of OFC, right inferior frontal gyrus and dor-
somedial prefrontal cortex - regions involved in emotion
regulation and habitual behavioral response systems that
are active in a range of normal and abnormal emotion-
control states including obsessive-compulsive disorder
(Swain et al., 2007). They also found correlations in OFC with
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own baby-response and happiness as well as to their own
distressed baby response in superior temporal regions. This is
consistent with the emerging importance of these areas in
social behaviors. Socially salient, personally tailored images
and video-clips are now being combined with behavioral
measures to understand better the functional architecture
of parental brain. Taken together, fMRI experiments with
parents, especially those using own vs. other/unknown baby
visual stimuli commonly activate emotion/motivation-
reward areas along with cortical regulation areas, thus laying
the groundwork to test hypotheses about how such brain
structures regulate parental thoughts and behaviors.

For example, empathy may be conceived as a key parent-
ing thought process and studied in mothers observing and
imitating faces of their own and someone else's child (Lenzi
et al., 2009). In this study, regions believed to contain mirror
neurons and connected limbic regions, including insula and
amygdala respectively, were more active during emotional
expressions from own child. Furthermore, the insula
response correlated with the empathy-related measure of
maternal reflective function. They also reported that baby joy
expressions across identity evoked mostly right limbic and
paralimbic areas important to emotional processing, whereas
ambiguous expressions elicited responses in left-sided, high
order cognitive and motor areas, logically reflecting asso-
ciated cognitive effort and preparation to respond.

In addition to the capacity for complex empathic thoughts
toward their infant, parents require motivation to undertake
interactive behaviors and to derive reward from interacting
with their infants. Integrating brain areas relevant for these
actions with key hormones is likely to reinforce behaviors and
provide for optimal parental sensitivity under a range of
circumstances. Considering some of these complex factors, 28
healthy, first-time, singleton mother-infant dyads at 5-10
months postpartum were involved in one series of studies
using visual infant facial cues of varying affect (smiling, neutral
and crying) and scanning at 7-17 months postpartum. Notably,
this is well past the ~3 month postpartum threshold for
sophisticated social dyadic interactions (Strathearn et al,
2005, 2008). Dopamine-associated reward-processing regions
were activated when mothers viewed their own vs. an
unknown infant's face, including ventral tegmental area/sub-
stantia nigra, and striatum. In addition, there were frontal lobe
responses in emotion processing (medial prefrontal, anterior
cingulate, and insula cortex), cognition (dorsolateral prefrontal
cortex), and motor/behavioral outputs (primary motor area).
Furthermore, happy, but not neutral or sad own-infant faces,
activated nigrostriatal brain regions interconnected by dopami-
nergic neurons, including substantia nigra and dorsal putamen.
Finally, a region-of-interest analysis revealed that activation in
these regions was related to positive infant affect (happy >neu-
tral>sad) for each own-unknown infant-face contrast.

2.2.2. Brain responses to visual baby stimuli - last 5 years

In pursuit of the role of oxytocin in modulating the parental
brain, Strathearn et al. (2009) studied a total of 30 first-time
mothers using a variety of affect-laden baby picture stimuli in
combination with the Adult Attachment Interview and per-
ipheral plasma oxytocin responses to infant play. In response
to their own infant's smiling and crying faces during fMRI,

mothers with secure attachment showed greater activation of
brain reward regions, including ventral striatum, and
oxytocin-rich hypothalamic/pituitary regions. These results
chime with effects of own parenting on fMRI activations to
infant stimuli and suggesting that individual differences in
maternal attachment experiences might also be crucial to
measure in future imaging studies, and perhaps that they are
linked with development and integration of dopaminergic
and oxytocinergic neuroendocrine systems in striatum and
hypothalamus.

In last few years, parental brain circuitry has been studied
in the context of variables associated with parental illness
(such as depression, anxiety, and substance misuse), and the
work highlights regions-of-interest such as the amygdala,
anterior cingulate cortex (ACC), PFC, insula and striatum. In a
comparison of own-positive vs. unfamiliar-positive infant
images, left amygdala response was reduced as a function
of poorer concurrent maternal experience (measured by
depression, anxiety, parental distress and attachment-
related feelings about the infant) (Barrett et al,, 2012). In a
study employing similar task conditions, reduced dorsal (d)
ACC activation to own-distress images was reported in
depressed relative to non-depressed primiparous women (as
measured by the Structured Clinical Interview for DSM-IV)
(Laurent and Ablow, 2013). As a function of increased depres-
sive symptomatology Center for Epidemiological Studies
Depression (CESD) measure, reduced response was observed
in the OFC and insula to own-joy faces and in left PFC and
insula/striatum to own-joy vs. own-distress faces. Though
infant stimuli were not included, brain response to negative
emotional faces (fear and anger) in depressed vs. healthy
postpartum women has been examined, yielding observa-
tions such as reduced dorsomedial (dm)PFC activation in
depressed vs. healthy women to faces; a negative correlation
between left amgydala and depression severity in depressed
women; a positive correlation between right amygdala and
absence of infant-related hostility in depressed women; and
negative functional connectivity between left dmPFC and left
amygdala in healthy, but not depressed women (Moses-Kolko
et al.,, 2010). Finally, in a study examining substance users in
the postpartum period relative to non-substance users,
reduced activation to infant faces was reported in dorsolat-
eral (dl)PFC, ventrolateral (vl)PFC, occipital regions, parahip-
pocampus and amygdala (Landi et al., 2011). These studies
suggest that maternal adversity and/or substance misuse
may specifically be associated with reduced activation in
reward and emotion circuits, with some indication that top-
down connectivity between the PFC and limbic regions also
may be compromised (Moses-Kolko et al., in press).

2.2.3. Brain responses to mother-baby dyad movies

Recent studies have employed mother-child dyadic vignettes
as visual stimuli in the study of the parental brain. In one
small but intriguing study, parental adversity, as defined by
interpersonal violence-related posttraumatic stress disorder
(IPV-PTSD), was examined. Motivated by findings demonstrat-
ing atypical caregiving in PTSD mothers following separation,
vignettes of own vs. unfamiliar toddlers during play and
following separation were presented to healthy mothers and
those with IPV-PTSD (Schechter et al.,, 2012). IPV-PTSD mothers
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vs. healthy mothers (11 vs. 9) reported greater stress to viewing
separation vignettes, greater limbic and reduced fronto-
cortical activity was observed in IPV-PTSD mothers relative
to healthy mothers in separation vs. play conditions, with
reports of stress to viewing separation linking to the neural
findings. These results are consistent with those in depression
indicating reduced fronto-cortical activity in response to own
vs. other baby-cry (Laurent and Ablow, 2012). A follow-up
study of the same subjects reported correlation between limbic
brain activations in response to own-child video vignettes and
dissociative symptoms (Moser et al., 2013), suggesting disso-
ciative symptoms as a mechanism for reduced maternal
sensitivity among mothers affected by IPV. More work with
mothers affected by high-risk circumstances, such as IPV,
depression and anxiety is needed to clarify and substantiate
findings and begin to inform treatments.

So far, however, a few other studies have assessed
parental brain response to mother-infant dyadic vignettes
as a function of optimal vs. non-optimal parenting. Atzil et al.
(2011) categorized participants with a synchronous, relative
to intrusive, parenting style and asked them to view vignettes
of their own infants; of themselves interacting with their
infants and those of unfamiliar infants and dyads. In another
study, when own vs. other infant vignettes were compared,
maternal synchrony was associated with significantly
increased activity of left NAcc, while maternal intrusiveness
was linked to activity of right amygdala (Atzil et al., 2012).
However, in this experiment, it is unclear whether this
pattern of brain response was a function of synchronous
mothers or the viewing of a synchronous mother-infant
interaction. This group has also examined the role of oxyto-
cin, reporting positive correlations between cross-sectional
plasma oxytocin levels and activation in the left NAcc, left
insula, left intraparietal lobule, left and right temporal cor-
tices, left sgACC, and left NAcc and right amygdala in
mothers, and a range of frontal cortical areas in fathers. More
studies with rigorous identification of maternal caregiving
quality and parenting style with brain imaging are required
(Wan et al., 2014).

Accumulating research confirms what most people, and
nearly all mothers know to be the case: infant stimuli occupy
a privileged status for the adult human brain, which may be
modeled as in Fig. 1. Auditory and visual signals from
preverbal infants can enhance brain regions important to
recognition, emotion and motivation (i), reflexive caring
behaviors (ii), emotion regulation (iii), and empathy/theory
of mind toward sensitive caregiving and attachment in order
to increasing the likelihood that the vulnerable infant will
survive into adulthood and successfully navigate the social
world and find a mate.

The early study of parental brain employed a variety of
baby audiovisual stimuli to elucidate a putative neurocircui-
try for parenting. More recently, studies have added correla-
tions with psychometrics of parenting, parental adversity
(e.g. poor maternal experience, attachment, perinatal depres-
sion and PTSD) as well as indices of parenting quality (e.g.
synchronicity and maternal sensitivity) and finally neuroen-
docrine measures (oxytocin).

In spite of this encouraging scenario, important problems
with study design, gaps in the evidence-base and

inconsistencies between studies mean many questions
remain to be answered. First, we need better understanding
of how the brain manages the presentation of static indivi-
dual baby images relative to moving images involving the
dyad. Does different responses to a vignette reflect something
specific to the participant or to the vignette itself? Second, we
have to understand how findings from neuroimaging studies
examining perception of infant stimuli relate to the capacity
for affective cognition of individual mothers and fathers.
Future neuroimaging studies assessing parental affective
cognition alongside behavioral measures of parenting may
change our view of a dedicated parental circuitry. The find-
ings from extant parental brain studies that have employed
reverse inference in interpretation would be strengthened by
studies that select more constrained and better described
samples using more sophisticated paradigms. Third, imaging
paradigms have explored the effects of only a few forms of
parental adversity or mental illness. It is difficult to design a
study which can selectively examine or isolate the effects of,
for example, the severe chronic stress of poverty, young
maternal age and early life trauma, and no studies have yet
focused on resilience or the rescuing of adversity following
intervention. We still know far too little about how or
whether behavioral or neural correlates of maternal sensitiv-
ity/maternal responsiveness are modifiable. However we
have reason to be cautiously optimistic given recent brain
imaging studies of parents and the development of biomar-
kers for depression and its treatment (Harmer et al., 2011).
Among possible medical treatments for low maternal sensi-
tivity, oxytocin has been proposed. The following section
examines points of intersection between the parental brain
and oxytocin, and possible mechanisms that might inform
studies which examine modulation of maternal responding
in brain and behavioral paradigms through the use of
oxytocin.

3. Parenting - connections between brain and
oxytocin (OT)

The posterior pituitary neuropeptide hormone, oxytocin (OT),
is a well-recognized component of a complex biobehavioral
system crucial for the emergence of mother-infant bonding
(Ross and Young, 2009). Research in rodents and other
mammals has highlighted the importance of OT (on a back-
ground of changing levels of estrogen and progesterone
during pregnancy and labor) to facilitate the onset and
maintenance of maternal behavior (Champagne et al., 2001,
2003; Champagne, 2008; Insel and Young, 2001; Rosenblatt
and Ceus, 1998). This was first suggested from studies that
reported display of “full maternal behavior” in virgin female
rats injected with OT (Pedersen and Prange, 1979). Conver-
sely, inhibition of postpartum maternal behavior was
affected in rats by injecting them with an OT-receptor
antagonist (van Leengoed et al., 1987). Among high “licking
and grooming” (i.e. maternal caregiving) female dams, sig-
nificantly higher levels of OT receptors were also seen in
brain regions implicated in the expression of maternal
behavior across species, during pregnancy, at parturition
and when nursing pups, such as the central nucleus of the
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BABY FACTORS

Prematurity
Delivery
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Breastfeeding
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A. INFANT “INPUT” STIMULI:
Cry, Visuals, Touch, Smell

B. CORTICO-LIMBIC MODULES

Early Life
Experience
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-education
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Experience
-social support
-marital
circumstances
-mental health
vs. psycho-
pathology

C. PARENTAL ATTACHMENT “OUTPUT” BEHAVIORS

-corticolimbic modules interact and may be active simultaneously
-flexible cortical regions such as prefrontal and sensorimotor cortices —
likely more important in humans than non-humans —orient, regulate affect
and generate parent-infant interpersonal synchrony and sensitive

parenting thoughts and behaviors

Fig. 1 - Human parental circuits. Brain regions expected to be important to human parenting. This is based on human and
animal studies. Based on brain imaging of parents to this point, the following model is presented to stimulate discourse on
the brain basis of parenting behaviors. First, key parenting sensory signals, including cry, visuals as well as touch and smell
from baby (A) activate in parallel a set of cortico-limbic circuits (B) to (i) analyze the sensory input and update saliences toward
motivation and reward and coordination of other modules for (ii) reflexive caring, (iii) emotion regulation, and (iv) complex
cognitions, including mentalization, empathy and theory of mind. The output (C) of these modules forms the basis of parental
sensitivity and influences child development. This inclusive and general model may be dissected in future studies involving
different stimuli and specific measures of behavior and cognition.

amygdala and the paraventricular nucleus of the hypothala-
mus (Champagne et al,, 2001). Following birth, the female
offsprings of “low” licking and grooming mothers, who are
cross- fostered and reared by “high” licking and grooming
mothers, express a higher density of brain OT receptors than
non-cross-fostered females, and similar levels to high licking
and grooming mothers - suggesting that there is intergenera-
tional transmission of the behavior sensitive to the rearing
environment and likely dependent on epigenetic processes
(Champagne, 2008).

Evidence for a similar “transition to maternity” affected by
hormonal exposure during pregnancy and childbirth in

human mothers is notably less robust, but also supports a
role for OT during pregnancy. Mothers with a rising pattern of
plasma OT reported higher maternal fetal attachment in the
postpartum (Levine et al., 2007), and higher plasma OT levels
during pregnancy and the first postpartum month were
correlated with higher levels of maternal postpartum beha-
viors toward infants, such as gaze, vocalizations and positive
affect in new mothers (Feldman et al., 2007). Maternal syn-
chrony (“episodes when mother and infant coordinate their
positive social engagement”) is also reported to be positively
correlated with maternal plasma OT level, while maternal
intrusiveness (“inappropriate response from mother”) is not



BRAIN RESEARCH 1580 (2014) 78-101 91

(Atzil et al., 2011). OT plasma levels have also been examined
in relation to maternal own-attachment experience
(Strathearn et al., 2009): higher levels of plasma OT were
reported following mother-infant physical interaction among
mothers reporting secure attachment patterns with their own
mothers compared to those with insecure attachment pat-
terns. Even among non-parents, plasma OT levels have been
positively correlated with self-reported recall of parental care
(maternal and paternal care) (Feldman et al.,, 2012; Gordon
and Feldman, 2008).

The literature also points to a role for OT in the regulation
of stress responses. Indeed, a well-established view has
emerged that, in humans, OT is anxiolytic and reduces fear
and stress (Ayers et al., 2011, Ishak et al., 2011). Studies imply
that this role is influenced by an individual's previous
experiences and difficulties in interpersonal relationships
(Tabak et al., 2011): difficulties in relationships with primary
partner (Taylor et al.,, 2006), or own infant (i.e. interactive
stress) (Feldman et al., 2011), or romantic partner (Marazziti
et al.,, 2006). These studies have all reported higher levels of
cross-sectional plasma or urinary OT in relation to stress in
social relationships. Some have concluded that OT appears to
be an indicator of social affiliation, but it might also be a
“signal” for the need to affiliate with others (Taylor et al,,
2010).

Overall, a large and robust animal literature exists on OT's
role in maternal care behavior and an accumulating, albeit
weaker human literature associates plasma OT with a wide
range of social and emotional stimuli; scenarios, ranging
from romantic love, or marital distress to psychopathology.
Interactions between central OT and dopamine systems have
also been associated with individual differences in maternal
behavior in rodents. For example, stable, individual differ-
ences in rat maternal licking/grooming of pups were abol-
ished by OT receptor blockade mediated by the direct effect of
OT on dopamine release within the mesocorticolimbic dopa-
mine system (Shahrokh et al., 2010). While animal models of
maternal behavior are compelling and have identified key
regions in a putative mothering circuit, human behaviors are
undertaken in a far more complex environment. As outlined
above, processes such as cognitive flexibility, attention con-
trol, working memory, and the mother's ability to understand
the intentions and emotions of her child (maternal mind-
mindedness or empathy) are fundamental components of
human mothering and highly dependent on PFC. Addition-
ally, several studies mentioned already above (Atzil et al,
2011, 2012; Riem et al., 2011; Strathearn et al.,, 2009) have
attempted to assess neural circuitry related to parenting in
subcortical reward/limbic regions as a function of plasma
oxytocin levels.

The clinical implications of these studies are yet to be fully
explored. However, preliminary observations that expectant
mothers at risk for postpartum depression have lower plasma
OT during pregnancy (Skrundz et al., 2011) may suggest value in
interventions which enhance availability of central OT during
pregnancy and perinatally in order to reduce risk of postpartum
depression. Perhaps certain administration regimes may be
explored to overcome likely problems with the overlapping role
of OT in uterine contraction during pregnancy and the risk
therefore of inducing premature labor. Therapeutic uses of

oxytocin are currently being investigated in other neuropsychia-
tric disorders associated with poor social cognition, including
ASD, OCD and schizophrenia (e.g. Bartz et al., 2011; Macdonald
and Feifel, 2013). However, in order to understand the potential
effects of exogenous oxytocin administration in humans, several
important lessons from decades of animal research bear con-
sideration. First, oxytocin effects are moderated by robust, hard-
wired neurobiological mechanisms; thus, centrally administered
oxytocin increases aggression to same-sex intruders after mating
in monogamous Prairie voles, but not in non-monogamous
Montane voles (Winslow et al, 1993). Similarly, preexisting
“primers” are necessary to induce oxytocin-facilitated social
bonding in monogamous Prairie voles, and, depending on the
study designs, these primers can be gonadal hormones (e.g.
estrogen), mating behaviors, or prolonged preexposure to a
former stranger (for an early review, (Insel, 1997)). In other words,
exposure to oxytocin alone is not sufficient to create de-novo
social bonding. It seems likely that oxytocin facilitates the
development of social bonds only when acting in the appropriate
environment.

These findings have several critical implications for
humans. Oxytocin administration is likely to affect individuals
according to their existing social cognition and attachment
styles as well as their past experiences, much like with the
monogamous Prairie vole and non-monogamous Montane
vole. It is unlikely that acute or chronic exogenous oxytocin
administration alone can reverse genetically and/or environ-
mentally determined affiliation/attachment styles. Oxytocin
administration is likely to affect individuals according to their
existing social cognition and attachment styles as well as their
past experiences, much like with the monogamous Prairie vole
and non-monogamous Montane vole. So, although perfor-
mance on tasks highlighting empathy (such as trust games)
can be enhanced by acute OT administration and empathic
interactions can similarly increase plasma OT levels and
subsequent generosity in humans (Barraza and Zak, 2009),
cultivating empathy in an “uncaring” individual is likely to be
a more complex process; not least because its maintenance
will surely rely on the accumulation of repeated positive
experience. In support of this, oxytocin administration exerts
no significant behavioral change in strangers who share no
preexisting bonding relationship (Barraza et al., 2011; De Dreu,
2012b; Kosfeld et al., 2005; Zak et al., 2007) and a recent report
finds that intranasal OT does not enhance approach/avoid-
ance to social stimuli or exert a stronger effect on social vs.
non-social stimuli in the context of processing emotional
information but increases the salience of certain social stimuli
and moderates salience of disgust stimuli (Theodoridou et al.,
2013). Authors postulated that heightened responses to dis-
gust may be particularly relevant for new mothers wishing to
protect vulnerable young from contagion.

The positive effects of exogenous OT on social cognition
may only be observed when the tasks demand a binding
relationship in which reward contingencies are congruent
between two players, where they form a partnership by
becoming stake holders of common interest (Barraza et al,,
2011; Kosfeld et al., 2005; Zak et al., 2007).0Oxytocin adminis-
tration also appears to increase polarized social behaviors in
humans, e.g., in-group favoritism (De Dreu et al,, 2011), by
increasing within group cooperation and between group
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competition (De Dreu, 2012a) and its administration may
increase the emotional reactivity to perceived positive and
negative cues in a social context (Olff et al., 2013). When
social cues in the environment are interpreted as secure or
positive (“me among us”), oxytocin may promote prosocial
behaviors. In situations of higher threat or higher social
stress, when the social cues are interpreted as insecure or
negative (“me among them”), oxytocin may promote “anti-
social” behaviors. This suggests that exogenous OT may serve
to sharpen in/out group distinction (Colonnello et al., 2013).

Interestingly, it was found that OT levels in mothers,
assayed from urine, were higher after interaction with chil-
dren, no matter whether these were their own or unknown
children (Bick and Dozier, 2010); also see Elmadih et al., 2014.
In fact, OT levels appeared to be higher if the child was
unknown compared to when the child was their own -
perhaps serving an anxiolytic or anti-stress function in this
particular experiment (Heinrichs et al., 2003). It may also fit
with a role for OT in maternal protection and aggression
towards intruders in several species including humans
(Campbell, 2008; Neumann, 2008). Finally, in articles from
this special issue, OT was measured and administered in
respective experiments on mother behavior and non-mother
responses to infant pictures. New mothers with low sensi-
tivity showed higher plasma OT before and after playing with
their infants compared to mothers with higher than average
maternal sensitivity (Elmadih et al., 2014). These data suggest
that OT is released as part of a stress response related to poor
ability to cope with infant demands and may be moderating
maternal stress in an attempt to promote care and bonding.
This is complemented by the report that amygdala response
to infant pictures among nulliparous women are enhanced by
intranasal OT yet with more incorrect facial expression
interpretation (Voorthuis et al., 2014) - again suggesting a
role for OT in enhanced coping that may even interfere with
nuanced responses to infant stimuli — although findings may
be different among parents or with different OT administra-
tion protocols.

The complex literature on the effects in humans of
externally administered hormone argue for further refine-
ments in our understanding of how, and in what direction OT
(measured in the plasma or elsewhere) is, or is not, causally
associated with behavioral or emotional manifestations in
people. When someone inhales OT, evidence points to its
effects being determined by past experiences and present
circumstances. For example, we observe that intranasal
oxytocin may increase startle responses to stressful stimuli
in humans (Grillon et al., 2013; Striepens et al., 2012) and that
less anxiously attached, healthy men remember their mother
as more caring and close after OT (vs. placebo), while more
anxiously attached men remember their mother as less
caring and close after OT (vs. placebo) (Bartz et al., 2010).
Finally, healthy men with low emotion regulation abilities
show higher cortisol stress responses (as expected), but also
benefit more from intranasal OT; whereas those with high
emotion regulating abilities do not (Quirin et al., 2011). This
chimes well with early studies (Light et al., 2000) that
reported increased plasma OT in mothers following a social
stress task only when the mother held her baby before the
task, but not if she did not.

3.1. Controversies and limits to the OT literature in
parenting

The nature of the interaction between peripheral and central OT
systems moment-to-moment remains elusive. Recent evidence
in 41 non-psychiatric subjects concluded that there is no
correlation between baseline CSF and plasma OT levels mea-
sured using sensitive radioimmunoassay (Kagerbauer et al.,
2013). These authors rigorously appraise past literature using
basal measurements of peripheral OT to reflect central effects of
the hormone in humans, particularly in studies proposing links
between plasma/salivary OT and human social behaviors. Such a
critique of the evidence must caution future studies to acknowl-
edge that OT occupies two physiologically distinct compart-
ments (periphery and CSF) resulting in quite independent
release patterns. This suggests that measuring plasma OT as a
biomarker of a socio-emotional behavior assumed to be regu-
lated by brain perhaps remains relevant only if a dynamic
challenge paradigm is used with comparisons between distinct,
well-characterized groups. Kagerbauer et al. (2013) acknowledge
the relationship between gender, gonadal hormones and plasma
OT; but they also point to a high quality study in pregnant
women showing no correlation between plasma and CSF OT
levels (Altemus et al., 2004).

Understanding how intranasal oxytocin affects human
social behaviors clearly requires more thoughtful experimen-
tation. These considerations do not foreclose the potential for
exogenously/intranasally administered OT to reach brain and
affect behavior relevant to parenting. Indeed, intranasal drug
administration is increasingly favored as an effective means
of delivering molecules rapidly to brain (Grassin-Delyle et al.,
2012). But it is likely that effects are not only sex-specific, but
task specific (some suggest that OT does not change the
salience of social-emotional cues) and task-specific between
sexes (Ditzen et al., 2012). Beyond pregnancy and infancy,
we have little information on how the OT system func-
tions in socio-emotional relationships during periods of
rapid brain reorganization (e.g. puberty) vs. those of relative
developmental stability and we know little in humans about
brain OT-receptor distributions and densities and how they
may be influenced by environmental effects and epigenetic
regulation overtime and circumstance. To what extent cen-
tral OT receptors are sensitive to epigenetic modification in
humans and whether, like in the rodents from Champagne's
(2008) work, they contribute to patterns of parental care that
can be passed on (in a quasi-Lamarckian fashion) from
generation to generation, are closely related questions. Other
hormones and their receptor systems, including cortisol,
estrogen, progesterone, endogenous opioids, are also impor-
tant in the regulation of parenting and interact with OT
(Gordon et al.,, 2011; Lahey et al., 2012; Nowak et al., 2011;
Swain et al., 2011)

In summary, the complex links between OT and parental
brain physiology in humans requires further, more detailed
examination, taking into account key individual differences
and maternal experiences past and present into account, in
addition to other hormones, in order to appropriately inter-
pret the inferences that can be drawn from studies using
basal peripheral measures of the hormone alongside beha-
vioral correlates.
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4. Advances on the neurobiology of father
brain

Studies of parent-infant interactions have historically tar-
geted the mother-infant relationship. However, more recent
research has demonstrated that fathering also plays a sig-
nificant role for the child's cognitive, emotional and social
development (Lamb, 2004; Ramchandani and Psychogiou,
2009). For example, literature examining parental behaviors
suggests gender differences in expressed emotion during
interactions with children (Volling et al., 2002). Specifically,
maternal sensitivity is typically expressed by emotional
warmth and support whereas paternal sensitivity frequently
manifests as the provision of stimulating interactions
(Grossmann et al., 2008). This gender difference is supported
by a study of a time series analysis of 100 first-time mothers
and fathers interacting with their 5-month-old firstborn child
(Feldman, 2003). Mother-child play was characterized by face-
to-face exchange and included patterns of mutual gazing,
covocalization, and affectionate touch. In contrast, during
play with fathers, a pattern of interactive arousal was
identified that contained several quick peaks of high positive
emotionality, including joint laughter and open exuberance.

Behavioral data with fathers have demonstrated impor-
tant differences in typical father vs. mother—child interac-
tions beginning in infancy (Crawley and Sherrod, 1984;
Feldman, 2003). Fathers, for example, tend to exhibit
increased physical interactions with their young children,
often characterized as “rough and tumble” play (Carson et al,,
1993). Furthermore, within father-child relationships, it is the
quality of active, parent-child play interactions, and not
sensitivity per se, that is related to positive social emotional
outcomes in children such as interpersonal confidence and
the development of positive peer relationships (MacDonald,
1987). These data suggest that there may be some shared
brain mechanisms between mothers and fathers, and some
differences. Recently, an interesting study with small groups
showed that males respond differently to non-own hunger
cries than mothers (De Pisapia et al., 2013). Studying 9 men
and 9 women (half in each group non-parents), more activity
was seen in the dorsal medial prefrontal and posterior
cingulate areas of male brains regardless of parental status.
Such sex differences were interpreted as relating to mind-
wandering in men relative to women. Sex differences
between mothers and fathers may relate to the establish-
ment and maintenance of specific aspects of parent-infant
relationship and warrant a further study. A theoretical basis
for sex differences may be found in differential roles of
mothers and fathers in the development of exploratory
systems in the infant and young child according to activation
relationship theory (Paquette, 2004). This theory includes two
dimensions of fathering that underlie the father—child rela-
tionship: (1) stimulation, wherein fathers encourage the child's
interaction with the outside world; and (2) discipline designed
to provide children with limits that will maintain their safety
(Paquette, 2004).

Such specialization of father-infant interactions is consis-
tent with play studies showing more object-oriented or
physical play associated with smiles compared with

mother-infant interactions (Dickson et al., 1997; Feldman,
2003; Lamb, 1977; Yogman, 1981). Thus, unique contributions
from father-child interactions (Boyce et al., 2006; Grossmann
et al., 2002) to evolutionarily favorable sex-specific emotional
expressions of the developing child may significantly consti-
tute the mechanism through which sex differences in the
expression of emotion (Vigil, 2009) cross generations.

The differential nature of father- vs. mother—child rela-
tionship suggests that the underlying neurobiology of father-
ing behaviors may be at least in part distinct. For example, in
the model presented here (Fig. 1), paternal salience appraisal
of infant stimuli may activate an emotional regulatory reac-
tion in fathers that is stronger than that evoked for mothers.
This kind of a response would underlie paternal capacity and
motivation to effectively assess external contextual factors to
determine whether situations are sufficiently safe to encou-
rage the child's engagement and interactions with the
broader social environment. In contrast, hormonal changes
corresponding to the perinatal period may result in a stronger
reflexive caring response for mothers. Finally, empathic/
mentalizing cognitive responses to infant cues may be
similar for mothers and fathers, as it supports all types of
parenting responses and behaviors - at least after an initial
period of adaptation of some months. This is not well studied
but at least in keeping with the observation mother vs. father
statistical equivalence of correct identification of own vs.
other baby-cry (Swain et al., 2005).

Preliminary work on the brain physiology of parents is
consistent with significantly overlapping neurobiological and
behavioral parenting processes for mothers and fathers with
some interesting differences. For example, using the fMRI
methodology with a sample of coparent couples of 4-6-
month old infants, Atzil et al. (2012) found greater activation
in limbic areas in response to own-infant (vs. other infant)
video clips for mothers (and not fathers) as well as correla-
tions of these areas (e.g., NAcc, amygdala, and ventral ACC)
with increases in plasma oxytocin (OT) levels. In contrast,
decreases in plasma OT for fathers were correlated in own- vs.
other-infant comparisons, primarily with cognitive areas,
including areas that are responsible for regulating and orga-
nizing behavioral responses to emotionally salient stimuli
(e.g., dorsolateral PFC, dorsal ACC, IPC, and precentral gyrus).
Further, in fathers (and not mothers), increases in plasma
arginine vasopressin (AVP) were correlated with activations
of the inferior frontal gyrus (IFG) and insula suggesting an
increased social-cognitive response to infant cues for fathers.

Using similar methodology with a sample of young infants
(8-19 weeks), the brain responses of fathers to own vs. other
infant videos (Kuo et al., 2012) were obtained. Whole brain
analysis demonstrated increased activity in emotion regula-
tion (iii) circuits, including bilateral inferior frontal gyrus, and
the empathic/mentalizing (iv) module including supramargi-
nal (parietal) gyrus and bilateral middle temporal gyrus
among human fathers (N = 10) in response to own (vs. other)
baby stimuli. In addition, on the contrast of baby (both own
and other babies) vs. doll video contrasts, fathers exhibited
increased activity in all modules (Fig. 1): Sensory/Salience (i),
Reflexive Caring (ii), Emotion regulation (iii), and Empathic/
Mentalizing (iv), including bilateral caudate, orbitofrontal
cortex, superior frontal gyrus, and superior parietal lobe.
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Activation of these systems plausibly supports a father's ability
to attend to the infant and the surrounding environment and
react as necessary to promote infant-environment interactions
or to protect the infant from environmental dangers. Interest-
ingly, greater responses to own (vs. other) baby stimuli in the
PFC were associated with less paternal sensitivity. The findings
may reflect the greater role of the OFC in interpretation of the
unfamiliar infant cry among fathers.

Using infant photographs instead of video clips to stimu-
late father brains, Wittfoth-Schardt et al. (2012) found activa-
tions for own child in the left GP, the left hippocampus, the
right mOFC (ii & iv, Fig. 1), as well as in the bilateral inferior
frontal gyrus/anterior insula (iv) and activations for own child
vs. other (unknown) child in the right GP, the left VTA (ii), the
left mOFC, and the left inferior frontal gyrus(IFG)/anterior
insula (iv). Additionally, OT administration reduced activa-
tion and functional connectivity of the left GP with reward-
and attachment-related regions responsive to pictures of
both own and unfamiliar child. Furthermore, in recent ana-
lyses of father brain activity, using an own vs. other child vs.
adult picture task 1-2 years postpartum (Mascaro et al,
2013b), there was a main effect for child vs. adult pictures
in the fusiform gyrus, dorsal medial prefrontal cortex, thala-
mocingulate and mesolimbic areas - fitting with arousal,
reflexive caring and emotion regulation parental brain cir-
cuits (Fig. 1). VTA responses were associated with reduced
testosterone levels, smaller testes volume as well as higher
parental sensitivity. The findings support that fathers may
gradually develop a strong attachment with their infants over
the course of the first and second years, and the attachment
building processes may be supported by neurobiological
adaptations such as increased neural sensitivity to own
infants and decreased testosterone levels. In response
to 3-5 month-old infant cries, similar to the findings in
mothers were reported for fathers 1-2 years postpartum
(Mascaro et al., 2013a), including responses in bilateral IFG
and GP. Furthermore, variations in androgen receptor gene
were associated with activations in IFG and OFC - areas also
involved in empathy and emotion regulation (iii & iv, Fig. 1).
Anterior insula activity had a non-linear relationship with
paternal caregiving, such that fathers with intermediate
activation were most involved. These results suggest that
restrictive attitudes may be associated with decreased empa-
thy and emotion regulation in response to a child in distress,
and that moderate anterior insula activity reflects an optimal
level of arousal that supports engaged fathering.

Finally, the father brain structure is also being examined
based on animal models (Kinsley and Lambert, 2008), and one
neuroimaging report on gray matter volume increases in a
number of brain regions of human mothers - including the
striatum, thalamocingulate, and PFC from the first month (T1) to
the fourth postpartum month (T2) (Kim et al,, 2010a). For new
fathers, gray matter changes may be associated with depression
symptoms and paternal behaviors (Kim et al, submitted for
publication). Ultimately, models that combine changes in struc-
ture and function may be required for comprehensive biological
models of paternal behavior that may help identify biomarkers
for risk, resilience and intervention.

In summary, brain imaging studies of the father brain over
last few years have yielded functional and structural results

that fit with a picture of paternal brain-behavior adaptations
coordinated with relevant hormones after having a child in
support of adaptive parenting. Future work will no doubt
explore similarities and differences to the maternal brain.

5. Conclusions and future directions

By mapping parental brain responses to infant stimuli, non-
invasive and highly sensitive functional magnetic resonance
imaging (fMRI) has added greatly to our knowledge of the
brain basis of parental sensitivity. Furthermore, it has been
confirmed that the observed maternal behavior reflects a
physiological composite of multiple behaviors, with discrete
maternal brain activation likely to occur in relation to each
aspect of this behavior. Such conceptualization presents the
possibility of identifying distinct neuro-hormonal pathways
to poor maternal sensitivity, and of using changes in brain
activation in response to infant stimuli as potential biomar-
kers for the development and evaluation of new diagnostic
and treatment strategies in at-risk parents.

Indeed, there are now many examples in which brain
imaging can identify changes in neuronal activation that
elude behavioral measures. For example amygdala activation
and connectivity is significantly increased during subcon-
scious processing of fearful faces (Pantazatos et al., 2012).
fMRI might then provide insight into the neural basis of
subconscious or “automatic” parental responses (Papousek
and Papousek, 2002). Similarly, behavioral measures of emo-
tional function can be relatively insensitive, whereas using
affective cognition challenges, fMRI has allowed the identifi-
cation of important biomarkers for psychopathology and for
treatment response in depression such as the amygdala and
ACC (Groenewold et al., 2012; Harmer et al., 2009, 2011). In
this way, imaging data complements and enhances beha-
vioral information. For example, observational measures of
behavior can address questions about whether a parent at
risk of poor maternal care (or poor maternal sensitivity) has
biases in attention systems, but only imaging can address
questions about how such a parent attributes salience or
valence to emotional images of her own as compared to an
unknown infant, and how they might differentially engage
brain reward systems. A combination of brain imaging plus
behavioral paradigms seems more likely to result in
enhanced mechanistic specificity. Thus, if we find impaired
performance in a parent behaviorally when he or she is under
stress, then the imaging may be able to indicate if this is
because of over-activity in limbic stress systems (e.g.
enhanced amygdale and insula activation to stressful cues)
and/or because prefrontal control systems are underactive,
making executive performance more readily disrupted. Hav-
ing more information about which neural mechanisms drive
which behavioral outcome has important implications for
designing more effective interventions - e.g. depending on
the parent, interventions may focus on reducing stress
responses, or improving executive performance, or both.

The interpretation of fMRI data on parents' brains
responding to infant stimuli carries important caveats. These
include consideration of timing, averaging of signals and the
limitation of the paradigms themselves, which represent a
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set of circumstances quite different from those actually
experienced by a human parent in real-time with their own
infant (Hari and Kujala, 2009; Schilbach et al., 2013). Lying in a
magnet observing audiovisual stimuli is far from actual
parenting and the field is working toward more ethologically
accurate paradigms for use in brain imaging experiments of
parental responsiveness.

In spite of these caveats and need for replication, fMRI
studies of parental brain have revealed a set of cortico-limbic
brain circuits that are activated in response to infant stimuli,
and some of which track objectively measures parental
sensitivity (Kim et al., 2011; Musser et al., 2012). Since
parental behavior necessarily changes as infants grow and
mature, so too do we have evidence that brain imaging
activations change over time among healthy new mothers
(Kim et al., 2010a) Plausible next research steps could include
studies of the biological mechanisms required for specific
aspects of parental brain adaptation. Such approaches to
brain plasticity may be fruitful to understand the pathophy-
siology of parent-infant relational problems as well as poten-
tial opportunities for risk/resilience identification and brain-
based intervention research. Intranasal oxytocin remains an
interesting candidate to help augment parenting in future
therapies.

Over the past decade, a number of clinical studies demon-
strate the positive effect of intranasal OT (exogenous OT)
on emotion recognition/social anxiety (e.g. (Guastella and
MacLeod, 2012) and affiliative behavior between individuals
(Riem et al., 2011), including fathers (Weisman et al., 2012).
These suggest that OT administration may be indicated for
vulnerable parents with poor maternal sensitivity, although
caution is still required (Tabak et al., 2011). If fMRI can
discriminate different patterns of brain activation between
parents at opposite ends of a spectrum of high and low
maternal sensitivity, it prepares the way for future efficient
hypothesis testing of the effects of novel interventions in
small numbers of normal volunteers. In other words, a
distinct neural profile of “higher” sensitivity parents or
parenting response means functional imaging may identify
useful “biomarkers” for future interventions; for example,
monitoring the effects of intranasal OT or non-drug inter-
ventions aimed at enhancing parental responsiveness on
aspects of neural circuitry.

We would argue that fMRI utility derives from the propo-
sal that specific fMRI activation patterns could act as objec-
tive biomarkers for treatment development and in risk
identification. We would suggest that future work using fMRI
in new parents should assess affective cognition and how it
relates to parental care behaviors before and after interven-
tions in order to determine underlying neural pathways for
what is, and what is not “working” with respect to the
parental care. Such a model is already being developed for
the mood disorders, in which fMRI studies have consistently
demonstrated that limbic hyperactivity in response to emo-
tional faces offers promise as a biomarker for response to
anti-depressant (Harmer et al, 2011; Victor et al., 2012).
Similarly, abnormalities in response to rewarding stimuli
are difficult to access in human behavioral studies, but
numerous fMRI studies have mapped the different neural
responses to different rewards. Brain imaging may be able to

determine whether low sensitivity parents show reduced
reward system responses to their infants - an extremely
challenging task based on observed behaviors or self-report.
In the same way, within-subject, placebo-controlled designs
combined with the superior sensitivity of imaging are likely
to be of particular value in answering whether acute oxytocin
can modulate affective cognition and other neural responses
to infants in low-sensitivity mothers.

Future fMRI investigation of parental sensitivity and its
modulation should include examination of the relationship
between deficits in key affective cognition pathways. Increas-
ing amounts of money are likely to be spent on attempts to
improve parenting or reduce the adverse effects of poor
parenting. In our opinion, the success of such approaches will
continue to be limited unless we understand in detail the
neurobiology which underpins poor parental sensitivity. This
means being able to distinguish differing pathways to, and
components of, poor sensitivity. Brain imaging represents a
highly efficient methodology to explore this in relatively small
numbers compared to numbers needed even for pilot rando-
mized control trials using exclusively behavioral outcomes.
Significant differences in neural activation with intervention
vs. placebo, (even if behavioral change is not recorded), would
still support the value of comparing a combination of interven-
tion plus behavioral vs. intervention alone in a future potential
future randomized controlled trial.
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ABSTRACT

Background: Maternal sensitivity to infant cues and developmental needs may be pivotal
for social and cognitive development. Animal and recent human studies emphasise a
major role for Oxytocin (OT) in mediating sensitive caregiving but no study has examined
the relationship between OT and extreme variation in human maternal sensitivity.
Methods: From 105 expectant mothers, 80 underwent blind-rating of maternal sensitivity
at 4-6 months postpartum through free-play interaction with their infants. At 7-9 months
postpartum, 30 mothers at extremes of maternal sensitivity: 15 ‘sensitive mothers’ (high
sensitivity mothers - HSMs, mean=4.47; SD=0.74) and 15 ‘less sensitive mothers’ (low
sensitivity mothers — LSMs, mean=2.13; SD=0.52) underwent plasma OT measurements
before and after 10 min infant play. Results: Baseline and post-interaction plasma OT was
higher in LSMs than HSMs [F(1, 26)=8.42; p=0.01]. HSMs showed a trend towards
significant reduction in plasma OT [t(14)=2.01; p=0.06] following play-interaction; no
change was shown by LSMs [t(13)= —0.14; p=0.89]. Conclusion Higher baseline OT levels in
healthy LSMs may imply greater stress responses to the demands of caring for an infant, or
past deficiencies in own parenting relationship and act as a biomarker for poor parental
sensitivity. OT may be acting to reduce stress and anxiety in LSMs consistent with studies
of plasma OT and stress in women. By contrast, in HSMs, play interaction with their
infants maybe relaxing as indicated by significant reduction in plasma OT from baseline.
Ascertainment of mothers in well-defined sensitivity groups might facilitate examination
of distinct coping strategies in parents and better understanding of variation in parental
caregiving behaviour and its potential for modulation by OT.
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1. Introduction

Human infants are immature creatures depending wholly on
their caregivers for survival. Maternal caregiving is a complex
individualised behaviour (see Barrett and Fleming 2011), an
essential element of which is being soothed at stressful times
(Feldman et al., 2007). Recent animal (Champagne et al., 2001;
Francis et al., 2000; Numan and Stolzenberg, 2009; Ross and
Young, 2009) and human studies suggest that the nonapep-
tide oxytocin (OT) is essential to enhance social competence
and to initiate and promote adequate maternal caregiving
behaviour (Feldman et al.,, 2010a, b; Gordon et al., 2010; Lee
et al,, 2009; Numan and Woodside, 2010; Swain et al., 2008).
Mothers who showed a rising pattern of plasma OT across
pregnancy and the early postpartum also reported stronger
maternal-fetal attachment (Levine et al., 2007). Similarly,
higher plasma OT levels during pregnancy and at the first
postpartum month were correlated with higher levels of
maternal postpartum behaviours, such as gaze, vocalisations
and positive affect in new mothers (Feldman et al., 2007).
Maternal synchrony, defined as ‘episodes when mother and
infant coordinate their positive social engagement’ (Atzil
et al.,, 2011), was also found to be correlated with maternal
plasma OT levels, while maternal intrusiveness, ‘inappropri-
ate response from mother’, was not.

OT has also been examined in relation to the mother's
own attachment experience. Higher levels of plasma OT have
been reported following mother-infant physical interaction
among mothers reporting secure attachment (with own
parents) compared with those reporting insecure attachment
(Strathearn et al., 2009). Even among non-parents, plasma
OT levels have been positively correlated with self-reported
recall of parental care (maternal and paternal care) (Feldman
et al., 2012; Gordon et al., 2008). Similarly, among children,
urinary OT in 4.5 year olds who were raised by their own
parents showed a trend for higher levels compared with
children raised in orphanages (Fries et al., 2005). Although
most of the studies that link plasma OT to own parental
experience involved a one-off plasma OT assessment (e.g.
Fries et al., 2005; Gordon et al., 2008), post-infant challenge OT
levels (rather than baseline levels) were found to be more
relevant in reflecting the quality of experiences of being
parented (Strathearn et al., 2009).

Recent evidence from studies in women generally (not
pregnant or new mothers) suggests a role for OT in the
regulation of stress related to interpersonal relationships
(Tabak et al., 2011). Such studies report higher levels of
plasma OT associated with stress in social relationships,
including relationships with romantic partners (Feldman
et al,, 2011; Marazziti et al., 2006; Taylor et al., 2010), own
mother (Taylor et al., 2006), or best friend (Taylor et al., 2006).
This is consistent with the well-recognised anti-anxiety/
anxiolytic and anti-stress effect of OT (Guzman et al., 2013;
Numan and Woodside, 2010) and suggests OT maybe released
in stressful situations in order to decrease or moderate stress
responses (Marazziti et al., 2006).

To date, parenting studies that focus on OT in relation to
maternal affiliative behaviour have not included rigorous
examination of maternal sensitivity. In addition, only one

study considered a mothers' social relationships, including
relationships with their own parents in the context of
examining maternal affiliative bond with own infants
(Feldman et al., 2011). In the present study, we set out to
examine (i) baseline and (ii) stimulated plasma OT responses
in women occupying opposite ends of the spectrum of
natural variations in maternal sensitivity; and (iii) to
determine whether measurement of OT could distinguish
between sensitivity groups. Finally, we explored the
relationship between a mother's baseline and infant-
challenge plasma OT levels, and her own parenting experi-
ence. Based on the studies which emphasise a positive
relationship between OT and parenting, we hypothesised
that: (1) higher sensitivity mothers (HSMs) would show
significantly higher plasma OT levels at baseline and follow-
ing interaction with their infants than lower sensitivity
mothers (LSMs); (2) post-interaction plasma OT in each group
of mothers (HSMs/LSMs) would be positively related to a
favourable rating of the quality of her own parenting
experience.

2. Results

Among the 30 mothers included in the current study: 15 were
classified as ‘sensitive’ mothers (blind rated as 4-7 on the
MACI sensitivity scale; mean=4.47; SD=0.74) and 15 mothers
classified as ‘less sensitive’ mothers (blind rated as 1-3 on the
MACI sensitivity scale; mean=2.13; SD=0.52). For description
purposes, the two sub-groups are referred to here as ‘high
sensitivity mothers’ (HSMs) and ‘low sensitivity mothers’
(LSMs), respectively.

2.1. Assessing for confounders

One outlier was excluded from analyses (scored>3 SD in all
OT assessments). Household income was higher in HSMs
compared with LSMs and accordingly was adjusted for in the
subsequent analysis. The two groups did not differ in mater-
nal age, marital status, maternal education (in years), parity,
infant birthweight, infant gender, mode of delivery, mode of
feeding, or postpartum stage (Table 1). No significant differ-
ences between high and low sensitivity mothers were found
in anxiety scores (F (1, 27)=2.08, p=0.16) nor in depression
scores (F (1, 27)=0.46, p=0.50).

No relationship was found between current breastfeeding
status and maternal sensitivity F (1, 27)=0.17, p=0.68.
Also, breastfeeding mothers did not significantly differ from
other mothers in either baseline plasma OT measurement
(mean=306.54 vs. 259.16, F (1, 27)=1.78, p=0.19) or post-
interaction measurement (mean=275.17 vs. 254.61, F (1, 27)=
0.30, p=0.59).

2.2.  Plasma oxytocin

Three samples were collected from each participant (Table 2).
A high level of OT individual stability was found in HSMs
(r=0.79-0.96; p<0.01) and LSMs (r=0.92-0.99; p<0.01).
Repeated measure ANOVA showed no overall change in
the mean level of OT from baseline to post-interaction



BRAIN RESEARCH 1580 (2014) 143-150 145

Table 1 - Comparing demographic and obstetric characteristics of mothers grouped by level of

maternal sensitivity, excluding one outlier (high sensitivity mothers HSMs, N=15 and low sensitivity
mothers LSMs, N=14).

Characteristic HSMs LSMs t (27) Chi-square p-value
(N=15) (N=14) test

Mean [SD]
Maternal age (years) 30.40 [5.37] 27.64 [4.77] —1.46 0.16
Average maternal education (years) 15.06 [2.82] 12.77 [2.76] —1.94 0.06
Average annual household income 33.00 [4.61] 26.12 [4.13] -2.11 0.04
(thousand pounds)
Infant birthweight (kg) 3.44 [0.44] 3.20 [0.53] -1.10 0.28
Postpartum stage (weeks) 35.93 [2.81] 34.64 [3.22] 1.32 0.20
Frequency (%)
Married/cohabiting 13 (86.7) 11 (78.6) 0.56 0.65
Primiparous 6 (40.0) 8 (57.1) 1.65 0.21
Infant gender (female) 10 (66.7) 7 (50) 0.83 0.36
Mode of delivery (vaginal) 10 (66.7) 11 (78.6) 0.51 0.47
Mode of feeding (breast) 3 (20.0) 3 (20.0) 0.55* 0.64
* Fisher exact test.

Table 2 — Mean plasma OT levels (pg/ml) among the high * LSMs (mean)

360 + — HSMs (mean)

(N=15) and low (N=14) sensitivity group of mothers.

Oxytocin High sensitivity Low sensitivity

sample mothers (N=15) mean mothers (N=14) mean
[sD] [sD]

OT1 235.09 [83.51] 301.87 [39.15]

0T2 223.67 [83.43] 303.27 [34.67]

OT3 210.01 [81.58] 301.56 [38.12]

Note: OT1: Oxytocin measured before mother-infant interaction,
OT2 and OT3: Oxytocin measured after mother-infant interaction.

(within subject effect) Greenhouse-Geisser [F (1.37, 35.51)=
1.54; p=0.23]. Next, we examined between subject effects
[F (1, 26)=8.42; p=0.01] and found significant difference in OT
through the three assessment points when the two groups of
sensitivity were compared (between subject effects). To confirm
the direction of significance, this was examined further by paired
t-tests; this showed a trend for a significant drop in OT levels
among high sensitivity mothers; from OTpe (OT1) (mean=235.09;
SD=83.51) to OTpost ((OT2+0T3)/2) (mean=216.84; SD=79.18);
t (14)=2.01; p=0.06 compared with no significant difference
between the two time of measurements among low sensitivity
mothers (mean OTpe=301.87;, SD=039.15 and OTps
mean=2302. 15; SD=36.27, respectively); t (13)=—0.14; p=0.89,
indicating the moderate change in response to interaction is
confined to the HSMs (Fig. 1).

2.3.  Relationship between plasma OT and mothers' own
parenting experience

Controlling for household income, the two groups did not differ
in own maternal care (transformed) [F (1, 26)=0.01; p=0.93],
own paternal care (transformed) [F (1, 26)=0.41; p=0.53], own
maternal overprotection [F (1, 26)=241; p=0.13], or own
paternal overprotection [F (1, 26)=0.52; p=0.48].
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Fig. 1 - Means and box plots for plasma oxytocin measured
before (OT1) and after mother-infant interaction (OT2 and
OT3) among the high sensitivity mothers (HSMs, N=15) and
low sensitivity mothers (LSMs, N=14), controlling for
household income. Key: Dashed line represents the means
of the three OT assessments among LSMs, and solid line
represents means of the three assessments among
the HSMs.

OTpre and the mean of OT2 and OT3 (OTpes) Were con-
sidered to test the relationship with own parenting experi-
ence. Own maternal overprotection was positively correlated
with both OTp.e and OTpost among LSMs (r=0.62; p=0.02; and
r=0.63; p=0.02, respectively), such that the greater the over-
protection they perceived from their mother in family of
origin, the higher the baseline OT level and the less change in
OT following child play challenge. However, similar relation-
ship between OTp and OTpes: levels and own maternal
overprotection was not found among HSMs (r=0.28; p=0.31;
and r=0.07; p=0.79, respectively) (Fig. 2/Table 3). Own mater-
nal care, own paternal care, or own paternal overprotection
were not correlated with plasma OT levels in any of the
groups (all p's>0.22).
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3. Discussion

We sought to examine how opposite extremes of the dis-
tribution in maternal sensitivity to infant cues are related to
maternal plasma OT levels in a community sample of healthy
new mothers. Contrary to our main hypotheses, we found
that (1) HSMs have lower baseline plasma OT levels compared
with LSMs and (2) following a play interaction with their
infants, plasma OT levels showed a trend for a significant
decrease in HSMs, whereas no significant change was seen in

R2 Linear = 0.397
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Own Maternal Overprotection Score in LSMs (n=14)
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Fig. 2 - The relationship between post-interaction plasma
oxytocin (OT,ost) and own maternal overprotection among:
(a) low sensitivity (N=14) and (b) high sensitivity mothers
(N=15).

LSMs. We also found that greater levels of baseline and post-
interaction plasma OT in LSMs were associated with less
favourable reports of their own experience of being parented
(i.e. higher own maternal overprotection).

These findings contradict recent parenting studies report-
ing positive correlations between plasma OT levels and
maternal (or paternal) behaviour (Atzil et al., 2011; Feldman
et al., 2007; 2010a, b; Gordon et al., 2010). In the first study to
explore the relationship between OT and different human
attachment relationships, Feldman et al. (2011) recruited 71
mothers and 41 fathers and their 4-6-month-old infants.
Plasma, salivary, and urinary OT levels of parents were
assessed before and after play interaction with infants.
Higher plasma and salivary OT levels were found amongst
parents who showed ‘high’ affect synchrony towards infants
as compared with ‘low’ synchrony parents, supporting pre-
vious findings by the same group that linked OT to more
affectionate parenting behaviour (Feldman et al, 2007;
Gordon et al., 2010).

However, our findings are consistent with studies that
implicate OT in the regulation of interpersonal stress in
women (Taylor et al, 2006, 2010) including mothers
(Feldman et al., 2011). In the latter study, among mothers
only, post-interaction urinary OT levels (which did not
correlate with plasma or salivary OT) were positively asso-
ciated with anxiety in romantic attachments (i.e. relation-
ships with a partner), with self-reported parenting stress, and
with interactive stress (i.e. proportion of time when infant
shows negative reactivity whilst mother tries to re-engage
her/him during interactive play). Urinary OT levels were also
reported to show a negative trend with own parenting care.
Their findings suggest a role for OT in stress regulation in
mothers which is also similar to that reported by other
studies in women (Taylor et al., 2006, 2010; Turner et al,
2002). Riem et al. (2011) conducted the first randomised
controlled trial to examine the effect of intranasal OT on
brain responses (using fMRI) among women (non-mother)
(21 women received OT and 21 received placebo). They
reported that reduced activation in regions of aversion
(amygdala) was seen in response to infant cry in women
who received OT compared to those who received placebo.
This supports the role of OT in social stress alleviation.

In the current study, OT was assessed in mothers who were
specifically chosen because they occupied opposite ends of the
distribution of maternal sensitivity; therefore, these mothers
may be more likely to have distinct affective and behavioural
caregiving attributes (Thompson, 1997). By classifying mothers

Table 3 - Correlations between plasma OT and self-reported own parenting experience in mothers grouped by level of

maternal sensitivity.

Own parenting experience domain HSMs (N=15) LSMs (N=14)

OTpre OTpost OTpre OTpost
Maternal care® —0.38 -0.21 -0.21 —-0.07
Maternal overprotection 0.28 0.07 0.62* 0.63*
Paternal care® —0.34 —0.34 —0.09 0.18
Paternal overprotection —-0.12 —0.06 0.16 0.03

*p<0.05.
@ Transformed variable.
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according to sensitivity behaviours, we may have ‘tapped’ into
stress or anxiety coping strategies, at least in part modulated
by OT (see Numan and Woodside, 2010). As far as we are
aware, this is the first study to report such results in healthy
mothers who have been carefully selected for high and low
maternal sensitivity from within a healthy community sample.

OT appears to be an indicator of social affiliation (Feldman
et al., 2007, 2010a, b), but it might also be a ‘signal’ for the
need to affiliate with others (Tabak et al., 2011; Taylor et al,,
2006, 2010). Animal literature suggests that OT has an ‘open-
ness’ to early social experience, with higher OT receptors
density found in relation to enriched, early perceived parent-
ing environment (Champagne, 2008). The animal literature
(Numan and Woodside, 2010) also elucidates how OT serves a
dual role in maternal behaviour: It increases maternal moti-
vation and it also decreases stress and anxiety. The latter
effect may aid the mother in coping with difficult circum-
stances related to infant care. With respect to the human
literature, different methods, which include postpartum
stage of the mother-infant dyad and the ways in which
mothers are classified, may differentially ‘tap into’ one or
other of these separable aspects of OT involvement in
maternal care giving behaviour.

3.1. Elevated plasma OT in LSMs

Elevated plasma OT levels were previously reported in relation
to social relationship difficulties. In a study assessing stress in
partnerships among 85 adults in stable relationships (62%
women and 38% men), levels of plasma OT were significantly
positively correlated with relationship distress in women (while
plasma vasopressin correlated with relationship distress in
men) (Taylor et al,, 2010). In a further study by the same group,
among 73 post menopausal women, plasma OT was negatively
correlated with relationship with their own mother, or partner,
and also marginally significantly correlated with relationship to
best friend (Taylor et al., 2006). Similarly, Marazziti et al. (2006)
reported a positive correlation between plasma OT levels and
romantic relationship anxiety among 45 young subjects (33
women and 12 men). These findings suggest that plasma OT
increases as a ‘signal to affiliate with others as the pair-bond
relationship is threatened’. OT might, therefore, act as a
biomarker for a distressed pair-bond relationship (Taylor
et al, 2010). In the current study, plasma OT among LSMs
was positively correlated with negative recall of own maternal
parenting experience, in particular, higher maternal overprotec-
tion which is a marker of difficulties in the relationship with
their own mothers. We did not assess the quality of the
‘relationship with partner’ and so we cannot exclude a dis-
tressed pair-bond relationship as another explanation for the
elevated plasma OT among the LSMs.

3.2.  Reductions in plasma OT in HSMs following infant
play

Our findings suggest that plasma OT levels are reduced in
higher sensitivity mothers after playing with their infants but
that low sensitivity mothers showed no change in plasma
OT. A previous study has also demonstrated a reduction in
plasma OT in women (n=32) after a laboratory-induced

positive experience (viewing a comedy film), whereas no
change was found after women viewed negative emotions
(viewing a sad film) (Turner et al., 2002). Recently, Strathearn
et al. (2012) reported a drop in maternal plasma OT when
mothers showed higher levels of ‘effortful control’ during
interaction with own infants, which is a prerequisite of
sensitive mothering. In another recent study, urinary OT in
mothers (n=26) was significantly higher following interaction
with an unfamiliar child (2.5-4.5 years) as compared with
own child (Bick and Dozier, 2010). The authors concluded that
interaction with an unfamiliar child might constitute a more
stressful situation that results in an increase in OT in order to
modulate this stress.

It is possible that HSMs perceive their infant signals as a
positive event (Turner et al., 2002), give appropriate attention
and focus to these signals (Strathearn et al., 2012), and that their
plasma OT levels accordingly reflects this and falls during play
with infant. By contrast, LSMs may not perceive interaction
with their infant as a positive event; they do not give proper
attention and focus to their infant signals, and accordingly,
their OT levels remain relatively elevated. This is consistent
with Feldman et al. (2010a) who reported no difference in
plasma OT levels among mothers rated as low in affectionate
contact following interaction with their infants.

3.3.  Strength and limitations

As far as we are aware, this is the first study to chart differences
in plasma OT responses between mothers selected to represent
higher and lower extremes of maternal sensitivity in a popula-
tion of healthy new mothers. Its strengths include sampling
healthy women from a community population and use of
rigorous methodology for ascertaining maternal sensitivity
scores. Both the final (N=30) and the original sample (N=80)
provided for well-matched groups on key characteristics.

There remain some important limitations. First, while the
sample from which we derived the high and low sensitivity
groups was large enough to show a normal distribution of
sensitivity and variability among HSMs and LSMs (N=80), it
was still relatively small. Second, inferences about centrally
functioning OT from plasma measurement must remain
limited (Modahl et al., 1998) even if many previous studies
do show modulation of peripheral plasma OT in relation to
social affiliation (e.g. Gordon et al., 2008) or parenting brain
responses (Strathearn et al., 2009). Third, the association we
found between plasma OT and own maternal overprotection
among HSMs does not imply a causal relationship, and there
may be other, unidentified factors that could have accounted
for this relationship. Fourth, own parenting experience was
assessed by a self-report measure, although PBI has shown
good psychometric properties and convergent validity over 20
years (Wilhelm et al., 2005). Finally, we were unable to
examine for potential mediation effect that plasma OT might
play between perceived parenting experiences and maternal
sensitivity towards own infant. This is because selection of
the sample was based on maternal sensitivity which is the
outcome variable for mediation analyses.

Previous evidence suggested that in relation to plasma OT
and stress, levels were elevated only in the context of stimuli
which are social stressors i.e. social relationship difficulties.
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However, we report evidence that a similar response occurs
in new mothers with relatively reduced caregiving sensitivity.
Although in the current study we did not find a correlation
between OT levels and depression scores, but this is not
necessarily inconsistent with our interpretation of the main
findings since our sampling strategy meant that we excluded
depressed mothers in the first phase and included only
extremes in maternal sensitivity in the second phase.

Future studies replicating the present design might help-
fully combine measurements of plasma OT with measures
assessing other aspects of the stress response axis (e.g.
cortisol). This might enable a more thorough evaluation of
the role of OT in stress regulation (Neumann et al., 2000;
Quirin et al.,, 2011). Plasma OT might usefully be employed as
a biomarker in future studies exploring mechanisms of low
parenting sensitivity and the effectiveness of interventions
designed to improve parenting quality.

4. Experimental procedures
4.1. Participants

Women were recruited from 6 community antenatal clinics
across the northwest region of England (Greater Manchester),
as part of a larger longitudinal study examining natural
variation in maternal sensitivity. Initially, 105 women, who
were ethnically white British with no psychiatric illness, and
scored below the threshold on depression screening (see
below), were recruited during their last trimester of preg-
nancy (mean=33.90 weeks; SD=3.19). Following child birth,
80 women were then followed up and underwent evaluation
of maternal sensitivity using videoed mother-infant interac-
tion play at 4-6 months postpartum (mean=19.38 weeks;
SD=2.47). Thirty mothers, representing extremes in the
distribution of maternal sensitivity, were selected from this
sample of 80. At 35 (mean) weeks postpartum (SD=3.26), we
measured plasma OT levels before and after a mother-infant
interaction. The majority of mothers (n=22, 73.3%) were on
maternity leave. The study protocol was approved by the
North West Research Ethics Committee: Ref: 10/H1013/69 and
written consent was obtained from all women.

4.2. Measures

4.2.1.  Manchester assessment of caregiver—infant interaction
(MACI) (Wan et al., 2012, 2013)

This observational measure of caregiver-infant interaction
evaluates global features of interaction from brief unstructured
play in 7 (2 caregiver, 3 infant, 2 dyadic) scales. The current
study focused on the ‘caregiver sensitive responsiveness’ scale
(henceforth ‘maternal sensitivity’), defined as the “the extent to
which the infant's moment-to-moment behaviour and devel-
opmental needs are responded to and supported by the
caregiver, appropriately and contingently”. The MACI was
developed for research purposes to provide relatively brief
rating scales suitable for a wide age range in infancy, and
which would provide measures of variance in the normal
population and be sensitive in at-risk samples. Its scales were
modified and refined from existing validated global scales of

caregiver-infant interaction (Blazey et al., 2008; Murray et al,,
1996). MACI has been validated for use in the 6-15 month-age
range (Wan et al, 2012, 2013). The MACI-rated maternal
sensitivity has demonstrated reliability and moderately high
stability over 6 months (r=0.48; Wan et al., 2013).

The rating of ‘sensitive responsiveness’ varies from (1)
‘minimally responsive/sensitive’ to (7) ‘very responsive/sen-
sitive’. In the current study, high inter-rater agreement was
demonstrated on maternal sensitivity (intraclass correlation:
r=0.70; p<0.001, absolute agreement) based on independent
blind ratings of 30% of interaction clips in the complete
sample. Disagreements were resolved by both raters review-
ing the clips to reach consensus.

4.2.2. The Edinburgh postnatal depression scale (EPDS)

(Cox et al., 1987)

This 10-item self-report instrument is widely used to screen
for depression in the postpartum and antenatal periods.
Items are rated on a 4-point Likert scale and a cut-off score
of 12 was used for screening positive. Using a cutoff point of
12, the EPDS shows sensitivity from 68% to 95% and a
specificity of 78% to 96%, when compared to the diagnosis
of major depression through psychiatric interview (Cox et al.,
1987).

4.2.3. The Hospital anxiety and depression rating scale
(HADS) (Zigmond and Snaith, 1983)

This 14-item questionnaire is a self-rating instrument to
screen for anxiety and depression (7 items each). Items are
rated on a 4-point Likert scale. Severity ratings correlate
highly with clinical psychiatric assessments (r=0.70 depres-
sion and r=0.74 anxiety) (Zigmond and Snaith, 1983). The
measure has high internal consistency and high test-retest
reliability (Crawford et al., 2001). In this study a cut-off score
of 12 was used for screening positive.

4.2.4. Parental bonding instrument (PBI) (Parker et al., 1979)
This self-report measure examines an adult's retrospective
report of parents' caring behaviours (25 items for each parent)
during the first 16 years of life, consisting of ‘care’ (12 items)
and ‘overprotection’ (13 items). Items are rated on a 4-point
Likert scale. The PBI possessed good internal consistency
(Parker et al.,, 1979). Examination of test-retest reliability over
20 years supports the construct and convergent validity of the
measure over an extended period of time which was found to
be independent of mood effects (Wilhelm et al., 2005).

4.3, Procedure

4.3.1. Time 1 and 2: pregnancy and mother-infant interaction
At the third trimester of pregnancy (Time 1), women com-
pleted PBI, EPDS and HADS. Mothers were excluded if they
scored both EPDS > 12 and HADS-depression>11 at any time
point in the study. At 4-6 month postpartum (Time 2),
mothers were visited at home and asked to play with their
infant on a floor mat as they normally do, with or without
toys (as supplied), as they wished. The interactions were
videotaped for 6 min and later rated, using the MACI caregiver
sensitivity scale, independently by two trained researchers
blind to study information.
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4.3.2. Time 3: oxytocin measurement

Thirty mothers (15 HSMs and 15 LSMs) and their infants were
invited to a clinical research facility for plasma OT measure-
ment either during mothers' menstruation or on contracep-
tive pill free days. Blood samples were taken at the same time
of day at 12:00-14:00 hours, an hour after the last nursing
feed. Mothers were asked to refrain from caffeine and smok-
ing for at least 2 h beforehand. Three 5 ml samples of blood
were taken from antecubital veins through an intravenous
cannula. The first sample (OT1) was taken 10min after
mother-infant separation, followed by reunion and a 10-
minute mother-infant play interaction (as described earlier).
The second and third samples were taken immediately post-
interaction (OT2) and 5 min later (OT3).

4.3.3.  Oxytocin processing and assays

All samples were processed as follows: samples were drawn
into chilled vacutainer tubes containing lithium heparin
injected with 200 ml of Trasylol (aprotinin) 500,000 KIU/ml
blood. OT samples were kept ice-chilled until processed
within 10 min. Samples were then centrifuged at 4°C at
3500 rpm for 15min. Five hundered microliters of super-
natants were transferred to 2 micro tubes (aliquot 1 and 2)
and stored at —80°C until transferred on dry ice to the
University lab for analysis. OT was analysed using: ab13305-
Oxytocin ELISA (for protocol please refer to kithttp://www.
abcam.com/oxytocin-elisa-kit-ab133050.html). Determination
of OT was performed using the Max Binding Determination
Competitive Assay protocol on Gen 5 software using Biotek
Plate reader. Oxytocin analyses were performed by a labora-
tory scientist who was blind to all study information.

4.4.  Statistical analyses

Demographic differences between the two groups of mothers
were assessed through independent sample t-test or
Chi-square test. Pearson correlations were used to examine
correlations between plasma OT levels at the three assess-
ment points as well as correlations with own parental
experience. A repeated-measures analysis of variance
(ANOVA) was employed to test for a significant change in
plasma OT levels over time between groups (HSMs and LSMs).
Analyses were performed using SPSS (version 19).
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method, but many questions still exist regarding its action. OT is a peptide that cannot
Intranasal administration cross the blood-brain barrier, and it has yet to be shown that it does indeed reach the brain
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all vertebrate species (Gimple and Farenholtz, 2001). Peripheral
Oxytocin (OT) is a peptide that has numerous functions in functions are wide in range. OT has a well-established role in
the body, both peripherally as a hormone and centrally as a reproductive function (Corona et al., 2012; Courtois et al., 2013)
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and in parturition and lactation in females (Carson et al., 2013;
Gimple and Farenholtz, 2001). Synthetic OT has been used to
assist in childbirth for decades. In addition, OT receptors are
located in visceral organs such as kidneys and pancreas, as well
as in the heart, fat cells, and adrenal glands (Gimple and
Farenholtz, 2001), and OT has been found to be involved in
the regulation of water balance, bone density, and appetite
(Carson et al., 2013).

In contrast, it has been suggested that OT effects in the
central nervous system (CNS) might be more specific, with OT
playing an important role in modulating social behaviors and
the processing of social stimuli. Whether these behavioral
changes are modulated by OT in system-specific ways or due
to more general effects are, however, unknown. The study of
central effects of OT has been carried out in animal models
and humans using different delivery methods: in animals
both central and peripheral administration has been used,
while in humans studies investigating the effects of exogen-
ous OT typically use intranasal spray for delivery, with few
exceptions (Hollander et al., 2003). How or if the OT enters the
brain using this method is, however, still unknown. The
purpose of this critique is twofold. We firstly discuss the
potential mechanisms by which OT could enter the brain,
and weigh the evidence from work in animals. Implications
for human studies using intranasal OT are discussed. We
then provide an overview of intranasal OT effects on social
cognition in healthy humans, and explore whether OT
is genuinely a neuropeptide with specifically “pro-social”
effects. We incorporate findings published since other recent
reviews on this topic (Bartz et al., 2011; Guastella et al., 2013;
MacDonald et al.,, 2011), identify potential confounds that
could underlie current inconsistencies in the literature, and
provide suggestions as to how these could be resolved. In
tying together both the mechanistic and behavioral aspects of
intranasal OT delivery, we provide a summary several issues
as a guide for future research.

2. Intranasal delivery: mechanisms

The OT peptide is composed of nine amino acids and is
produced in the paraventricular nucleus (PVN) and supraoptic
nucleus (SON) of the hypothalamus in mammals. OT is
released peripherally primarily from the neurohypophysis
by exocytosis (Carson et al., 2013; Viero et al., 2010). Since
OT is a relatively large, hydrophilic molecule, blood-brain
penetration is too poor to cause any measurable effects on
central systems (McEwen, 2004), so peripheral OT likely
re-enters the brain in negligible amounts. Instead, OT is released
directly in the CNS by OT neurons that project to numerous
brain regions from the PVN, separate from those that go to the
pituitary (Ross and Young, 2009; Veening et al., 2010).

OT receptors are widely distributed through many brain areas
in rat, including the spinal cord, brainstem, hypothalamus,
amygdala, and nucleus accumbens (Ross and Young, 2009).
While localization of OT receptors has yet to be definitively
mapped in primates and humans (Toloczko et al., 1997), efforts
are being made to develop a radioligand that will bind with
high specificity to human OT receptors (Smith et al, 2012).

Distribution patterns of OT receptors across brain areas are
highly species dependent (Insel and Shapiro, 1992; Young et al,,
1996), and binding sites are up-regulated in specific areas in
response to peripheral (such as pregnancy) or environmental
(such as social cooperation) cues (Viero et al.,, 2010). Many OT
neuron axonal projections run close to the ventricles, which may
allow for release of OT into the ventricles for communication
across numerous OT-receptive brain areas via the cerebrospinal
fluid (CSF) (Veening et al., 2010). It has been proposed that this
global communication process through CSF within the CNS is
what may allow for the necessary simultaneous changes in the
numerous neural mechanisms involved in rapid behavioral
adaptation to environmental stimuli (Veening et al., 2010).

2.1. CSF versus plasma

The relationship between peripheral (plasma) and central
(CSF) OT levels is complex. Studies in humans are typically
restricted to peripheral OT assessments due to the risks
associated with invasive CSF collection procedures (Carter,
2007; Challinor et al., 1994; Domes et al., 2010; Modahl et al.,
1998; Parker et al., 2010). Studies that use measures in plasma
to track changes in OT levels after nasal administration in
humans have found significant increases in OT levels from
baseline at 30 min (Gossen et al., 2012), 45 min (Domes et al,,
2010), and over the course of 1h (Burri et al,, 2008). Further-
more, a number of human studies have reported correlations
between peripheral levels of endogenous OT and behavior.
High levels of plasma OT have been associated with trust and
trustworthiness (Zak et al., 2005, 2007), positive physical
contact with a partner (Grewen et al., 2005), and lower levels
of anxiety in patients with depression (Scantamburlo et al,,
2007). By contrast, low peripheral levels of OT have been
found in patients with depression (Cyranowski et al., 2008),
schizophrenia, (Goldman et al., 2008; Keri et al., 2009) and
autism spectrum disorders (Green et al., 2001).

However, there are numerous animal studies that show no
correlation between plasma and CSF levels of OT in response to
a variety of manipulations, ranging from hormone administra-
tion to environmental cues (Amico et al., 1990; Rosenblum et al.,
2002; Seckl and Lightman, 1987; Veening et al., 2010; Winslow
et al.,, 2003). Winslow et al. (2003) reported significant differences
in endogenous CSF OT levels between nursery and mother
reared rhesus monkeys over a period of development, but no
difference in plasma OT between the groups, and no correlation
between CSF and plasma OT. Because OT cannot cross the
blood-brain barrier (BBB), central and peripheral OT systems
may be independently regulated, thus peripheral and central
effects of OT are thought to be coordinated through its common
release as a result of collateral axons in the pituitary and
nucleus accumbens (Ross and Young, 2009). It may be that
correlations cannot be detected due to temporal differences in
responses between peripheral and central systems (Neumann
et al.,, 2013). Bioavailability differs significantly in plasma versus
CSF; OT is broken down within 2 min in plasma, while it lasts for
up to a half an hour in CSF due to a lack of hydrolyzing enzymes
(Jones and Robinson, 1982; Mens et al., 1983; Robinson et al.,
1982; Robinson and Coombes, 1993; Veening et al., 2010; Viero
et al., 2010).
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Importantly, whether peripheral OT levels are indicative of
central OT levels remains an open question. It is interesting
that both CSF and plasma OT levels can be correlated with
behavioral changes, but do not have a detectable correlation
with each other. More work needs to be done to further
investigate the nature of the relationship between peripheral
and central levels.

2.2.  Intranasal delivery

There is considerable uncertainty as to how intranasal OT might
exert behavioral effects. Animal studies suggest that intranasal
delivery can bypass the BBB via extracellular pathways in the
epithelium, though more than one route is possible. Two
potential pathways have been identified: a peripheral olfactory
route connecting the nasal passages with the olfactory bulbs and
rostral brain regions (e.g. anterior olfactory nucleus and frontal
cortex), and a peripheral trigeminal system connecting the nasal
passages with brainstem and spinal cord regions. Both routes
provide rapid entry to the CNS (Thorne et al., 2004). Given that
the behavioral effects of intranasal OT can appear shortly after
delivery, these routes are likely candidates for a transport
mechanism by which OT could enter the brain. Recent rodent
work supports this suggestion (Neumann et al., 2013). After nasal
administration of OT in rats and mice, it has been shown using
microdialysis that OT levels increase in the dorsal hippocampus
and amygdala of rats and mice, with peak levels occurring
30-60 min after administration. Corresponding changes were
also observed in plasma. OT was found to be quite uniformly
distributed within the brain extra cellular fluid (ECF) suggesting
that effects were not due to locally released endogenous OT,
particularly because there are no OT receptors in the dorsal
hippocampus and no local OT pathways terminate in that area
(Neumann et al, 2013). This is of note, since it has been
speculated that very small volumes of the intranasally delivered
drug might be sufficient to trigger release of endogenous OT as
exogenous OT has been shown to have a positive-feedback effect
on endogenous release in a dose-dependent fashion (Falke, 1989;
Moos et al., 1984). However, the lowest dose of OT applied in this
study was about 400 pg/ml. Estimates of the CSF level of OT in
rats and monkeys following intranasal delivery is about 50 pg/ml
(Neumann et al., 2013; Chang et al., 2012). Thus, estimates of CSF
levels achieved by intranasal delivery are lower than the levels
(400 pg/ml) that have been shown to lead to endogenous release
and therefore it is not clear if the intranasally delivered OT can
drive this mechanism.

Work with other peptides shows consistent findings.
Neuropeptide S (NPS), another large, hydrophilic molecule,
is detectable in the rat brain using fluorophore-conjugation
techniques at 15 min after its intranasal delivery. It was also
found that the neuronal populations targeted by intranasal
administration were identical to those targeted by intracer-
ebroventricular injection of NPS into the right lateral ventricle
(Ionescu et al., 2012), suggesting that either delivery method
would lead to similar results. Also, intranasal administration
of radiolabeled 60-amino acid galanin-like peptide has been
shown to cause transport of the peptide into the rat olfactory
bulb, as well as other selected brain regions when combined
with cyclodextrins for specific targeting (Nonaka et al., 2008).

Corresponding human data does not exist for OT, as
clinical studies are limited to assessing only plasma levels
after intranasal delivery (but see Born et al, 2002, for
vasopressin assessment in CSF), though these studies con-
sistently find correlations with increased plasma OT levels
and changes in behavior (Challinor et al., 1994; Domes et al.,
2010). OT behavioral studies often cite work showing that
vasopressin, which is closely related to OT, reaches peak
levels in CSF in 30-50 min when administered intranasally
(Born et al., 2002). Limited data has shown increased levels of
central OT after nasal administration, in two rhesus maca-
ques (Chang et al., 2012). Future studies with a larger group of
subjects are planned to determine whether intranasal admin-
istration of OT leads to reliable elevation of OT in the CSF and
plasma compared to placebo.

While there is some suggestion that intranasal administra-
tion of OT increases CSF OT levels, the route of action is still
unknown. It is not clear whether behavioral effects that follow
peripheral administration of OT are driven by increased
central concentrations of OT due to the OT entering the CNS,
or to an indirect peripheral effect driving central production
and release of OT. A third possibility is that peripheral effects
of OT may drive indirect behavioral effects through unknown
mechanisms. Further studies will be needed to determine the
route and distribution of OT following intranasal delivery.
There are at least two possible experimental approaches to
track the intranasal route into the CNS. First, using a periph-
eral OT antagonist that does not cross the BBB in conjunction
with intranasal OT administration would eliminate any per-
ipheral actions (blocking peripheral OT receptors) that might
confound interpretation of central effects. Second, radiolabel-
ling or fluorophore-conjugated OT delivered in nonhuman
primates would reveal the pattern of uptake and distribution,
and show whether it is the exogenous OT that is acting
directly in central locations, or whether it is triggering endo-
genous production and release without uptake into central
areas.

Finally, it should be noted that individual differences in
anatomy likely introduce variation in intranasal OT uptake.
Nasal anatomy influences airflow, which influences the
degree to which OT accesses the epithelium following nasal
spray. Whether other constituents are included in the man-
ufacture of the spray (e.g. uptake enhancers) is important,
and dosage has also varied considerably between studies.
The confounding effects of these factors could explain some
of the inconsistencies in findings that are discussed in the
next section. To minimize these effects, a protocol, which
standardizes intranasal OT administration, has been pro-
posed by Guastella et al. (2013).

3. Intranasal oxytocin: effects on social
cognition

A possible “pro-social” role for OT was first suggested by work
showing that OT could induce maternal behaviors in virgin
female rats (Pedersen and Prange, 1979). Subsequent work
showed that pulsatile release of OT influences pair bonding in
the monogamous female prairie vole, in combination with
olfactory signals (Williams et al., 1994). These findings, along
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with the availability of OT nasal sprays, inspired researchers
to search for corresponding effects in humans. The last
decade or so has seen a large number of published findings
demonstrating that OT can enhance the processing of social
stimuli and regulate various social behaviors.

3.1.  Facial expressions

OT has been shown to influence the recognition of emotional
facial expressions in static (Di Simplicio et al., 2009; Guastella
et al., 2010; Marsh et al., 2010) and dynamic (Fischer-Shofty
et al.,, 2010; Lischke et al., 2012a) images of faces. In addition,
studies have shown that OT affects probabilistic learning
when participants have to learn to associate reward with
happy, sad or angry faces: OT appears to counteract the
natural aversion to selecting angry face stimuli while having
no effects on other expressions (Evans et al., 2010). Other
work has shown that OT can introduce a general positive bias
in face judgment. OT administration increases ratings of
trustworthiness and attractiveness of male and female tar-
gets in raters of both sexes (Theodoridou et al., 2009), and
some researchers have found that OT enhances emotion
recognition only for positive expressions (Marsh et al., 2010)
and slows recognition of fearful ones (Di Simplicio et al.,
2009), although conflicting results have been reported, with
some studies reporting effects for fearful expressions only
(Fischer-Shofty et al., 2010). Work by Lischke et al. (2012b)
found that OT reduced the intensity at which all emotions
could be recognized, with some evidence that this effect
favors angry and fearful expressions. Several of these results
are inconsistent with respect to which emotions are differ-
entially processed following OT administration. This may be
due to the small number of participants often used, and
differences in the experimental approaches.

Studies of covert attention have shown that OT creates an
attentional bias towards happy over angry faces, indicating
that OT might shift early attentional processes towards
positive social stimuli (Domes et al., 2013). Eye-tracking
studies with male participants have shown that OT increases
gaze time spent exploring the eye region compared with
other parts of a face (Andari et al., 2010; Gamer et al., 2010;
Guastella et al.,, 2008a), suggesting that improvements in
facial emotion recognition might be due to an enhanced
processing of the information-rich eye region. Three other
studies, however, have not replicated this finding in female
participants (Domes et al., 2010; Lischke et al., 2012a, 2012b).

In males, OT enhances the ability to infer the mental states
of another person when only the eye regions are presented as a
cue (Domes et al., 2007; Guastella et al.,, 2010). OT has been
shown to decrease amygdala activation to fearful, angry and
happy faces even when presented implicitly (Domes et al,
2007), suggesting that an OT-mediated reduction in amygdala
activation might encourage the perception of social cues by
making participants feel more at ease while viewing faces, since
perception of any face stimulus activates the amygdala, parti-
cularly if its unfamiliar (Haxby et al., 2000) or involves direct eye
contact (Kawashima et al., 1999). After intranasal OT, decreased
activity in amygdala sub-regions associated with face proces-
sing seems to be associated with increases in sub-regions
associated with gaze, supporting this suggestion; there is also

evidence that OT can enhance amygdala activity for happy
expressions, possibly reflecting a shift of processing toward
positive social stimuli (Gamer et al, 2010). Whether these
effects generalize to females is unclear; the issue of gender
effects is discussed further below.

3.2. Trust

One of the most highly publicized effects of OT is its role in
trust. Kosfeld et al. (2005) used a trust game involving real
monetary stakes, where participants were asked to play the
role of either investor or trustee. Investors who had been
treated with OT made significantly more investments com-
pared to investors treated with placebo. Importantly, no
difference was seen in an identical ‘risk’ task where partici-
pants were playing against a computer rather than another
human. OT has also been shown to affect trust adaptation:
OT-treated individuals have been shown to persist in trusting
behaviors even after repeated betrayal, and this has been
linked to a modulation of amygdala activity (Baumgartner
et al., 2008). Conscious and implicit distrust of faces is
associated with amygdala activation (Winston et al., 2002)
while amygdala lesions increase trust (Adolphs et al., 1998).
Thus amygdala deactivation could explain why OT enhances
stimulus processing and promotes trust behavior.

However, other findings contradict the notion that OT reliably
promotes “pro-social” behavior (Bosch et al, 2005; Shamay-
Tsoory et al.,, 2009). For example, findings by Shamay-Tsoory
et al. (2009) seem to suggest that OT effects are not always
positive in a trust context. Using a game of chance with financial
stakes, it was found that OT increased self-report ratings of envy
when another (fake) participant won more money, and increased
ratings of gloating when the other participant lost more money.
These results are presented as evidence for OT effects on a wide
range of (not necessarily positive) social emotion-related beha-
viors. However, an alternative view is that OT reduces social
inhibition, thus making participants more likely to admit to
socially unacceptable emotions such as gloating.

3.3. Memory

OT also seems to promote recognition memory for social
stimuli. OT administered before encoding of face stimuli
improves the accuracy of familiarity made a day later, by
lowering the false alarm rate and thereby improving the
signal-to-noise ratio for discriminating new faces from old
(Rimmele et al., 2009). Other studies have shown similar
results, although Savaskan et al. (2008) found that OT
improved recognition memory for neutral and angry, but
not happy faces, whereas Guastella et al. (2008b) found that
the effect was only present for happy faces. Despite this
inconsistency, Rimmele et al. showed that OT does not
improve recognition for non-social stimuli. It has been argued
that this result parallels similar findings in mice, since
OT-knockout mice seem to be impaired at detecting whether
an intruder is novel or familiar, while non-social memory and
olfactory function appear intact (Ferguson et al., 2002), and
OT injected into the amygdala can reinstate normal perfor-
mance (Ferguson et al., 2001). However, as noted by Insel and
Fernald (2004), mouse social recognition paradigms differ
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from person recognition in humans in that pheromonal
recognition is a major factor.

3.4.  Relationship status

There is intriguing evidence that OT might promote fidelity
within monogamous human relationships and thus carry out a
function similar to that observed in prairie voles. OT adminis-
tration causes men in a monogamous relationship, but not
single ones, to distance themselves from an attractive female
experimenter, and to approach pictures of attractive women
more slowly (Scheele et al,, 2012). The early stages of romantic
attachment have been linked to enhanced OT levels in plasma,
the levels of which can predict whether the relationship is
sustained 6 months later (Schneiderman et al.,, 2012). Physical
intimacy and greater spousal support in a relationship has been
linked to higher plasma OT levels (Grewen et al., 2005; Light et al.,
2005), and it has been shown that a dose of intranasal OT
delivered prior to a couple conflict discussion can increase
positive communication and reduce conflict-related rises in
salivary cortisol levels (Ditzen et al, 2009). Thus higher basal
OT levels, and intranasal OT, seem to promote attachment to a
partner and the resolution of conflicts, and OT causes males in a
monogamous relationship to behave cautiously in the presence
of another female, promoting monogamy. Interestingly, other
studies have shown that plasma OT also increases with relation-
ship distress in women (Taylor et al., 2006, 2010), and this is
supported by work in prairie voles showing that long-term social
isolation causes elevated plasma OT in females (Grippo et al.,
2007). Elevated OT in this context has been interpreted as a
signal to affiliate with others because the pair-bond relationship
is threatened (Taylor et al, 2010). This issue requires further
exploration, as does the gender-specificity. It would also be
interesting to investigate whether relationship status affects
response to OT within other social settings, such as trust.

3.5. Inconsistent gender effects

As discussed briefly above, both animal and human studies
have reported inconsistent responses to OT between male
and female subjects. Animal studies have suggested that the
effects of OT might be modified by interactions with estrogen
(McCarthy et al., 1996), and many human studies have opted
to include male participants to simplify interpretation of
results. Significant sex specific effects have been found for
vasopressin (AVP). In men, intranasally administered AVP
stimulates agonistic facial expressions and decreases percep-
tion of trust in response to pictures of same-sex strangers. In
women, administration of the same peptide results in affilia-
tive facial expressions and increased perception of friendli-
ness (Thompson et al, 2006). Although limited data is
available, studies point to powerful gender differences in OT
effects as well. A recent study has investigated the role of
exogenous OT in reaction to social stress in both genders
(Kubzansky et al., 2012). Males given OT reported less distress
to stress exposure, while females reported more distress and
more anger. Moreover, neuroimaging work suggests diver-
gent effects on amygdala activation. In males, OT tends to
elicit decreased amygdala activity in response to emotional
faces (Domes et al.,, 2007); in females, OT enhances reactivity

to social and non-social threat, an effect which could be
mediated by estrogen (Domes et al., 2010; Lischke et al,
2012b). More work is needed to investigate these gender
differences; this is particularly relevant when considering
OT in a therapeutic context.

3.6. Effects in clinical populations

Despite considerable interest in the “pro-social” effects of OT
as a potential treatment option for schizophrenia and autism,
it is important to note that OT does not always produce
positive social effects in clinical populations. It has been
shown that the “typical” responses to acute intranasal
administration can be altered by individual variation in
psychological profile or endocrine systems, and dose levels.
OT can actually hinder trust and cooperation in participants
with Borderline Personality Disorder (Bartz et al., 2010).
A dose-dependent result in identifying emotional expressions
in schizophrenic patients was found by Goldman et al. (2011),
showing that emotion recognition actually decreased from
baseline at a low dose of 101U, but then improved above
baseline at 20IU. Bales et al. (2013) also found dose-
dependent effects on the development of pair-bonding in
male voles; the direction of OT effects differed according to
whether it was delivered acutely or chronically, demonstrat-
ing further that dosing regimen might be critical. The “pro-
social” effects outlined above might not generalize to a
chronic administration schedule.

3.7.  Specificity of OT effects

A criticism of the work outlined above concerns the issue of
specificity. The animal literature argues convincingly for OT
effects to be specifically social in nature. Studies in humans
have tended to work from the assumption that this is also the
case, to the exclusion of considering alternative explanations
for their findings. Churchland and Winkielman (2012) argue
that OT effects might be better characterized in terms of more
general mechanisms such as anxiety reduction, affiliative
motivation, or social saliency. Indeed, it would be unusual
for a hormone and neurotransmitter such as OT to affect
processing and responses under very particular circum-
stances, especially when such circumstances are those which
require the relatively abstract, ‘higher order’ operations of the
social brain. Churchland and Winkielman instead suggest
that the anxiolytic effects of OT can explain the majority of
findings. These anxiolytic effects have been well demon-
strated in mice (Mantella et al., 2003; Ring et al., 2006) and
there is some evidence for similar effects in humans. Nursing
mothers with higher OT plasma levels are more likely to
describe positive mood states and reduced anxiety (Carter
et al,, 2001; Heinrichs et al., 2001) whereas abuse in childhood
has been linked to lower OT concentrations in CSF and higher
anxiety scores (Heim et al., 2009). Intranasal OT has been
shown to decrease anxiety in a simulated public speaking
test (de Oliveira et al., 2012; Heinrichs et al.,, 2003). The
findings described above, which show that OT acts to pro-
mote affiliative social behaviors, could be due to a general
reduction in anxiety. However, studies that have attempted
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to assess mood and anxiety changes using brief self-report
questionnaires after intranasal OT tend not to find any
changes (Guastella et al., 2008b). This is confirmed by a
systematic review of 38 randomised controlled trials of
intranasal OT, which concluded that OT produces no detect-
able subjective changes in recipients (MacDonald et al., 2011).

Nevertheless, the notion that anxiolytic effects must be
present to some degree is supported by the OT neuroimaging
data, the majority of which concerns the amygdala, a key site
in anxiety regulation. A study by Singer et al. (2008) investi-
gated OT effects on empathy (using a paradigm where parti-
cipants observe, and receive, painful stimulation of the hand),
and “pro-social” behavior (using an economic exchange para-
digm). The only observed effects were a reduction in amygdala
activation in response to painful stimulation of self; “pro-
social” behavior and empathy were unaffected, as was activity
in brain regions implicated in empathy tasks of this type, such
as insula.

In contrast, there are some lines of evidence suggesting
that OT effects are indeed specific to social contexts and not
anxiety-dependent. The use of non-social controls demon-
strates specificity of effects, although it could be argued that
some other variable (e.g. perceived complexity or importance) is
not identical across conditions and thus responsible for the lack
of effects (Kosfeld et al., 2005). It is hard to level such criticism at
a study by Unkelbach et al. (2008), who found that OT speeds
detection of positive words specifically associated with sexu-
ality, bonding, and social relationships while having no effects
on other positive and negative stimuli. Pupillometry studies
have shown greater cognitive resource allocation to social
stimuli under OT (Prehn et al., 2013). Hurlemann et al. (2010)
used social (happy/angry faces) and non-social (colored dots)
reinforcements in an associative learning task to show that
OT improves learning in the social condition only. OT also
improved self-reported emotional empathy intensity ratings for
both positively and negatively valence pictures.

Perhaps the evolutionary importance of our social world
justifies an argument for the effect of OT being socially specific.
It is possible that a more general mechanism could explain the
findings, but since the literature is so heavily biased towards
social processing there is at present insufficient data. However,
it is important to note that the anxiolytic effects of OT, which
have been put forward as a possible explanatory mechanism
(Churchland and Winkielman, 2012), are poorly specified in
humans. Evidence of anxiolytic effects has been inferred from
studies measuring basal levels of plasma OT (and thus offers no
proof of a direct relationship, as well as being subject to the
criticisms outlined above), and work showing an anxiolytic
effect in a social context. Could it be that anxiolytic effects only
emerge in a social setting, with anxiolysis actually resulting
from a positive processing bias for social stimuli, generating an
enhanced sense of social approval? In line with this suggestion,
OT has been shown to potentiate the anxiolytic effect of social
support during a stressful public speaking test (Heinrichs et al.,
2003). It is clear that the anxiolytic effects of intranasal OT need
to be better characterized, and all future studies should take
more care in excluding anxiolytic effects as a confound. The
literature would also benefit from a wider use of non-social
control conditions, to assert specificity of effects with more
confidence.

It is interesting to note that OT effects on the processing of
social stimuli seem to be more robust than effects on social
behaviors. In contrast to the work by Kosfeld et al. described
above, some studies have shown that OT can actually decrease
trust behaviors if the other party is portrayed as untrustworthy
(Mikolajczak et al., 2010), is unknown (Declerck et al., 2010) or is a
member of a social out-group (De Dreu et al., 2010). It could be
that OT reliably increases the salience of social stimuli, but “pro-
social” behaviors only emerge in the presence of context-
dependent anxiolytic effects, or be dependent on other factors.
Researchers should therefore be wary of assuming that OT
enhances all aspects of social function. This is demonstrated
by Hurlemann et al. (2010), who found that while OT increased
self-reported emotional empathy in the Multifaceted Empathy
Test, OT did not improve a participant’s accuracy for inferring
mental states. This finding supports the notion that OT makes
social stimuli more salient, presumably at the level of the
amygdala, but this enhancement does not necessarily translate
to improved theory of mind. OT effects on higher-order social
function seem to be complex and more work is certainly needed
to determine the circumstances under which intranasal OT is
“pro-social”.

4, Conclusion

In conclusion, there are still many questions regarding the
mechanisms by which intranasal delivery of OT enters
the brain and the inconsistent behavioral effects reported in
the literature. Future studies with larger subject groups should
investigate whether intranasal administration of OT leads to
reliable elevation of OT in the CSF and plasma and if periph-
eral and central OT levels are correlated. Furthermore, more
studies will be needed to determine the route and distribution
of OT following intranasal delivery. Despite the multitude of
studies investigating the effects of OT on human behavior and
social cognition, the inconsistent results leave open the debate
between the notion that OT reliably promotes “pro-social”
behavior or has anxiolytic effects. Moreover, some studies
have pointed out powerful gender differences in OT effects,
but most studies were conducted in males only, discounting
gender effects. It seems that the small numbers of male
participants typically employed, combined with differences
in methods, tasks, and the stimulus sets used, could underlie
these inconsistent findings. Future studies should investigate
OT effects across genders and be designed to determine the
degree to which possible general anxiolytic effects contribute
to changes in response in socially specific challenges.
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1. Introduction

Autism Spectrum Disorder (ASD) refers to a group of neuro-
developmental disorders characterized by impairments in
social communication, and repetitive behaviors and
restricted interests (http://www.DSM5.org). The rates of ASD
are on the rise with recent CDC numbers estimating the
prevalence of the disorder at 1 in 88 children (CDC, 2008).

The social communication construct as it pertains to the
ASD diagnosis has been debated extensively, even within
versions of the DSM classification criteria, but there is agree-
ment that it includes difficulties in social-emotional recipro-
city, including difficulties in forming or maintaining peer
relationships, deficits in nonverbal behaviors and in play
skills. Restricted interests and repetitive behaviors are con-
ceptualized to include repetitive motor behaviors such as arm
flapping, rocking, bouncing, and spinning behaviors, as well
as higher-level compulsive-like behaviors including rigid
routines, ritualistic behaviors, and restrictive interests.

Despite the high burden of this disorder, there is no
medication to date approved anywhere in the world for the
treatment of social deficits or repetitive behaviors associated
with ASD. A paucity of molecular targets available for the
development of novel therapeutics related to the pathophy-
siology of ASD has been postulated to contribute to this gap.
Specifically, drugs that were developed for other disorders
with potentially overlapping phenotypes were tested in ASD,
assuming that phenotypic spectra would be associated with
neurobiologic spectra. The approach has been useful for the
treatment of associated symptoms of ASD (e.g. atypical
antipsychotics and irritability associated with ASD,
McCracken et al., 2002), but has not produced a single agent
shown to be effective for core symptoms. With the explosion
of findings related to the biology of ASD and the biology of
underlying core symptom domains associated with ASD,
there is an opportunity for translational research to facilitate
the development of novel therapeutics.

Oxytocin is a nine-amino-acid peptide (nonapeptide),
which is synthesized primarily in the paraventricular and
supraoptic nucleus of the hypothalamus, and released into
the bloodstream by axon terminals in the posterior pituitary.
Peripheral release of oxytocin facilitates uterine contractions
during labor and milk letdown. Other peripheral targets of
oxytocin include the kidneys and the pancreas. In addition to
its peripheral role as a hormone, oxytocin is also widely
distributed throughout the Central Nervous System (CNS) and
functions as a neuromodulator. For example, oxytocin is
released within the bed nucleus of the stria terminalis, the
spinal cord, the anterior commissural nucleus, and the
medial amygdala. Oxytocin fibers are evident in a variety of
brain regions thought to be involved in social perception and
cognition, as well as emotion regulation, including the amyg-
dala and hippocampus and the ventral tegmental area of the
midbrain (Gordon et al., 2011). Oxytocin receptors are also
widely distributed in the CNS, although their distribution is
highly species specific (e.g. Donaldson and Young, 2008).
Oxytocin tract studies, at least in voles, would suggest that
oxytocin release is not limited to the synaptic cleft, that
dendritic release occurs and that it is independent of

neuronal firing (Ludwig and Leng, 2006). The mechanisms
by which central and peripheral release of oxytocin is
coordinated remain poorly explained.

Central release of oxytocin and its closely related peptide,
Arginine Vasopressin (AVP), are involved in aspects of social
cognition and function including social recognition, social
memory, affiliative behaviors, mother-infant and male-
female pair-bond formation, separation distress, and other
aspects of social attachment, as well as the regulation of
stress response (Meyer-Lindenberg et al, 2011). Of note,
oxytocin and AVP differ only by two amino acids, share
evolutionary history, have overlapping functions, influence
each other's pathways or receptors throughout development
(Hirasawa et al., 2003; Landgraf and Neumann, 2004;
Ragnauth et al., 2004) and as such they should be considered
together in biobehavioral contexts.

In animal models, oxytocin has been shown to play
critical roles in social processing, recognition, and bonding,
and also to influence stereotyped behaviors such as exag-
gerated grooming (Carter, 1998; Insel et al., 1999; Winslow
et al., 2003). In mammals, the Oxytocin Receptor (OXTR) is
expressed at higher levels in early development (Shapiro
Shapiro and Insel, 1989; Tribollet et al., 1989). Oxytocin
knockout-mice have been shown to maintain olfaction and
cognitive performance, but suffer deficits in social recogni-
tion that were recovered by intraventricular oxytocin (OXT),
although not by AVP administration (Ferguson et al., 2000).
OXTR knockout mice emit fewer ultrasonic vocalizations
compared to the wild type, in response to social isolation,
experience deficits in social discrimination, and demon-
strate more aggressive behavior (Takayanagi et al., 2005).
Similarly, AVPR1A knock-out mice have been reported to
exhibit social memory deficits (Bielsky and Young, 2004),
and the expression of the receptor gene in the lateral
septum enhances social recognition (Bielsky et al., 2005).
The pattern of AVPR1A receptor expression in the brain
appears to be determined by variation in the length of a
microsatellite in the promoter region of the gene (Hammock
and Young, 2005).

1.1. Human studies of neuropeptide hormones

An explosion of studies has examined the effect of adminis-
tering a single dose on OXT and social cognition in humans.
This work has been reviewed elsewhere extensively (e.g.
Macdonald and Feifel, 2013; Guastella and MacLeod, 2012;
McCall and Singer, 2012; Kumsta and Heinrichs, 2013). Single
dose studies in healthy volunteers have reported on
increased trust (Kosfeld et al., 2005), empathic accuracy
(Domes et al., 2006, Guastella et al., 2009), time spent looking
at eyes (Guastella et al.,, 2008), and face identity recognition
memory (Savaskan et al., 2008; Rimelle et al., 2009). Attenua-
tion of amydgala activity has been documented with single
dose of OXT vs. placebo (Kirsch et al., 2005; Zink and Meyer-
Lindenberg, 2012; Domes et al., 2007). Such imaging studies
suggest that manipulation of the oxytocin system may
produce circuitry modification that is relevant to social
deficits.
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1.2.  Oxytocin/Vasopressin and ASD

A number of researchers have hypothesized that OXT may be
connected to autism given that repetitive behaviors and
deficits in social interaction are core features of the disorder,
and that this neuropeptide is involved in the regulation of
social cognition and some repetitive behaviors. Abnormalities
in the neural pathway for OXT could account for many
features of autism including the early onset, predominance
in males, genetic loading, and neuroanatomical abnormal-
ities (Insel et al., 1999; Domes et al., 2007).

1.2.1.  Oxytocin plasma levels and ASD

Individuals with ASD have been reported to have lower than
average levels of blood OXT level in comparison to typically
developing controls matched for age (Modahl et al., 1998;
Andari et al.,, 2010), although not universally, depending on
gender differences and assay methodology utilized (Miller
et al., 2013). Higher levels of oxytocin precursor peptides have
also been reported to be expressed in early ASD development
with subsequent decrease with age (Green et al., 2001).

1.2.2.  Oxytocin and vasopressin receptor genes (OXTR and
AVPRI1A) and ASD

Accumulating studies are reporting that single nucleotide
polymorphisms of the OXTR gene are associated with ASD
and related disorders (Wu et al.,, 2005; Jacob et al., 2007;
Lerer et al., 2008; Yrigollen et al., 2008; Ebstein et al., 2012; Liu
et al, 2010; Wermter et al.,, 2010). However, most SNPs
reported are outside the protein coding regions and their
functional significance remains unknown. There has been a
recent report of a rare genetic variation of the OXTR gene
within the protein coding region associated with ASD (Ma
et al,, 2013). A heterozygous deletion of the OXTR gene has
also been reported in a patient with ASD and family history of
OCD (Gregory et al., 2009). In addition to variations in coding
sequence, there is some early data to suggest potential
epigenetic modification related to the OXTR gene in ASD.
Gregory et al. (2009) reported increased methylation of the
OXTR gene promoter as compared to controls in two inde-
pendent samples, including postmortem temporal cortex
tissue from 8 ASD/control pairs.

1.2.3. Single dose OXT studies in ASD

There have been a growing number of OXT single dose
studies in the last decade. Initially, an intravenous adminis-
tration of oxytocin vs. placebo over a 4 h period (Hollander
et al., 2003, 2007) facilitated the retention of social cognition
in participants with ASD and produced significant reduction
in repetitive behaviors - i.e., needing to know, repeating,
ordering, needing to tell/ask, self-injury, and touching. Sub-
sequent single dose studies have employed the intranasal
formulation. Guastella et al. (2010) randomized 16 adoles-
cents to a cross-over placebo-controlled study of a single dose
of intranasal oxytocin and reported significant improvements
in empathic accuracy as measured by the Reading-the-Mind-
in-the-Eyes task (RMET) with minimal adverse effects. Andari
et al. (2010) randomized 13 adults with ASD to a single dose of
intranasal oxytocin and reported stronger interactions with a
cooperative partner during a computerized ball game,

increased trust, and time spent looking at eyes. However,
single dose studies have limited ability to predict the ther-
apeutic potential of administering intranasal oxytocin over a
period of time and as such multi-dose studies are critical in
evaluating the compound's long-term therapeutic potential
(Macdonald and Feifel, 2013).

1.2.4. Early multi-dose studies of intranasal oxytocin in ASD
A small number of studies designed to evaluate the effect of
multi-dose intranasal oxytocin on core symptom domains in
ASD is available. In a single case report, Kosaka et al. (2012),
reported on a 16 year old girl with ASD who received 8IU
every day for 2 months. The authors reported that it was well
tolerated and that improvements were noted both in social
communication as well as irritability, based on clinician
judgment and parent report on a standardized scale.
Tachibana et al. (2013) reported on a case series of 8 male
youth (ages 10-14 years) who received a total of 6 months
exposure of oxytocin in the following manner: for the first 2
months they received 8 IU per dose twice a day followed by 2
months of 16 IU per dose twice a day, and finally 2 months of
241U per dose. Before each step, a 1-2 week period of placebo
was administered. Improvements were noted in social and
communication scores based on direct observation on a
structured assessment, but not on parental reports of mala-
daptive behaviors. In addition, Dadds et al. (2013) evaluated a
5-day intervention with 38 male youths with ASD (ages 7-16
years). Boys were administered oxytocin (12 or 24 IU units
depending on weight) or placebo during parent-child inter-
action training. No improvements were noted in emotion
recognition, social skills and other behavioral domains com-
pared to placebo, based on parent, clinician, or direct obser-
vation measures. Although the model of combining oxytocin
with a social learning activity is of great interest, this study is
limited by several factors including the use of an experi-
mental psychosocial intervention with unknown effects as a
‘monotherapy’, as well as limited exposure (e.g. 5 days) to
treatments targeting core skills deficits. Our group also
recently published a pilot randomized trial of intranasal
oxytocin vs. placebo in 19 adults with ASD (Anagnostou
et al., 2012). Adults with ASD demonstrated improvements
in empathic accuracy, lower order repetitive behaviors and
quality of life on both self-report and experimental testing.

1.2.5. Rationale for intranasal administration
Oxytocin is metabolized in the gut by chymotrypsin and as
such it cannot be administered orally. Despite its short half-
life in the blood, the intravenous formulation has been found
to produce behavioral effects (Hollander et al., 2003, 2007;
Ring et al., 2006), but it is too invasive to administer. One
alternative is intranasal oxytocin; it is thought to be absorbed
through the highly permeable nasal mucosa and, in the case
of the related peptide vasopressin, it has been shown to cross
the blood brain barrier (Born et al., 2002), and produce rising
CNS levels for at least 4h after intranasal administration,
mitigating concerns about the peripheral half-life of this
compound. It is also easy to self-administer.

Given that oxytocin is involved in the regulation of social
communication and some repetitive behaviors, and based on
emerging pilot data, the authors received funding by the
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Department of Defense to conduct a series of studies of
intranasal oxytocin in children and adolescents with ASD.
First, a modified Maximum-Tolerated-Dose (MTD) study was
agreed upon in collaboration with Health Canada to identify a
maximum dose for multi-dose studies in children up to a
maximum of 24 IU/per dose adjusted for weight. The study
also aimed at evaluating safety of multi-dose dosing in this
age group and identifying measures sensitive to change to be
used in a follow-up randomized controlled trial in this
population. We report here the results of the MTD study.

2. Results

Fifteen children and adolescents (11 male; 4 females; mean
age: 13.8 (2.4) years), with a diagnosis of high-functioning
autism or Asperger's Disorder (ADOS:social  Communication:10.33
(3.21)); (ADIgocia1:19.87 (4.76)); (ADLeommunication: 15.80 (3.67));
(ADI epetitive 5.80 (1.97)) were recruited into the 16 week study
with twice daily dosing. Mean full scale IQ was 101.47 (22.60).

Of the 4 doses tested for 12 weeks duration (0.2, 0.26, 0.33
and 0.41U/kg/dose), the 0.4IU/kg/dose was the maximum
tolerated dose, as no serious adverse events (SAEs) or severe
adverse events were noted at any dose level. Adverse events
were mild to moderate, and either expected or typically
associated with the disorder (Table 1). The WRAML revealed
no adverse events related to memory (Verbal Recall p=0.16,
Picture Memory Recognition p=0.92, Verbal recognition
p=0.6). There were no clinically significant alterations in
CBC, electrolytes, liver/renal function and osmolality, or
electrocardiograms. There were no discontinuations due to
adverse events (Fig. 1). One adolescent dropped out after the

Table 1 - Safety (# events severity, if present in more than

10% of participants).

Neuropsychiatric disorders
Emotional lability (3 mild, 4 moderate)
Irritability (6 mild)
Headache (9 mild, 2 moderate)
Migraine (3 mild)

Gastrointestinal disorders
Abdominal discomfort (3 mild)
Nausea (1 mild, 1 moderate)

Infections and infestations
Upper respiratory Infections (5 mild, 2 moderate)

Metabolism and nutrition disorders
Decreased appetite (5 mild)

Skin and subcutaneous tissue disorders
Rash (3 mild)
Itchy nose (2 mild)

General disorders
Fatigue (4 mild, 1 moderate)

Respiratory, thoracic, and mediastinal disorders
Asthma attack (2 mild)

Tooth disorders
Tooth sensitivity/pain (1 mild, 1 moderate)

Serious adverse events 0

last dose (week 12) and was lost to follow-up for week 16
assessments, due to study burden and non-efficacy. Two
participants dropped out before first dose was administered
and were replaced in the MTD escalation scheme.

There was no effect of dose on measures of efficacy.
However, with only 3 children per group, the study was not
designed and not powered to examine efficacy with each
dose range. Several measures were insensitive to change or
not affected by oxytocin in our sample. These tasks included
the DANVA, the Benton Facial Recognition Test, some subt-
ests of the LFI battery, the Real and Apparent Test and the
Second order Irony and Empathy tasks. For some, our
participants experienced ceiling effects (e.g. DANVA) and for
some the participants experienced floor effects (e.g. 2nd order
irony and empathy tasks). Several other measures of social
function, social cognition, repetitive behaviors and anxiety
did show improvements across 12 weeks of treatment
(Table 2). These include the ABC-SW scale, SRS, functional
communication and social skills subtests of the BASC, gen-
eral and separation anxiety subscales of the CASI, both
repetitive behavior measures (CYBOCS and RBS-R), as well
as measures of social recognition, empathic accuracy and
theory of mind. Lastly, some of the measures of social
cognition and function showed carry over effects 3 months
after discontinuation of drug.

Ten of 15 participants were noted to be global responders
based on Clinical global Impression CGI-I-Global at week 12
and 6/14 participants remained responders 3 months after
the last dose was administered. In terms of the CGI-I-Social,
7/15 were classified as responders at week 12 and 6/14
remained responders at week 24.

3. Discussion

The study is contributing to accumulating literature to
suggest potential efficacy and safety of multi-dose intranasal
oxytocin in children and youth with ASD. Although this is not
a conventional dose finding protocol, doses up to 0.4 IU/kg/
dose, given twice a day over 12 weeks produced no severe or
serious adverse events, and no metabolic or EKG abnormal-
ities. Two thirds of the sample was classified as global
responders, and almost half the sample was classified as
responders in social function by the CGI at 12 weeks. Of
particular interest, a large percent of week 12 responders
maintained improvements 3 months after the end of the
study, especially in the social domain.

A large number of measures were examined with respect
to their sensitivity to change in this pilot study. The reader
should note that this study was not a randomized controlled
trial, the proper method to confidently answer questions of
efficacy, and as such the results on outcome measures should
be interpreted with caution. There is a lack of data on
instruments that are sensitive to change with treatment,
especially within the domain of social function. Our study
was designed to determine instruments appropriate for
follow-up in a larger randomized controlled trial. Within this
context, improvements were noted in the social domain on
both parent/caregiver report as well as direct assessments,



192 BRAIN RESEARCH 1580 (2014) 188-198
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Fig. 1 - Consort flow diagram.

Table 2 - Estimates of 0-12 and 0-24 week change for the 14 outcomes of 35 with a statistically significant (unadjusted)

effect.

Variable 0-12 week (95%CL) p Value 0-24 week (95%CL) p Value

Social function

ABC_SW 3.00 (0.05;5.96) 0.05 2.91 (—1.98;7.80) 0.2
Srs_total_tscore 9.8 (3.8;15.8) 0.002 8.2 (—0.4;16.8) 0.06
Basc_social skills tscore —2.84 (—5.31;-0.38) 0.03 —2.15 (—5.42; 1.13) 0.2
Basc_functional communication tscore —4.10 (—6.23;—-1.97) 0.0006 —4.19(—7.29;—1.10) 0.01

Social cognition

RMET_hard items —0.14 (—0.82;0.53) 0.7 —1.15 (—1.99;-0.31) 0.009
LFI_match_maker ID —10.9 (—19.3;-2.6) 0.01 —7.8 (—18.0;2.5) 0.1
LFI same different faces —9.21(—15.26-3.15) 0.005 —7.4 (—15.5;0.6) 0.07
LFI same different houses —10.73 (—18.5; —2.91) 0.009 —10.2(—20.3;-0.2) 0.05
Irony_Empathy_first order —1.64 (—3.02; —0.27) 0.02 —2.31 (—4.08;—0.54) 0.01
Strange Stories Task —1.36 (—2.72; 0.008) 0.05 —0.28 (—2.00;1.44) 0.7
Anxiety

ASI - general anxiety tscore 11.0 (4.0;18.0) 0.004 6.5 (—2.5;15.6) 0.4
ASI - separation anxiety tscore 7.5 (0.2;14.8) 0.04 5.7 (—3.3;14.7) 0.2
Repetitive behaviors

RBS-R total 17.3 (6.3; 28.3) 0.003 6.0 (—11.8;23.9) 0.5
CYBOCS 2.93 (0.95;4.91) 0.004 2.52 (0.11;4.93) 0.04

suggesting some consistency across measures using different most likely a measure of global ASD severity, as well as the
measurement approaches. social skills and functional communication domains of the

Positive signals in the social domain were found on the BASC. Of interest, gains noted by the SRS and the functional
ABC-SW, a measure of social withdrawal, the SRS total score, communication domain of the BASC were maintained 3
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months post end of treatment, potentially suggesting a social
learning effect. A similar pattern was noted in aspects of
social perception/cognition. Improvements in face recogni-
tion, and theory of mind were noted at 12 weeks. Some
persisted at 24 weeks and empathic accuracy improvements
were most evident at 24 weeks, further supporting the
hypothesis already in the literature that oxytocin may facil-
itate social learning. Of note, some non-specific improve-
ments were noted in the “same-different” tasks of the LFI
that were not specific to social stimuli and therefore cannot
be interpreted as social recognition gains. Most likely such
effects represent a nonspecific effect on attention and gen-
eral, categorical learning. Anxiolytic effects were pronounced
during treatment, but disappeared with discontinuation of
treatment. Lastly improvements were noted in repetitive
behavior over the 12 weeks with some maintenance of effect
3 months later.

3.1. Limitations

This is a small modified MTD study. As such, the sample
size is too small to view both safety and efficacy data
without caution. In addition, as the MTD design was
modified in collaboration with regulatory agencies to not
exceed the commonly used 24IU dose, it is not clear that
doses higher than that would not confer benefit within
acceptable safety parameters. Further, in the absence of
placebo control, adverse events associated with oxytocin
may be inflated. Lastly, given the sample size, interactions
with concomitant medications (Table 3) could not be
examined.

3.2. Conclusions

Accumulating data suggest that oxytocin manipulation may
have therapeutic potential in ASD. Early single dose studies
as well as case series and early multidose data support this
hypothesis. Our data extends this data set, adds to the safety
profile of the multidose intranasal oxytocin administration in
children and youth, establishes maximum tolerated dosage
within a range established by regulatory agencies and sug-
gests several measures as potential candidates to be used in
follow-up randomized controlled trials in this population,
already funded.

Table 3 - Concomitant medications.

Medication (indication) Frequency (out of 15)

Stimulants® (ADHD like symptoms)
Melatonin (insomnia)

Clonidine (insomnia)

Atomoxetine (ADHD like symptoms)
Sertraline (anxiety)

Risperidone (impulse control)

N R R RO

@ Methylphenidate (Concerta:1); Lisdexamfetamine (Vyvance):1;
Methylphenidate (Ritalin):1; Methylphenidate (Biphentin):2;
Dextroamphetamine (Adderal):1.

4. Experimental procedures

This was a modified Maximum Tolerated Dose (MTD), open
label trial of intranasal oxytocin in children and adolescents
with ASD.

4.1.  Participants

Children and adolescents, ages 10-17 inclusive, with a diag-
nosis of an ASD, and verbal IQ equal to or above 70, were
enrolled in a 16 week study (12 weeks of medication exposure
plus four weeks of follow-up off medication). Participants
were recruited through the Holland Bloorview Kids Rehabili-
tation Hospital clinical database as well as presentations at
local conferences and media. Diagnosis was established using
a diagnostic interview to established DSM-IV criteria for an
ASD, utilizing the Autism Diagnostic Observation Schedule
(ADOS) (Lord et al, 2000) and the Autism Diagnostic
Interview-Revised (ADI-R) (Lord et al., 1994) that were con-
ducted by research reliable administrators. All eligibility
assessments were completed prior to randomization into
the study.

For inclusion in this study, participants had to have base-
line severity score (Clinical Global Impression - Severity
CGI-S) of >4 (moderately ill), be on stable pharmacological
and or non-pharmacologic educational, behavioral, and/or
dietary interventions (> 3 months prior to screening), and
have normal physical examination and laboratory test
results. We excluded patients born prior to 35 weeks gesta-
tional age, patients with any primary psychiatric diagnosis
other than autism at screening, those with current severe
neurological disease, including, but not limited to, epilepsy/
seizure disorder (except simple febrile seizures), severe
movement disorder, tuberous sclerosis, fragile X, and any
other known genetic syndromes, or known abnormal MRI/
structural lesion of the brain, pregnant female patients,
sexually active female patients on hormonal birth control
and sexually active females who do not use two types of non-
hormonal birth control, patients with a medical condition
that might interfere with the conduct of the study, confound
interpretation of the study results, or endanger their own
well-being, those who are sensitive to Syntocinon or any
components of its formulation, those with HIV, HBV, HCV,
hemophilia, abnormal blood pressure, drug abuse (as per
DSM criteria), immunity disorder or severe depression and
those unable to tolerate venipuncture procedures for blood
sampling. All patients or their legal guardians signed the
institutionally approved informed consent/assent according
to the Helsinki agreement and tri-council policy.

4.2. Dose selection and MTD design

A modified dose finding method was used to determine
safety among four dose levels. In adults, the dose with most
evidence is 24 IU/dose. This is the equivalent of 0.4 IU/kg for a
60 kg person. Therefore, the maximum dose to be tested in
youth approved by Health Canada was 0.4 IU/kg/dose for a
maximum of 24 IU/dose. This is different from a traditional
MTD design where the upward titration does not typically
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stop unless the participants experience serious adverse
events. Half the dose (0.2 IU/kg/dose) was the minimum dose
approved and 2 intermediate doses were also evaluated: 0.26
and 0.33 IU/kg/dose.

Dose-finding escalations were done in groups of three
patients. The following dose escalation rules were applied:

1. Three patients were studied at the first dose level (0.2 IU/
kg bid).

2. If none of these patients experienced Dose Limiting
Toxicity (DLT), then the dose was escalated to the next
higher level in the three subsequent patients.

3. If one of three patients had experienced DLT at the current
dose, then up to three more patients were to be accrued at
the same level. (a) If none of these three additional
patients experienced DLT, then the dose were to be
escalated in subsequent patients. (b) If one or more of
these additional patients experienced DLT, then patient
entry at that dose level would be stopped, the MTD
exceeded and dose escalation would be stopped. Up to
three more patients would be treated at the next lower
dose. If zero out of three patients experience DLT at a dose
of 0.4 IU/kg, an additional three patients were to be treated
at that dose. Using this escalation scheme, the probability
of escalating to the next level if the true proportion of
adverse effects was 10%, 20%, 30%, 40%, or 50% was 91%,
71%, 49%, 31% and 17% respectively. Each participant only
received one of the preset doses.

Twice a day dosing (morning and afternoon) was chosen
given that CNS levels of vasopressin seem to rise for approxi-
mately 4 h post intranasal administration (Born et al., 2002),
and in order to capture the most hours in which children and
youth are most likely to be involved in social interactions.

4.3. Definition of toxicity for MTD design

Based on existing data, it was difficult to find a definition of
toxicity for this compound. Although no standard toxicity
studies have been published for IN-OXT in children, the Side
Effect (SE) profile of IN-OXT in adults after decades of post
marketing use has been very benign. Standard toxicity pro-
tocols are typically based on Serious Adverse Events (SAEs) to
determine the Maximum Tolerated Dose (MTD). In our case,
we decided to determine toxicity as the presence of SAEs or
severe adverse effects that are deemed by the investigators to
be likely or probably related to drug.

4.4.  Dosing schedule

We selected morning and afternoon dosing to try to influence
the greatest number of hours when youth are in settings with
increased potential for social interaction (school, afterschool).
Moreover, this regimen was associated with improvements in
our adult pilot study (Anagnostou et al,, 2012). Medication
was administered by the parents before school and right after
school. All patients received their child's first dose by the
study physician to educate parents and themselves on proper

administration and determine safety of first dose. Partici-
pants were advised to administer one spray every 30 s until
they have reached the total number of sprays directed. They
were told to sit upright, hold the bottle up right, insert the
nozzle into one nostril and inhale gently through the nose
while pushing down on the nozzle to activate the pump.

4.5. Medications

Oxytocin (Syntocinon, NOVARTIS, Switzerland) was adminis-
tered in the form of IN-OXT.

4.6.  Safety assessments

Participants were seen every two weeks during the 12-week
study and then again at 16 weeks, 4 weeks after last exposure
to drug, for Clinical Global Improvement (CGI-I) ratings, vital
signs and adverse event monitoring. Adverse events were
elicited using the SMURF (Greenhill et al., 2004) at every visit
and the Wide Range Assessment of Memory and Learning
(WRAML) (Sheslow and Adams, 2005) was done at baseline
and end visits (weeks 12 and 24) to document any potential
adverse events related to memory, based on early animal
model concerns (Engelmann et al., 1996). Safety blood work
and EKG were done every 4 weeks.

4.7.  Efficacy assessments

As noted above, the aim of this study was to establish
maximum tolerated dose and safety for IN-OXT in this age
group in ASD. In addition, we piloted several outcome
measures related to social cognition/function, repetitive
behaviors and co-occurring anxiety to select those with
documented sensitivity to change. These outcomes will be
used in the follow-up randomized controlled trial in a larger
sample with ASD and this study will also be funded by the
Department of Defense.

4.7.1. Social cognition measures
All social cognition measures were administered at baseline
and then week 12 and week 24.

Diagnostic Analysis of Nonverbal Accuracy (DANVA-2)
(Baum and Nowicki, 1989). The DANVA-2, a measure of
emotion recognition across multiple modalities with estab-
lished reliability and validity for age 3-100, was administered
to participants at baseline, week 12 and week 24.

Let's Face It! Skills Battery (or Victoria/Yale Face Proces-
sing Battery; VYFPB; Wolf et al., 2008) is a battery of compu-
terized face processing tasks. The full battery consists of 11
separate computer-administered tests. It assesses 2 broad
domains involving (1) the perception of facial identity and (2)
the perception of facial expression, with good split-half
reliabilities (>0.75).

Benton Face Recognition Task (BFRT) (Benton et al., 1994)
is a standardized test frequently used to assess perceptual
skill in developmentally delayed populations, with good
reliability. It is appropriate for participants aged 6-74 and
provides a standardized and objective procedure for asses-
sing the capacity to identify and discriminate photographs of
unfamiliar human faces.
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The Revised Eyes Test (Baron-Cohen et al., 2001) assesses
the ability to decipher mental states of others. Participants
are presented with photographs of the eye-region of male
and female actors accompanied by four descriptive words
(e.g., “serious,” “ashamed,” “alarmed,” or “bewildered”) and
must select the word that best describes what the actors are
thinking or feeling. In addition to restricting stimulus pre-
sentation to the eye region, this test differs from others in
that it assesses more complex emotional states (e.g., shame,
bewilderment).

Strange Stories Task (Happé, 1994) assesses the ability to
interpret nonliteral statements from stories read to the
participant. Questions probe whether the child understands
that (a) a nonliteral statement has been made and (b) the
intent behind the statement (i.e., was the speaker was lying,
being sarcastic, or joking?).

Real and Apparent Emotion task: (Dennis et al., 2000)
evaluates children's understanding of real and deceptive
emotion in short narratives. The task, typically mastered
between the 6-8 years of age, represents an advanced
assessment of theory of mind in that it requires judgments
about socially expressed emotion in the context of belief.

Irony and Empathy Task (Dennis et al.,, 2001) measures
children's understanding of first and second order intention-
ality associated with literal truth, ironic criticism, and decep-
tive praise. Six everyday situations depict a task (e.g. tidying a
room, baking a cake), with two participants, a speaker who
makes a comment about the task and hearer who did the
task. The task has been well published in children with
traumatic brain injury.

4.7.2.  Social function measures

Aberrant Behavior Checklist (ABC) (Aman et al., 1985) The
ABC is a symptom checklist for assessing problem behaviors
(ages 6-54 years). The checklist consists of 58 items broken
down into 5 subscales; only the Social Withdrawal subscale
was used in this study. It was administered at baseline and
weeks 12 and 24.

Social Responsiveness Scale (SRS) (Constantino, 2002) is a
caregiver/educator rating scale of social behaviors specific to
ASD. It is a sensitive and reliable assessment that is designed
to aide diagnosis and measure treatment response with 4-18
years of age. The SRS measures social awareness, informa-
tion processing, and social motivation and yields a quantita-
tive score that has been useful in endophenotyping studies of
ASD and was administered at every visit.

CGI-I-Social: The CGI-I is a well validated measure
employing a 7-point scale of clinical global impression of
improvement (very much improved, much improved, mini-
mally improved, no change, minimally worse, much worse,
very much worse) that the clinician fills out after considering
all the available information on the subject including the
parent history, the examination in clinic, reports from the
school and other sources (Guy, 1976). In this case, the focus of
the interview was on aspects of social function: approach,
turn taking, peer relationships and was administered at
every visit.

Behavioral Assessment System for Children-2 is used to
evaluate the behavior and perceptions of children and young
adults (ages 2-25 years). The BASC-2 is a revision of the

Behavior Assessment System for Children (BASC) (Reynolds,
1992). We used the parent report scale with a focus on
functional communication and social skills subscales.

4.7.3. Repetitive behaviors
Both measures were administered at every visit

® Child Yale-Brown Obsessive-Compulsive Scale (C-YBOCS)
(Goodman et al., 1989, 65, modified by Scahill et al., 1997)
The Yale-Brown Obsessive-Compulsive Scale is a
clinician-rated questionnaire measuring the time spent,
distress, interference, resistance, and control in relation
to obsessions and compulsions based on a 5-point scale.
The Compulsion subscale has been shown to be a reliable
and valid scale in ASD, and in measuring change in
treatment studies of autism, and we used the “adapted
for PDD” version.

® Repetitive Behavior Scale-Revised (RBS-R) (Bodfish et al,
2000). The RBS-R is a parent-report measure developed to
capture the breadth of repetitive behaviors that are specific
to autism. It consists of 43-items that tap six repetitive
behavior subtypes: Stereotyped, Self-injurious, Compulsive,
Ritualistic, Sameness, and Restricted Interests.

4.7.4. Anxiety measures
Child and Adolescent Symptom Inventory (CASI) (Gadow and
Sprafkin, 2009): The CASI is a clinician-reviewed, caregiver
report form based on the DSM-IV used to assess comorbid
psychiatric symptoms. The anxiety subscales were used.
Participants used a medication diary to mark down every
time they took the medication. The diary was reviewed at
every visit and the study clinician and the participant
problem solved together in the case of missed doses to
improve compliance.

4.8. Statistical approach

Data were analyzed using SAS 9.3 (ref 2002-2010 by SAS
Institute Inc., Cary, NC, USA). We plotted all outcomes across
time to visually assess any trends across dose. Data were
modeled using repeated measures regression analysis con-
trolling for week, dose, age, and sex. The changes from
baseline to week 12 and baseline to week 24 and their 95%
confidence limits were estimated from the model for each of
the 35 outcomes variables examined. Eight of the outcomes
were also available as raw scores- in all cases, the results
were similar using either score and only t-scores are pre-
sented in the results.
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1. Introduction

While the neuropeptide oxytocin has been recognized for its
functions in parturition and milk ejection for many decades,
there exists now a substantial literature underscoring the role
of oxytocin in regulating social behaviors (see reviews,
Benarroch, 2013; Feldman, 2012; Meyer-Lindenberg et al., 2011).
A sizable number of studies have implicated oxytocin in mater-
nal care (Febo et al., 2005; Pedersen et al., 2006; Strathearn et al.,
2009b), pair bonding (Ross et al., 2009; Schneiderman et al., 2012),
interpersonal trust (Van I[Jzendoorm and Bakermans-Kranenburg,
2012), emotion recognition (Lischke et al., 2012; Perry et al., 2013),
and empathy (Hurlemann et al., 2010; Rodrigues et al., 2009).
Oxytocin has been characterized as a “hormone of affiliation”
(Insel, 1992) and the oxytocinergic system has received attention
as a key neural substrate of maternal caregiving, involved in the
emergence and maintenance of maternal behaviors (Feldman,
2012; Strathearn, 2011). Many important advances in this regard
have come from animal models (Francis et al., 2002; Keverne
and Kendrick, 1992; Maestripieri et al.,, 2009; Pedersen et al., 2006;
Williams et al., 2001), and they have been extended to human
subjects over the past decade, revealing both parallel and
divergent findings.

In humans, peripheral oxytocin levels are higher in pregnant
and parturient women than non-pregnant women (Feldman
et al., 2007; Gordon et al., 2008). Oxytocin levels show high intra-
individual stability over the course of pregnancy (Feldman et al.,
2007; Levine et al., 2007) and early motherhood (Gordon et al,,
2010), suggesting that they may constitute a trait-like charac-
teristic that underpins the expression of maternal behavior.
Prospective and cross-sectional studies have demonstrated that
maternal oxytocin levels are systematically associated with
naturally occurring variations in maternal behavior, with high
plasma oxytocin levels during pregnancy and postpartum
predicting increased maternal behavior in the postpartum
months (Atzil et al, 2011; Feldman et al., 2007; Gordon et al,,
2010). Interaction with their young in the postpartum period
further stimulates oxytocin response in mothers (Feldman
et al,, 2010a, 2010b), though significant inter-individual varia-
tions have been found (Strathearn et al, 2012), as with the
baseline oxytocin levels. These natural variations in maternal
oxytocin response have systematically predicted differences in
the quality of maternal care provided by mothers (Feldman
et al.,, 2010a, 2010Db).

Quality provision of maternal care and formation of secure
attachment bonds are of particular importance in the early
postpartum months, given their long-term effects on the
development of the offspring (Fonagy et al., 2007; Kochanska
and Kim, 2013; Sroufe et al., 2005; Weinfield et al., 2004). It is
well established that sensitive and responsive maternal beha-
vior has direct bearings on the child's life-long capacity for
social adaptation and stress regulation (Kochanska, 2001;
Mayes, 2006; Mikulincer and Shaver, 2007; Schore, 2001). One
important channel through which maternal sensitive respon-
siveness is communicated is mother-to-infant gaze. Gaze is a
central modality through which mothers signal their availabil-
ity, establish mutual engagement, and initiate regulation of
infant arousal, particularly in times of infant distress (Beebe
et al, 2010; Slee, 1984). Infants are highly sensitive to their

mothers' gaze (Stern, 1974) and begin to join in mutual gaze
with their mothers as early as 3 months of age, which serves as
a basis for the mother-infant synchrony that subsequently
emerges in other modalities (e.g.,, touch, vocalization, facial
expression; Colonnesi et al., 2012; Feldman, 2007; Lavelli and
Fogel, 2013; Tronick et al., 1980).

Despite its significance, the specific association between
maternal gaze and maternal oxytocin has not yet been
examined. Previous studies have measured maternal gaze,
but only as part of a composite of maternal behaviors
(also encompassing touch, vocalization, and affect; e.g,
Atzil et al., 2011; Feldman et al., 2007, 2010b; Gordon et al.,
2010). Furthermore, while attachment literature has under-
scored that maternal sensitivity to infant distress uniquely
contributes to optimal socioemotional outcomes in the child
(Leerkes et al., 2009; McElwain and Booth-LaForce, 2006), prior
studies have examined maternal oxytocin only in relation to
indices of maternal synchrony during episodes of positive
affect and have not considered episodes of distress (Atzil
et al.,, 2011; Feldman et al., 2010b, 2011).

In our previous functional magnetic resonance imaging
(fMRI) study (Strathearn et al., 2009b), we demonstrated that
mothers' peripheral oxytocin responses predicted their blood
oxygenation level-dependent (BOLD) brain responses to their
own infants' faces. The greater the mothers' oxytocin
responses during interactions with their infants, the greater
was their activation in regions known to be rich in oxytocin
receptors (i.e., hypothalamic/pituitary region) when viewing
their infants' faces in the scanner. In the present study, we
extended our line of investigation to the mother's actual gaze
behavior during real-time interaction with her infant. We
sought to examine the relationship between maternal oxyto-
cin response and mother-to-infant gaze during periods of
infant non-distress as well as distress.

Mother-infant dyads were observed during 50-min semi-
structured interaction sessions. Maternal oxytocin response
was defined as any change in the mother's oxytocin level
following interaction with her infant compared to baseline.
Two patterns of maternal gaze, duration of maternal gaze
toward and frequency of gaze shifts away from the infant,
were coded during a well-validated interaction paradigm,
a modified still-face procedure (MSFP; Koos and Gergely,
2001). The MSFP is a three-phase procedure, during which
the mother interacts freely with the infant in phases 1 and
3, but is instructed to maintain a neutral ‘still face’ during
phase 2, suddenly depriving the infant of maternal contin-
gency and inducing stress in the infant (Koos and Gergely,
2001; Tronick et al., 1978; Fig. 1). The experimental manipula-
tion reliably produces changes in the infant's level of distress:
infants display clear signs of distress during phase 2, which
have been shown to carry over to phase 3 (Haley and
Stansbury, 2003; Mesman et al., 2009). The MSFP thereby
offers an opportunity to examine the mother's behavior in
the absence and presence of signals of infant distress. We
hypothesized that maternal oxytocin response would be posi-
tively associated with maternal gaze toward the infant, and
negatively associated with maternal gaze shifts away from the
infant. We further predicted that this association would become
more pronounced during periods of infant distress than non-
distress, in phase 3 compared with phase 1 of the MSFP.
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Fig. 1 - The modified still-face procedure (MSFP): (a) diagram
of the experimental setting and (b) example still frames from
all three phases.

2. Results
2.1.  Participant characteristics and preliminary analyses

Participant characteristics are shown in Table 1. Participants
were a non-clinical sample of first-time mothers who were
generally of middle to high socioeconomic status, three-
quarters of whom held a college or postgraduate degree. All
mothers scored below the clinical range for personality disorders,
while four mothers scored in the mildly depressed range, one of
whom also scored in the clinically significant range for parenting
stress. However, these four mothers did not differ from the rest
of the sample in oxytocin levels (ps>.65) or maternal gaze
(ps>.20); neither did the exclusion of the four mothers signifi-
cantly alter the results reported below. Matermnal clinical char-
acteristics are therefore not considered further. Matemnal
depression was unrelated to baseline oxytocin level (rgpy & baseline
or=-01, p=.95), oxytocin response (OTResp; Tgpr & oTresp=-09,
p=.57), matermnal gaze variables ('ep & gaze towara=-08, p=.62

Table 1 - Sociodemographic and behavioral characteris-

tics of mothers and infants (N=50).

Characteristics Value Range
Baseline OT, pg/ml #

Mean +SD 1.75+.89 .50-4.80
OT response, pg/ml °

Mean +SD —.06+.93 —3.70-3.15
Maternal age, years

Mean +SD 28.0+4.6 19-41
Infant age, months

Mean +SD 64+1.7 bl
Infant sex, n (%)

Male 21 (42.0)

Female 29 (58.0)
Marital status, n (%)

Married 38 (76.0)

Not married 12 (24.0)
Maternal race, n (%)

White 31 (62.0)

Non-White 19 (38.0)
Maternal education, n (%)

College incomplete 11 (22.0)

College/university degree 22 (44.0)

Postgraduate degree 16 (32.0)
Socioeconomic status ©

Mean +SD 44.5+15.4 15-66
Maternal IQ ¢

Mean +SD 110.2+8.4 81-120
Maternal depression (BDI) ©

Mean +SD 53+4.8 0-19
Maternal personality pathology
(°DQ) *

Mean+SD 19.4+11.5 3-50
Maternal parenting stress (PSI)

Child Domain, Mean +SD 91.3+14.1 64-121

Parent Domain, Mean +SD 112.8+23.6 66-157

Total Stress, Mean+SD £ 201.5+34.5 109-264
Breastfeeding status ", n (%)

Not breastfeeding 13 (26.0)

Still breastfeeding 28 (56.0)
Daycare status ', n (%)

Less than 20 h per week 20 (40.0)

More than 20 h per week 19 (38.0)

Note. BDI=Beck Depression Inventory-II; PDQ=Personality Disor-

der Questionnaire —4+; PSI=Parenting Stress Index.

@ Plasma oxytocin concentration was measured following a 20-
min period of mother-infant separation (OT 1).

Y Change in plasma oxytocin concentration between baseline
(OT 1) and post mother-infant interaction (mean of OT 2
and OT 3).

¢ Socioeconomic status was estimated using Hollingshead (1975)'s
Four-Factor Index of Social Status, and represents joint informa-
tion with partner, when applicable.

d Maternal Full Scale IQ was estimated from the Wechsler Test of
Adult Reading (WTAR).

€ BDI-II score of <9 indicates minimal depression.

fPDQ-4+ total score of >50 is highly suggestive of DSM-IV
personality disorder.

& PSI total stress score of <260 is considered in the normal range.

b Data were missing for 9 participants.

! Hours per week that someone other than the mother looked after
the infant. Data were missing for 11 participants.

and Tepr & gaze shift away=-05, p=.77), or infant affect variables
(TBDI & positive affect™= —.08, p=.59 and rgp; & negative affect™= —.04,

p=.78).
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Breastfeeding status also did not correlate with oxytocin
response (Tpreastfeeding & OTResp=-15, p=.34), or with maternal
gaze variables (Ipreastfeeding & gaze towara=-10, p=.54 and
rbreastfeeding & gaze shift away = *-17y P=28) Measures of men-
strual cycle (i.e., estradiol and progesterone levels) were also
not associated with OTReSp (Testradiol & oTResp=-07, p=.65
and Tprogesterone & OTResp=-06, p=.67), or with maternal
gaze variables (festradiol & gaze towara=—.01, p=.95 and
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B 2 0.3 === Positive affect
o \
25 “
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Modified still-face procedure

Fig. 2 — Duration of positive and negative affect displayed by
infants across modified still-face procedure (MSFP) phases.
The duration values on the y-axis were adjusted for the total
length of the each respective phase of the MSFP and
represent mean proportion values. Positive affect dropped
and negative affect increased in the still-face segment
(phase 2), while a rebound in positive affect and a carry-over
of negative affect were seen during the recovery period
(phase 3). **p<.001.

Tprogesterone & gaze toward=-01, P=~93; Testradiol & gaze shift away =
.18, P=~27 and Tprogesterone & gaze shift away:~13: p:38)

2.2.  Infant affect during modified still-face procedure

As expected, and consistent with previous research, signifi-
cant changes were noted in infant affect across the three
phases of the MSFP (positive affect, F(2, 98)=33.78, p<.001;
negative affect, F(2, 98)=35.24, p<.001; Fig. 2). Compared to
baseline (phase 1), infants displayed increased negative affect
during still-face (phase 2) (Mphase 1=-22, SD=.26; Mphase 2=-51,
SD=.41; tphases 2-1(49)=7.09, p<.001), as well as decreased
positive affect (Mphase 1=-27, SD=.24; Mphase 2=.04, SD=.09;
tphases 2—1(49)= —7.83, p<.001). While there was a rebound of
positive affect during recovery (phase 3) (Mphase 3=.16,
SD=.23; tphases 3-2(49)=4.08, p<.001), negative affect carried
over from phase 2 to phase 3 (Mphase 3=.54, SD=.41; tphases
3-2(49)=.86, p<.39).

2.3.  Maternal gaze during modified still-face procedure

Means and standard deviations of maternal gaze variables
are shown in Table 2 for phases 1 and 3 of the MSFP. Duration
of the mother's gaze toward the infant was significantly
negatively correlated with the frequency of the mother's gaze
shifts away from the infant (rgaze toward & gaze shift away=—-79,
p<.001). Infant affect variables were not significantly asso-
ciated with either of the maternal gaze variables (rpositive affect
& gaze toward = —.09, P=33 and Tnegative affect & gaze toward:-09y
P=~38; Tpositive affect & gaze shift away= -.01, P=~91 and Tnegative
affect & gaze shift away=-06, p=.56), and did not significantly alter
any of the observed main or interaction effects reported
below when entered into the model.

Table 2 - Maternal gaze toward and away from infant during modified still-face procedure (MSFP) and results of mixed-

effects regression analysis (N=50).

Maternal gaze during modified still-face
procedure *

Mixed-effects models of change over phase

Phase 1 Phase 3 Total ° Wald 5>  OTResp effect Phase effect OTResp x
(@df=3)¢  (95% cI) ¢ (95% cI) ¢ Phase ¢
(95% CI)
Mean SD Mean SD Mean SD
Gaze toward .993 018  .984 .043 988 .028  13.52* .003* —.005* .006*
infant (:0002 to .005) (—.009 to —.0001)  (.001 to .011)
(duration)
Gaze shift away .012 .009 .018 .024 .015 .015 16.14™* —.065* .0927* —.036
from infant (—.126 to —.004) (.035 to .150) (—.098 to .026)
(frequency)

& Numbers shown are duration and frequency values (M+SD) adjusted for the total length of time for which codable data were available in
each respective phase of the MSFP. Untransformed values are reported here for illustrative purposes, while statistical tests were conducted

using log-transformed variables.

Y Total values represent data collapsed over the phases 1 and 3 of the MSFP.
€ Wald 4° values are those obtained for the best-fitting mixed-effects models for the respective outcome variables, including a subject-level

random intercept and a random coefficient for phase.

4 Coefficients shown are beta weights (i.e., slopes) for the main and interaction effects of OTResp and phase.

*p<.05.
**p<.01.
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Fig. 3 - (a) Duration of maternal gaze toward infant and (b) frequency of maternal gaze shift away from infant as a function of
maternal oxytocin response (OTResp; mean +SD) and phase of the modified still-face procedure. The y-axes indicate log-
transformed estimated marginal means. The statistical significance of the gaze differences between phases 1 and 3 is noted at
low (i.e., —1 SD) and average (i.e., mean) levels of maternal oxytocin response.*p <.05, **p<.01

2.3.1. Maternal gaze toward infant (duration)

The optimal model included a subject-level random intercept
(LR #*(1)=5.86, p=.016) and a random coefficient for phase
(LR 4*(2)=38.55, p<.0001), providing a significant fit (Table 2).
Consistent with our hypothesis, a significant main effect of
OTResp was found, with the duration of mother-to-infant gaze
increasing as OTResp increased across participants. The main
effect of phase was also significant, indicating that the duration
of mother-to-infant gaze decreased in phase 3 as compared to
phase 1. OTResp and phase interacted significantly. Decomposi-
tion of the interaction revealed that a simple effect of phase was
significant at low (i.e., 1 standard deviation below the mean) and
average levels of OTReSD (fphase, at low or= —.010, 95% CI= —.017
to —.004, z=—3.06, p=.002 and fphase, at mean or= —.005, 95%
CI=-.009 to —.0001, z=—2.00, p=.045, respectively), but not
significant at high (i.e, 1 standard deviation above the mean)
levels of OTResp (fphase, at high or=.001, 95% CI=—.006 t0.007,
z=.24, p=.814) (Fig. 3(a)). This indicated that mothers with high
OTResp displayed gaze duration that was similar during phases
1 and 3, while maternal gaze duration was significantly reduced
for mothers with low/average OTResp during phase 3.

2.3.2. Maternal gaze shift away from infant (frequency)

The optimal model was obtained with a random effects
structure that included a subject-level random intercept (LR
7*(1)=26.75, p<.0001) and a random coefficient for phase (LR
7(2)=8.62, p=.013; Table 2). As hypothesized, a significant
main effect was found for OTResp, with mothers displaying
less frequent gaze shifts away from their infants as OTResp
increased (Fig. 3(b)). The main effect of phase was also
significant, indicating that mothers' gaze shifts from infants
increased in phase 3 compared to phase 1. OTResp and phase
did not interact significantly.

3. Discussion

The present results are the first, to our knowledge, to
document that measures of maternal peripheral oxytocin

are systematically associated with individual variations in
mother-to-infant gaze. As hypothesized, maternal peripheral
oxytocin response was positively associated with the dura-
tion of mother-to-infant gaze, while negatively associated
with the frequency with which maternal gaze was directed
away from infants. Also consistent with our expectation,
these associations were more pronounced under conditions
of infant distress than non-distress. It is worth noting that
mothers with low/average peripheral oxytocin responses
demonstrated a significant decrease in their mother-to-
infant gaze during periods of infant distress, while such
change was not observed in mothers with high peripheral
oxytocin responses.

The association documented here between maternal oxy-
tocin and mother-to-infant gaze is consistent with and
extends previous studies that have reported on the links
between maternal oxytocin and other forms of synchronous
maternal behavior (e.g., affectionate touch; Atzil et al., 2011;
Feldman et al., 2010a, 2010b, 2011). In keeping with previous
data from animal (Snowdon et al., 2010) and human research
(Dawood et al., 1979; de Geest et al., 1985; Feldman et al., 2007;
Levine et al., 2007), we found significant individual variations
in mothers' peripheral oxytocin responses, spanning from
those that demonstrate a decrease from baseline oxytocin
level following interactions with infants to those demonstrat-
ing an increase. This variation, likely reflecting naturally
occurring differences in mothers' oxytocinergic system func-
tioning, was associated with two patterns of mother-to-
infant gaze observed at a micro-behavioral level. Our present
finding, in conjunction with the existing literature (Feldman
et al., 2010a, 2011; Strathearn et al., 2009b, 2012), points to the
role of oxytocin in regulating the mother's responsive
engagement with the infant. It is of note that the strength
of the observed association between oxytocin and maternal
gaze increased during periods of infant distress. From the
inception of attachment theory (Bowlby, 1969/1982), the
biological function of mother-infant attachment has been
thought to be one of ensuring the infant's access to the
mother in times of distress (Goldberg et al., 1999; Mikulincer
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and Shaver, 2003). Our data underscore the involvement of
oxytocin in preparing mothers for such a function.

The significant difference reported here between mothers
with high versus low/average oxytocin response is worthy of
attention. A corollary to this can be seen in a series of reports
on rodents demonstrating that rat mothers who exhibit low
licking-and-grooming and arched-back nursing (LG-ABN),
a rodent equivalent of neglectful mothering, showed a reduced
density of oxytocin receptors in brain regions critical for the
emergence of maternal behavior (i.e., the medial preoptic area,
the lateral septum, the paraventricular nucleus of the
hypothalamus; Champagne et al., 2001; Francis et al., 2000).
These mothers' low LG-ABN behavior, in turn, was associated
with decreased oxytocin receptor expression in similar brain
regions in the offspring (Champagne et al., 2001, 2003b, 2006)
who, like their mothers, subsequently displayed reduced levels
of LG-ABN behavior with their offspring (Champagne et al,,
2003a; Francis et al., 1999; Lovic et al., 2001). While we have not
examined infant outcomes in the present study, Beebe et al.
(2010)'s micro-analysis of the interaction between mothers
and their 4-month-old infants provides particularly note-
worthy information in this regard. Beebe et al. (2010) reported
on a group of mothers whose behaviors strikingly parallel the
behaviors of mothers who demonstrated reduced oxytocin
responses in the present study. Mothers of infants who went
on to develop profoundly insecure attachment at 12 months
were characterized not by their global failure of attunement,
but rather by a remarkably specific failure to attend to their
infants' distress. Maternal disengagement from infant distress
is seen as a critical precursor to the formation of disrupted
attachment (Allen, 2013). Similarly, the reduced gaze directed
to infant distress reported here in a subsample of our mothers,
and those mothers' decreased oxytocin response as a possible
biological marker for their impoverished gaze and mirroring
response, may subsequently be linked to less-than-optimal
outcomes in their infants, particularly in terms of affect
dysregulation (Fonagy et al, 2011). Future research should
examine the longitudinal links between maternal oxytocin,
maternal gaze, and infant developmental outcomes.

Several limitations of the study should be recognized. First,
we relied on peripheral measures of oxytocin, using a radio-
immunoassay technique. While a degree of concordance has
been reported between central and peripheral measures of
oxytocin (Carter et al., 2007), peripheral oxytocin levels may
not accurately reflect central oxytocin activity (Amico et al,
1990). This represents a limitation yet to be fully overcome in
human oxytocin research, although we have previously demon-
strated a correlation between peripheral oxytocin response and
brain activation in the hypothalamic/pituitary region, where
oxytocinergic neurons are concentrated (Strathearn et al,
2009b). Second, we did not track changes in maternal oxytocin
or gaze direction as a function of changes in infant affect. We
were therefore unable to examine how maternal oxytocin
moderated the temporal process by which infant distress
modifies and is, in turn, modified by maternal gaze. This would
be a fruitful area for further investigation. Third, we considered
oxytocin concentration during the initial mother-infant separa-
tion as ‘baseline,” although we acknowledge that this baseline
measurement may have been confounded by the stress experi-
enced during the separation procedure. Finally, our sample

consisted largely of mothers of middle to high socioeconomic
status, which may limit the generalizability of our findings.

The present study provides the first evidence for the
unique relationship between maternal oxytocin response
and mother-to-infant gaze. We have found results consistent
with our understanding that maternal oxytocin may be
substantially implicated in the mother's responsive engage-
ment with her infant, particularly at times when the infant's
need for the mother is greatest. The data presented here may
have important implications for intervention in conditions
that challenge optimal mothering. Helping mothers maintain
their engagement during moments of infant distress may be
an important focus of intervention for mothers whose oxyto-
cin response may be compromised, who suffer from post-
partum depression, or who have struggled with maternal
substance abuse or trauma. Breastfeeding, though it may not
lead to long-term changes in baseline oxytocin levels,
induces a short-term release of oxytocin in mothers, and
may hence be beneficial for these mothers (Strathearn et al,,
2009a). Finding pharmacological or therapeutic ways to
enhance maternal oxytocin release may be another impor-
tant focus of future intervention.

4. Experimental procedures
4.1.  Participants

Participants were 50 first-time mothers aged 19-41 (M=28.0+.7)
years, recruited through prenatal clinics and community adver-
tisements as part of a larger study. Of 116 participants initially
recruited during the third trimester of pregnancy, 61 met
eligibility criteria, and 50 completed oxytocin sampling and
MSFP at 7 months postpartum. Exclusion criterion included
mothers with past or present alcohol or substance abuse,
mothers who used cigarettes during pregnancy, and mothers
who were on psychotropic medication at the time of the study.
The institutional review board at Baylor College of Medicine
approved the research protocol, and all participants provided
written informed consent.

4.2. Measures and procedure

4.2.1. Oxytocin sampling

Mothers attended the study session with their infants 7
months postpartum. Mothers were instructed to abstain from
caffeine and tobacco 2-3 h prior to the scheduled visit. During
the visit, mother-infant dyads participated in a semi-
structured mother-infant interaction procedure, which con-
sisted of two periods of separation and an intervening period
of mother-infant interaction. Four serial measurements of
plasma oxytocin were obtained from the mothers during the
procedure (Fig. 4).

4.2.1.1. Baseline. Upon an initial separation of mother and
infant, an intravenous cannula was inserted into the
mother's forearm and a blood sample was taken for estradiol
and progesterone levels. Blood was drawn again 20 min later
to determine the first baseline measurement of plasma
oxytocin (OT 1).
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Fig. 4 - Mother-infant interaction procedure and oxytocin
response (OTResp) calculation. Measurements of plasma
oxytocin were obtained from mothers at four time points:
(a) following the first period of mother-infant separation
(OT 1), (b) following two periods of mother-infant interaction
(OT 2 and OT 3), and (c) following the final period of mother-
infant separation (OT 4).

4.2.1.2. Post free-play. Following an initial 20-min separation,
mother and infant were reunited for a 5-min ‘free-play’
period, which included direct physical interaction between
mother and infant on the floor with age-appropriate toys. The
second blood sample was then drawn through the previously
inserted cannula (OT 2).

4.2.1.3. Post modified still-face procedure (MSFP). A 6-min
MSFP was then conducted. The MSFP is a structured experi-
mental paradigm whereby the mother interacts with her
infant through three successive phases, including a still-
face phase (see Section 4.2.2; Fig. 1). Mother and infant were
able to see each other via a mirror and hear one another
during the procedure, but were separated by a dividing screen
and thus could not physically interact. A third blood sample
was obtained following the MSFP (OT 3).

4.2.1.4. Baseline (post). A second period of 20-min separation
occurred between mother and infant, after which the final
oxytocin blood sample (OT 4) was obtained.

4.2.2. Modified still-face procedure (MSFP)

The MSFP (Koos and Gergely, 2001) adhered to the standard
still-face procedure (Tronick et al., 1978) with one exception:
the mother and infant were seated beside one another (the
mother in a chair and the infant in a high chair), separated by
a divider and facing a one-way mirror (Fig. 1(a)). The purpose
of the divider and one-way mirror was to prevent physical
interaction and touch, but allow mother and infant to see
each other reflected in the mirror." On the opposing side of
the one-way mirror were two cameras, generating a split-
screen recording of the mother and infant. Interactions
between mother and infant were videotaped during each of
the three 2-min phases (Fig. 1(b)): (1) the baseline normal
interaction phase (phase 1), (2) the still-face phase, during
which the mother was asked to assume a neutral face (phase
2), and (3) the recovery phase, in which the mother resumed
free interaction with the infant (phase 3). An intercom was
used to communicate the start of each phase to the mother.

The purpose of the modification of the still-face procedure
was to test separate hypotheses regarding infant gaze preference
(self vs. mother), which was not explored in this paper focusing
on mother-to-infant gaze.

Trained raters, who had had no prior contact with study
participants and were blind to the study hypotheses, coded
the videotaped interactions. Coding of each behavior category
was performed in 1-s time intervals during multiple viewings
of videotapes (independently for each behavior). Tapes were
viewed at normal speed during coding; however, they were
often stopped or run in slow motion to confirm codes and
accurately determine the beginning and end of episodes of
maternal and infant behavior. Onset and offset times of
behaviors were entered into a custom-built software, which
generated frequency and duration data for each variable of
interest. The median inter-rater reliability was r;=.86 for 18
double-coded interactions (36%).

4.2.3. Additional mother and infant characteristics

Several characteristics of interest for mothers and infants
were also examined. The Beck Depression Inventory-II (BDI-II;
Beck et al., 1996), the Personality Disorder Questionnaire —4+
(PDQ-4+; Hyler et al,, 1992), and the Parenting Stress Index
(PSI; Abidin, 1995) were administered to assess symptoms of
depression, personality disorders, and parenting stress in
mothers. We also collected information regarding infants'
breastfeeding and daycare status (i.e., if the mother was still
breastfeeding or not, and the number of hours per week the
infant was cared for by someone other than the mother).
Details on the psychometric properties of all administered
measures can be found in Shah et al. (2010).

4.3. Blood collection and assay

Blood samples were collected and processed by registered
nurses from the General Clinical Research Center. Estradiol
and oxytocin samples were placed in chilled heparinized
tubes and kept on ice. These tubes were centrifuged to
separate plasma within 2 h after collection, and the plasma
was rapidly frozen and maintained at —80 °C. Before centri-
fuging, blood samples for progesterone were placed in a
serum separator tube and allowed to clot at room tempera-
ture. A commercial laboratory determined plasma estradiol
and serum progesterone concentrations using quantitative
chemiluminescent immunoassay. Dr. Janet Amico's labora-
tory at the University of Pittsburgh received batches of
oxytocin samples that were sent on dry ice by overnight
courier. A sensitive and specific liquid-phase radioimmu-
noassay (RIA) of oxytocin in plasma was performed on
acetone-ether extracted material, using previously published
and validated methods in which oxytocin antiserum does not
cross-react with arginine vasopressin or other oxytocin-like
peptides (Amico et al., 1985). The lower limit of detection for
this assay is .5 pg/ml and inter- and intra-assay coefficients of
variation are each <10%. Although more labor-intensive than
widely used alternate methods such as the enzyme immu-
noassay, RIA on extracted plasma has consistently produced
valid and reliable results (McCullough et al., 2013).

4.4.  Variables
4.4.1. Maternal oxytocin response (OTResp)

OTResp (Strathearn et al., 2012) was calculated by computing
the change in oxytocin concentration between measurement
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at baseline (OT 1) and measurement following mother-infant
interactions (mean of OT 2 and OT 3; see Fig. 4). OT 2 and OT 3
were highly correlated with each other (rs or2 & or3=.61,
p<.001). OT 4 was omitted from further analyses as a carry-
over effect was seen from the mother-infant interaction
phases; OT 4 was associated with both OT 3 and OT 2 (r5 ors3
& ota=.41, p=.004 and 15 ot2 & ora=-43, p=.002), but not with
baseline (rs or1 & ora=.15, p=.30). Positive OTResp values
indicated a relative increase in oxytocin during mother—
infant interactions, while negative OTResp values indicated
a relative decrease. For four mothers, a single missing
oxytocin value was imputed using linear interpolation.

4.4.2. Maternal gaze variables

We coded maternal eye gaze toward and gaze shifts away
from the infant during the two interactive phases (i.e., phases
1 and 3) of the MSFP. Maternal gaze toward infant was
quantified by the total duration of time, in seconds, that the
mother looked at her infant. Maternal gaze shifts away from
infant were assessed by the total frequency with which the
mother's gaze first fixated on the infant (i.e,, remained
stationary on the infant for a minimum of 1s), then shifted
away from the infant. MSFP phases were recorded for 2 min
each with slight variations in timing due to mothers' com-
pliance with procedure instructions and infant behavior.
Thus, gaze duration and frequency values were adjusted for
the total length of time in each phase of the MSFP.

4.4.3. Infant affect variables

Infant facial expressions and vocalizations were coded for
positive and negative affect at 1-s intervals throughout the
MSFP. Total duration of positive and negative affect was
calculated for the three phases of the MSFP, adjusting for
the total length of time in each respective phase.

4.5. Statistical analysis

All variables were inspected for normality via quantile-
quantile plots of residuals against fitted values. Logarithmic
transformations were performed on maternal gaze variables
to optimize the approximation to normal distribution.
Changes in infant positive and negative affect were examined
in repeated-measures ANOVAs with MSFP phase as a within-
subject factor, which were followed by post hoc mean
comparisons. Maternal gaze variables were centered prior to
being submitted to mixed-effects linear regression analysis.
Model building was carried out as follows. (a) The initial
model included the fixed main effects of OTResp and MSFP
phase (phase 1 vs. phase 3). (b) Subject-level random inter-
cept and slope were added to model systematic inter-
individual variability. (c) Interaction terms were added
sequentially and retained in the model if they improved
model fit. (d) Infant affect variables were added as covariates
to examine whether variability in infant affect altered the
significance of the model fit or parameter estimates. The
model was fitted by maximum likelihood estimation, and
likelihood-ratio chi-square tests were used to assess the
relative fit of nested models. All analyses were conducted
using STATA/SE version 12.1 and SPSS version 21.
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ABSTRACT

The role of oxytocin in the treatment of postpartum depression has been a topic of growing
interest. This subject carries important implications, given that postpartum depression can
have detrimental effects on both the mother and her infant, with lifelong consequences for
infant socioemotional and cognitive development. In recent years, oxytocin has received
attention for its potential role in many neuropsychiatric conditions beyond its well-
described functions in childbirth and lactation. In the present review, we present available
data on the clinical characteristics and neuroendocrine foundations of postpartum
depression. We outline current treatment modalities and their limitations, and proceed
to evaluate the potential role of oxytocin in the treatment of postpartum depression. The
aim of the present review is twofold: (a) to bring together evidence from animal and
human research concerning the role of oxytocin in postpartum depression, and (b) to
highlight areas that deserve further research in order to bring a fuller understanding of
oxytocin's therapeutic potential.
This article is part of a Special Issue entitled Oxytocin and Social Behav.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Postpartum depression (PPD) is a debilitating disorder affecting
at least one in seven American women annually (Gaynes
et al.,, 2005). PPD impairs the mother's capacity for adaptation

following childbirth, posing numerous challenges to the mother-
infant relationship and the infant's subsequent development
(Murray and Cooper, 1997). Despite the increased attention
given to PPD over the past several decades, PPD is currently
conceptualized and treated in much the same manner as
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non-postpartum depression, often leading to less than optimal
treatment outcomes. In a separate but related line of research, a
substantial interest has centered around oxytocin (OT), a neuro-
peptide hormone critically implicated in the transition to and
adjustment during early motherhood. The past two decades
have witnessed a surge of clinical trials evaluating OT's ther-
apeutic potential in a wide range of psychiatric disorders, and
increasing attention is now directed to PPD as another clinical
syndrome for which OT may be of therapeutic benefit. In the
present review, we draw upon available data from animal and
human research to critically evaluate the potential role of OT in
treating PPD. Our goal is to bring together relevant evidence that
may elucidate the potential of OT as a therapeutic agent for PPD,
while highlighting areas where further research is necessary.

2. Postpartum depression
2.1.  Definition and diagnosis

PPD is defined as the presence of a major depressive episode
following childbirth, although there remains controversy
regarding the time criterion pertaining to its onset. The
Diagnostic and Statistical Manual of Mental Disorders (DSM)-
IV utilized the specifier “with postpartum onset” to limit the
diagnosis of PPD to depressive episodes manifesting within
4 weeks post delivery (American Psychiatric Association, 2000),
while the newly released DSM-5 uses the specifier “with
peripartum onset” to encompass depressive episodes present
during pregnancy (American Psychiatric Association, 2013). In
contrast to the DSM, the International Classification of Dis-
eases (ICD)-10 classifies depression “as associated with the
puerperium” if the onset is within 6 weeks postpartum (World
Health Organization, 1992). In the face of a lack of consensus,
two large-scale epidemiological studies have demonstrated
that women's risk for psychiatric illness increased from child-
birth to approximately 3 months postpartum; the risk
increased up to 5 months postpartum specifically for depres-
sion (Kendell et al., 1987; Munk-Olsen et al., 2006). In con-
sideration of the epidemiological findings and challenges in
practical clinical applications, some experts have recom-
mended that the time criterion be extended to 3 to 6 months
postpartum (Elliott, 2000; Wisner et al., 2010).

As with non-postpartum depression, depressive symp-
toms must be present for more than 2 weeks to warrant
the diagnosis of PPD. Common symptoms include depressed
mood, loss of interest and energy, changes in sleep or eating
patterns, diminished ability to think or concentrate, feelings
of worthlessness, and recurrent suicidal ideations. While not
currently a part of diagnostic criteria, anxiety is considered a
prominent feature of PPD, present in approximately half of
women diagnosed with PPD (Ross et al., 2003). In severe cases,
PPD can be accompanied by psychotic features which may
include delusions or command hallucinations to harm the
infant (American Psychiatric Association, 2013).

2.2.  Prevalence and risk factors

Prevalence estimates of PPD range widely from 5 to 25%
(Gavin et al., 2005), primarily due to the variability in the

criteria used, particularly the time criterion. However, find-
ings from meta-analytic and systematic reviews converge to
point to a more precise estimate of 10 to 15% (Gaynes et al,,
2005; O'Hara and Swain, 1996), translating to approximately
600,000 women in the United States annually. This is distin-
guished from the postpartum blues, a mild and transient
mood disturbance following childbirth, commonly experi-
enced by up to 80% of postpartum women (Beck, 2006;
Buttner et al., 2012). The risk of PPD increases with a history
of prenatal depression, prenatal anxiety, or PPD (Beck, 2001,
Robertson et al., 2004; Wisner and Wheeler, 1994). Stressors
during pregnancy and the early postpartum, including peri-
natal complications, preterm birth, or infant health problems
(Blom et al., 2010; Robertson et al., 2004; Sit and Wisner, 2009),
also serve to increase the risk of PPD, as do poverty, low social
support, and adolescent motherhood (Beck, 2001; O'Hara and
Swain, 1996; Robertson et al., 2004; Troutman and Cutrona,
1990; Wang et al., 2011). PPD lasts for more than 7 months in
over half of affected women (Sit and Wisner, 2009).

While studies have demonstrated a high heritability of
depressive disorders (Sullivan et al., 2000), evidence is less
conclusive concerning PPD (Corwin et al., 2010). The only
published twin study of PPD is one by Treloar et al. (1999),
who demonstrated that genetic factors accounted for 25% of
variance in the onset of PPD in 838 Australian female twin
pairs. Three family studies exist to date and suggest that the
rate of PPD increases in female siblings of women with
unipolar (Forty et al., 2006; Murphy-Eberenz et al., 2006) or
bipolar depression (Payne et al., 2008). Although informative,
these few studies have been criticized by some for methodo-
logical shortcomings (e.g., failure to distinguish between PPD
and postpartum blues or to control for other psychiatric
comorbidity; Corwin et al., 2010), particularly in light of the
lack of association shown by other groups between a
woman's familial history of depression and her development
of PPD (Bloch et al., 2005; Dennis et al., 2004). Studies of
genetic markers have also been underway and have high-
lighted the role of the polymorphisms of three candidate
genes, the serotonin transporter, monoamine oxidase A, and
catechol-O-methyltransferase genes (Doornbos et al., 2009;
Sanjuan et al., 2008), although complex genetic and epige-
netic interactions remain to be explored.

2.3. Neuroendocrine considerations

Elucidating the neuroendocrinology of PPD has been a challenge
in the field due to normative and adaptive neuroendocrine
changes that take place during pregnancy and postpartum.
Gonadal steroid hormones have received attention, as levels of
estradiol and progesterone drop drastically following parturi-
tion, often coinciding with the onset of postpartum blues or PPD
symptoms. A noteworthy study by Bloch et al. (2000) found that
the simulation of gonadal withdrawal precipitated depressive
symptoms in euthymic women with a history of PPD, support-
ing the potential contribution of hypogonadism to the onset of
PPD. However, the relationship between hypogonadism and
PPD has been disputed by many others (Abou-Saleh et al., 1998;
Harris et al., 1996; Klier et al., 2007; Zonana and Gorman, 2005).
Currently, there is no consistent evidence that a decrease in
absolute concentrations of gonadal hormones triggers PPD,
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although available data suggest that PPD may manifest in
women who are vulnerable to fluctuations in gonadal hormone
levels (Workman et al., 2012).

Dysregulation of the hypothalamic-pituitary-adrenal (HPA)
axis has also gamered interest for its potential role in the
etiology of PPD. The HPA system undergoes numerous changes
during pregnancy and postpartum (Lightman et al, 2001; Tu
et al., 2006). Adreno-corticotropic hormone levels increase during
pregnancy, and cortisol reaches its peak at the end of pregnancy
as the placental corticotropin-releasing hormone (CRH) levels
rise, before dropping rapidly at parturition (Kammerer et al.,
2006; Yim et al., 2009). There have been reports that women with
PPD demonstrate more extreme changes in the activity of the
HPA axis during pregnancy and postpartum (Jolley et al.,, 2007;
Taylor et al., 2009), though directionality has been inconsistent,
with increased (Lommatzsch et al., 2006; Okano and Nomura,
1992) or decreased cortisol levels being documented (Groer and
Morgan, 2007; Jolley et al., 2007). Indeed, some have proposed
that different subtypes of PPD may exist, underpinned by distinct
genetic predispositions and differential regulation patterns
(i.e., hypo- vs. hyper-regulation) of the HPA axis (Kammerer
et al., 2006).

OT has received less interest than gonadal or stress hor-
mones as a potential etiologic factor in PPD, although it has
attracted attention for its involvement in breastfeeding difficul-
ties often present in PPD (Stuebe et al., 2012). It is well known
that OT is critically implicated in milk letdown (Pang and
Hartmann, 2007). The documented association between breast-
feeding difficulties and PPD (Dennis and McQueen, 2009;
Taveras et al., 2003; Watkins et al., 2011) is worthy of attention
(Skalkidou et al., 2010). To date, only one study (Stuebe et al,,
2013) has examined OT as part of the link between lactation
failure and PPD. In a group of mothers intending to breastfeed,
the authors found that OT levels were inversely correlated with
depressive symptoms in both the third trimester and at 8 weeks
postpartum, corroborating and extending earlier findings by
Skrundz et al. (2011). The authors also documented that OT
release was reduced in depressed mothers during breastfeeding
compared to non-depressed mothers, although no difference
was found between the two groups in breastfeeding duration or
intensity. Stress-attenuating effects of breastfeeding deserve
consideration here (Heinrichs et al., 2001; Stuebe et al., 2012).
Compared to their non-breastfeeding counterparts, breastfeed-
ing women demonstrated attenuated HPA response to stressors
(Altemus et al., 1995). Furthermore, cortisol levels decreased in
breastfeeding women during lactation (Amico et al., 1994), while
mood scores improved following lactation (Heinrichs et al,
2001). Animal models (Neumann, 2003) have suggested that
disruptions of the OT system may be implicated in the observed
relations between breastfeeding, stress regulation, and mood,
which is of particular relevance to PPD given that all three
components become disrupted in many affected women
(Heinrichs et al., 2001; Stuebe et al., 2012).

3. Maternal caregiving in postpartum depression

PPD is well known to have deleterious effects on the devel-
opment of the offspring. Reports show that children of
depressed mothers are at risk for a wide range of cognitive,

emotional, behavioral, and medical problems. Cognitively,
they are likely to have lower IQ scores, attention problems,
and special educational needs (Hay et al., 2001). Emotionally,
they are susceptible to various forms of psychopathology
including mood disorders, anxiety disorders, and substance
use disorders (Apter-Levy et al., 2013; Murray et al., 2011,
Schwartz et al., 1990). Behavioral problems are also prevalent,
at times warranting the diagnoses of conduct disorder or
oppositional defiant disorder (Alpern and Lyons-Ruth, 1993;
Dawson et al., 2003). They are also often high utilizers of
pediatric emergency services, while frequently missing out-
patient pediatric visits (Flynn et al., 2004). Many of these
adverse developmental outcomes have been associated with
impaired maternal caregiving behavior in depression, even
after controlling for the effects of demographic variables
(Azak and Raeder, 2013; NICHD Early Child Care Research
Network, 1999).

A large number of studies have highlighted that mothers
with PPD are slow to read, decipher, and respond to their
infants' signals (see reviews, Field, 2010; Tronick and Reck,
2009). While some depressed mothers are withdrawn, pas-
sive, and under-stimulating, others are intrusive, hostile, and
over-stimulating (Lovejoy et al., 2000; Malphurs et al., 1996;
Weikum et al.,, 2013). This provides infants with fewer and
shorter moments of reciprocal engagement, joint attention,
and shared affect (Feldman, 2007; Weinberg and Tronick,
1998). Infants are also given fewer opportunities to experi-
ence repair following moments of disrupted engagement
(Jameson et al., 1997). Such disruptions in the early mother—
infant relationship may serve as a precursor to insecure
infant attachment (Mills-Koonce et al., 2008; Stern, 1995),
which has longitudinally been linked to numerous adverse
developmental outcomes (Sroufe et al., 2005), including the
cognitive, emotional, and behavioral outcomes described
above. One recent study (Laurent and Ablow, 2013) documen-
ted that maternal brain responses were altered in women
with PPD. While viewing images of their own infants,
mothers with PPD displayed blunted activity in brain regions
known to be central for emotional responsiveness, empathy,
and reward (e.g., anterior cingulate, orbitofrontal cortex,
insula, and striatum).

Frequently, the impaired mother-infant relationship is
further compromised by breastfeeding difficulties often experi-
enced in women with PPD. While breastfeeding provides one of
the earliest opportunities for the mother to establish an
intimate bond with her infant, many depressed mothers report
dissatisfaction with breastfeeding (Dennis and McQueen, 2007)
and discontinue breastfeeding between 4 to 16 weeks postpar-
tum (McLearn et al., 2006; Paulson et al., 2006).

4, Current treatment of postpartum depression
4.1.  Pharmacotherapy

4.1.1. Antidepressant medication

PPD is currently treated in much the same manner as non-
postpartum depression, with selective serotonin reuptake
inhibitors (SSRIs) as the first-line of pharmacotherapy. As in
non-postpartum depression (Cipriani et al., 2007), SSRIs
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are efficacious in targeting depressive symptoms in PPD.
A review of available randomized controlled clinical trials
show that SSRIs improved mood in 43 to 88% of women with
PPD (Appleby et al., 1997; Bloch et al., 2012; Misri et al., 2004;
Sharp et al., 2010; Wisner et al., 2006; Yonkers et al., 2008),
which are similar to rates reported for non-postpartum
depression (Kirsch et al., 2008); 37 to 65% of treated women
achieved remission of depressive symptoms (De Crescenzo
et al., 2013). Despite the demonstrated efficacy, factors unique
to pregnancy and the postpartum period complicate the
antidepressant treatment of PPD (Ellfolk and Malm, 2010;
Yonkers et al., 2009). Many healthcare providers are reluctant
to engage patients in pharmacotherapy due to concerns about
fetal or infant exposure to antidepressants, and three-quarters
of women diagnosed with PPD are indeed left untreated
(Bennett et al., 2004). Pregnant or postpartum women similarly
show low acceptability of antidepressant medications (Chabrol
et al., 2004), with available SSRI trials reflecting high drop-out
rates (Appleby et al.,, 1997; Wisner et al., 2006; Yonkers et al.,
2008). Medications may also be prescribed and used at sub-
therapeutic doses (Bennett et al., 2004; Epperson et al., 2003),
which may be a particular concern since women with PPD
require higher doses of antidepressant agents for a longer
duration to experience relief of symptoms (Dawes and
Chowienczyk, 2001; Hendrick et al., 2000).

Data on the effects of antidepressant treatment on
maternal functioning are limited. Only one group
(Logsdon et al., 2009, 2011) has provided relevant data,
demonstrating that antidepressants were effective in
enhancing maternal role-gratification throughout the first
postpartum year, but not maternal self-efficacy, overall
maternal role functioning, or the quality of the mother—
infant relationship. The literature on fetal or infant expo-
sure to SSRIs is large and growing. As per a recently
published report from the American Psychiatric Associa-
tion (APA) and the American College of Obstetricians and
Gynecologists (ACOG; Yonkers et al.,, 2009), the accumu-
lated data are in support of small but significant associa-
tions between SSRI use during pregnancy and preterm
delivery (i.e., <37 weeks gestation) as well as small-for-
gestational-age birth weight (i.e., <10% of age-adjusted
birth weight). Antidepressant use was generally not asso-
ciated with major congenital malformations in the infant,
although use during the third trimester was linked to

transient poor neonatal outcomes (e.g., irritability,
jitteriness).
4.1.2. Hormonal therapy

Estradiol therapy is a novel treatment that targets the flux of
gonadal hormones that may render a subset of women vulner-
able to depression in the postpartum period (Bloch et al., 2000;
Moses-Kolko et al., 2009). Growing data suggest that estradiol
therapy has promising antidepressant properties, with reported
response and remission rates exceeding those of SSRIs. Within
the first month of a double-blinded, placebo-controlled trial
(Gregoire et al,, 1996), women treated with estrogen patches
showed greater and more rapid improvements in their depres-
sive symptoms compared to those treated with placebo patches.
Similar improvements were shown in another study (Ahokas
et al., 2001), in which 83% of severely depressed women reached

remission within 2 weeks of treatment with sublingual estradiol.
Notably, decreases in women's depression scores were inversely
correlated with increases in their serum estrogen levels, and
available data suggest that estradiol therapy was well tolerated
with low dropout rates. However, estradiol therapy may interfere
with breastfeeding, a consideration important in the treatment
of PPD (Fitelson et al., 2010; Moses-Kolko et al., 2009). Although
early data suggested that synthetic progesterones may be
therapeutic for PPD, this view has since been challenged and
the use of progesterones is not recommended (Dennis et al.,
2008). Currently, no data exist on the effects of hormonal therapy
on maternal behavior.

4.2. Psychological interventions

Psychological interventions that have been empirically stu-
died for the treatment of PPD include interpersonal psy-
chotherapy (IPT; Grote et al., 2009; Mulcahy et al., 2010),
cognitive behavioral therapy (CBT; Chabrol et al, 2002;
Wiklund et al., 2010), psychodynamic therapy (Bloch et al,,
2012; Cooper et al., 2003), and non-directive counseling
(Milgrom et al., 2005; Murray et al., 2003). Several meta-
analyses exist to date and suggest that psychological inter-
ventions are efficacious in reducing depressive symptoms
(Cuijpers et al., 2008; Dennis and Hodnett, 2007; Lumley et al.,
2004; Sockol et al.,, 2011) at rates similar to those of anti-
depressant medications (De Crescenzo et al., 2013; Sockol
et al., 2011). No conclusive data exist to suggest the super-
iority of one psychotherapy modality to another in the
treatment of PPD (Fitelson et al., 2010), although there is
some evidence that IPT, which directly addresses interperso-
nal problems (e.g., role transitions, relational conflicts), may
be more efficacious than CBT, which targets maladaptive
depressogenic cognitions (Bledsoe and Grote, 2006; Sockol
et al,, 2011).

However, as with pharmacotherapy, a mere decrease in
depressive symptoms is often not enough to enhance mater-
nal functions (Forman et al, 2007; Murray et al., 2003).
Psychological interventions without an explicit focus on the
mother-infant relationship were effective in reducing mater-
nal parenting stress, without benefiting maternal or infant
behavior (Forman et al., 2007; O'Hara et al., 2000). Interven-
tions that actively incorporated the mother-infant relation-
ship as a focus generally yielded some improvement in this
domain (Clark et al., 2003; O'Hara and McCabe, 2013; Poobalan
et al., 2007). However, therapeutic gains were not sustained
on longitudinal follow-ups and did not generalize to infants'
cognitive or behavioral outcomes, with the exception of one
study in which extensive and prolonged therapy was imple-
mented (Cicchetti et al., 2000).

Current APA and AGOC guidelines recommend psy-
chotherapy as the first-line of treatment for mild to moderate
depression, although antidepressant medications are recom-
mended in the presence of moderate to severe depressive
symptoms, particularly in women with a history of recurrent
depression (Kim et al., 2010; Yonkers et al, 2009). The
acceptability of psychotherapy is reported to be high in
postpartum women (Chabrol et al., 2004) and psychotherapy
is often preferred to antidepressants in this population
(Pearlstein et al., 2006; Turner et al., 2008).
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5. Oxytocin: A novel therapeutic for postpartum
depression?

As the preceding review suggests, currently available treat-
ments of PPD are promising in reducing depressive symp-
toms, but are less effective in improving the mother-infant
relationship. OT has emerged as a potentially viable treat-
ment option in this context, given its role in regulating the
onset and maintenance of maternal behavior, along with its
antidepressant and anxiolytic properties.

OT is a nonapeptide synthesized in magnocellular neu-
rons of the paraventricular (PVN) and supraoptic nuclei of the
hypothalamus and released into the bloodstream from the
neurohypophysis (Gimpl and Fahrenholz, 2001; Insel, 2010).
OT receptors are located throughout the brain including
regions known to be critical for the expression of maternal
behaviors, such as the ventromedial nucleus of the hypotha-
lamus, central nucleus of the amygdala, medial preoptic area
(MPOA), bed nucleus of the stria terminalis (BNST), and
ventral tegmental area (VTA). OT is also secreted in small
amounts by numerous peripheral tissues such as the uterus,
placenta, corpus luteum, testis, and heart (Gimpl and
Fahrenholz, 2001). For many decades, OT was well recognized
for its peripheral actions, including uterine contraction in
parturition and milk ejection during lactation (Insel, 2010;
Ross and Young, 2009), though it is now regarded a key
neuroregulator implicated in social and stress-related disor-
ders on one hand and maternal behavior on the other (Bartz
and Hollander, 2006; Neumann and Landgraf, 2012). To assist
in evaluating the potential of OT as a therapeutic agent for
PPD, we examine available animal and human research on
the role of OT in (a) anxiety- and depressive-like behavior and
in (b) maternal functioning.

5.1.  Antidepressant and anxiolytic effects of oxytocin

5.1.1. Animal studies

An antidepressant effect of OT was first reported by Arletti
and Bertolini (1987), who demonstrated that acute and
repeated intra-peritoneal injections of OT in mice reduced
the immobility time in the forced swim test, a commonly
used index of depressive behavior in animals. Similarly,
subcutaneous OT infusions in rats reduced the escape fail-
ures in the learned helplessness test, another widely used
animal model of depression (Nowakowska et al., 2002).
Recently, these results were replicated following intracerebral
administrations of OT (Ring et al., 2010), suggesting that
central or peripheral administrations of OT may have anti-
depressant properties (Slattery and Neumann, 2010b). In
rats, OT has also been shown to improve other features of
depression (Neumann and Landgraf, 2012), including anhe-
donia (Liberzon et al., 1997), sexual dysfunction (Melis et al.,
2007), and sleep disturbance (Lancel et al., 2003).

Anxiolytic and stress-attenuating effects of OT have also
been well documented. Anxiogenic stimuli are understood to
increase central OT release in the PVN of the hypothalamus
(Nishioka et al,, 1998), central nucleus of the amygdala
(Ebner et al., 2005), and lateral septum (Ebner et al., 2000),
which subsequently functions to dampen stress response by

modulating the activity of the HPA axis (Engelmann et al,,
2004; Neumann et al., 2000). OT knockout mice showed
increased stress-induced fos expression in the medial amyg-
dala and BNST, heightened CRH mRNA expression in the
PVN, and elevated corticosterone release following exposure
to stressors (Amico et al., 2008; Nomura et al., 2003). Further-
more, intracerebroventricular infusions of OT decreased the
molecular and neuroendocrine responses of the HPA axis and
attenuated anxiety-like behaviors in female rats, while
administration of the OT receptor antagonist produced oppo-
site results (Slattery and Neumann, 2010a; Windle et al.,,
2004).

While mechanisms of the antidepressant and anxiolytic
effects of OT remain to be further elucidated, available
evidence suggests that the effects may be produced in part
by the interactions between the serotonergic, corticotropin-
releasing factor (CRF), and OT systems (Neumann and
Landgraf, 2012). OT release is understood to activate OT
receptors in serotonergic neurons of the raphe nuclei to yield
antidepressant and anxiolytic effects (Yoshida et al., 2009),
whereas stimulation of serotonin release activates CRF and
OT neurons in the hypothalamus (Javed et al, 1999), a
mechanism that may underlie antidepressant properties of
the SSRIs (Emiliano et al., 2007).

5.1.2.  Human studies

OT-related dysfunctions have been examined in depressed
patients, although results remain inconclusive. Some groups
have shown that peripheral OT concentrations were lower in
depressed patients, particularly female patients (Ozsoy et al,
2009), compared to controls (Frasch et al., 1995; Zetzsche et al,,
1996). Another report showed that the severity of patients'
depression and anxiety symptoms was inversely correlated
with their plasma OT levels (Scantamburlo et al., 2007). How-
ever, other studies of plasma OT (Cyranowski et al., 2008; van
Londen et al,, 1997) and a few available studies of cerebrospinal
fluid (CSF) OT (Demitrack and Gold, 1988; Pitts et al., 1995) failed
to document reduced OT levels in depressed patients. Notably,
these studies found a greater variability of OT concentrations in
the patient group (Cyranowski et al., 2008; van Londen et al,
1997); in one study, a trend toward reduced OT was found only
in a subgroup of patients (Pitts et al., 1995).

Endogenous OT released during breastfeeding (Chiodera
et al,, 1991) has been understood to underlie the attenuated
HPA responsiveness and reduced anxiety behavior shown in
lactating women (Heinrichs et al., 2001). However, exogenous
OT administrations in humans have produced equivocal find-
ings. Intranasal OT was reported to decrease stress respon-
siveness and anxiety in healthy men (Heinrichs et al., 2003),
reduce levels of salivary cortisol during couple conflict in
heterosexual couples (Ditzen et al., 2009), and attenuate fear-
related amygdala reactivity in healthy males and patients with
social anxiety (Kirsch et al., 2005; Labuschagne et al., 2010).
However, these studies failed to document direct effect of
intranasal OT on mood (Kirsch et al., 2005; Labuschagne et al.,
2010). Furthermore, while the majority of the studies were
conducted in men, intranasal OT was shown to enhance fear-
related amygdala reactivity in healthy women (Domes et al.,
2010; but see Rupp et al., 2012 for results in nulliparous women
only), while producing null effects in healthy postpartum
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women (Rupp et al., 2012). Notably, the only available study on
PPD demonstrated that intranasal OT worsened self-reported
mood ratings in this group of women (Mah et al, 2013). A
study observing the use of OT to aid the progress of labor
further showed that OT administration during labor did not
reduce the incidence of PPD in first-time mothers (Hinshaw
et al., 2008).

5.2.  Oxytocin and maternal behavior

5.2.1. Animal studies

A large body of research supports the role of OT in the onset
and maintenance of maternal behavior across species. Intra-
cerebroventricular injections of OT induced a full range of
maternal behavior in female virgin rats (Pedersen and Prange,
1979; Pedersen et al., 1982), whereas infusions of OT antago-
nist inhibited the emergence of maternal behavior in parturi-
ent rat dams (Pedersen et al., 1994; van Leengoed et al., 1987).
Similar results were found in mice (McCarthy, 1990) and
sheep (Kendrick et al., 1987; Keverne and Kendrick, 1992).
These findings are in line with the report that lesions of the
PVN, a main site of OT production in the brain, disrupted the
onset of maternal behavior in rats (Insel and Harbaugh, 1989).
Impaired maternal behavior was similarly found in female
OT knockout mice (Ragnauth et al., 2005; Takayanagi et al,,
2005) and postpartum mutant female mice with reduced OT
neurons in the PVN (Li et al., 1999). Other prominent sites of
OT receptors have also been examined in relation to the
expression of maternal behavior. OT receptor density in the
central nucleus of the amygdala and BNST was shown to be
correlated with the quality of maternal care in rats (Francis
et al,, 2000); OT receptor binding density in the nucleus
accumbens was similarly associated with the amount of time
prairie voles spent crouching over pups (Olazabal and Young,
2006).

Another important line of research in this area concerns
the modification of the OT system by early caregiving experi-
ences (Champagne, 2008; Meaney, 2001). A series of experi-
mental and cross-fostering studies demonstrated that female
rats reared by low licking-and-grooming and arched-back
nursing (LG-ABN) mothers showed a reduced density of OT
receptors in brain regions critical for the expression of
maternal behavior, including the MPOA, PVN, and lateral
septum (Champagne et al., 2001, 2003b, 2006). Just like their
mothers, the female rat pups were subsequently seen to
display low levels of LG-ABN behavior with their offspring
when they reached the postpartum period (Champagne et al.,
2003a; Francis et al., 1999). Similarly, non-maternal rearing in
rhesus monkeys was associated with reduced CSF OT levels
across the first three years of life (Winslow et al., 2003).

Studies on OT-related maternal functions are continuing
to expand. The current understanding is that OT circuits
interact closely with dopaminergic circuits to regulate the
expression of maternal behavior (Shahrokh et al., 2010;
Strathearn, 2011). OT neurons in the PVN and MPOA of
the hypothalamus project to the VTA and nucleus accum-
bens (Numan and Smith, 1984; Ross et al,, 2009a), and the
connections and signals between these regions increase with
the quality of maternal behavior (Champagne et al., 2004;
Shahrokh et al,, 2010). The OT-dopamine interactions are

thought to mediate the rewarding and reinforcing properties
of the mother-infant interaction.

5.2.2. Human studies

Over the past decade, many important advances have been
extended from animal models to humans, elucidating the
central role of OT in human mothering. Peripheral OT levels
in mothers have been consistently associated with naturally
occurring variations in maternal behavior, with high OT
levels during pregnancy and postpartum predicting enhanced
maternal behavior (Atzil et al., 2011; Feldman et al., 2007;
Gordon et al.,, 2010a, 2010b). Following the work of Meaney
(2001) and Champagne (2008), research in this area has
underscored the interindividual variability of OT-related
functions in mothers. Interactions with infants stimulate
OT release in mothers, but only in a subgroup of mothers
who demonstrate secure attachment (Strathearn et al., 2009),
display sensitivity to emotions and physical sensations
(Strathearn et al., 2012), or exhibit synchronous and affec-
tionate forms of mothering (Feldman et al.,, 2010a; Kim et al.,
2014). Maternal OT increase during mother-infant inter-
action has further been correlated with the concurrently
measured OT increase in the infant, supporting an interge-
nerational link between the OT functions of mother and
infant in humans (Feldman et al., 2010b). Evidence continues
to grow supporting the understanding that women's OT
functions may be modified by their early caregiving experi-
ences. Inverse associations have been reported between
women's levels of CSF OT and the severity and duration of
abuse and neglect to which they were exposed in childhood
(Heim et al., 2009). Studies have further documented low
plasma OT levels in individuals who reported receiving low
levels of parental care (Feldman et al., 2011; Gordon et al,,
2008).

Only a handful of studies have examined the role of OT in
maternal brain responses. Strathearn et al. (2009) found that
mesocorticolimbic dopaminergic reward regions (i.e., ventral
striatum, medial prefrontal cortex) as well as the hypothalamic
OT regions were activated when securely attached mothers
viewed images of their own infants. Similar results were reported
by Atzil et al. (2011), who demonstrated that mothers who
displayed synchronous forms of mothering showed activation
of the ventral striatum, a key reward region, while viewing video
clips of their own infants. Notably, activations in these brain
regions were correlated with the peripheral measures of OT in
these mothers (Atzil et al., 2011; Strathearn et al., 2009). Brain
responses of breastfeeding mothers have also attracted atten-
tion, given the role of breastfeeding in endogenous OT produc-
tion (Chiodera et al.,, 1991). The only pertinent study to date is
that by Kim et al. (2011), who found that breastfeeding mothers
showed greater activation of the brain regions critical for the
expression of maternal behavior, including the striatal reward
region, in response to their own infants' cries.

Studies have recently begun to examine the role of
exogenous OT administrations in maternal brain responses.
Intranasal administrations of OT were shown to increase
the incentive salience of an unknown infant's laughter in
a group of women, as evidenced by the enhanced connectiv-
ity observed between the amygdala and emotion regulation
regions (Riem et al, 2012). Conversely, in response to an
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unknown infant's cry, intranasal OT decreased the women's
negative emotional arousal, as reflected by reduced amygdala
signals, while increasing activations in the empathy-related
regions (Riem et al, 2011). It is important to note that
intranasal OT further decreased the women's handgrip force
in response to hearing infant's cry, although the effect was
present only in women without early experiences of harsh
parenting (Bakermans-Kranenburg et al., 2012).

5.3.  Oxytocin in the treatment of psychopathology

In addition to its role in regulating the expression of maternal
behavior as reviewed above, a large body of literature has
implicated OT in a much broader range of social behaviors
(Benarroch, 2013; Meyer-Lindenberg et al., 2011), including pair
bonding (Ross et al., 2009b; Schneiderman et al., 2012), inter-
personal trust (Kosfeld et al, 2005; Van IJzendoorn and
Bakermans-Kranenburg, 2012), emotion recognition (Lischke
et al., 2012; Perry et al., 2013), and empathy (Hurlemann et al,,
2010; Rodrigues et al., 2009), to name a few. Due to its seemingly
widespread prosocial effects, along with its antidepressant and
anxiolytic properties, OT has gained widespread popularity over
the past decade in the study of normative and psychiatric
populations. A sizable number of trials have investigated its
therapeutic potential in many psychiatric disorders, and many
more trials are underway. To date, clinical trials in which OT
has demonstrated therapeutic benefit over placebo include
those of autism spectrum disorder (Anagnostou et al.,, 2012;
Andari et al, 2010; Guastella et al, 2010), schizophrenia
(Averbeck et al., 2012; Feifel et al., 2010; Modabbernia et al.,
2013; Pedersen et al., 2011), social anxiety (Guastella et al., 2009;
Labuschagne et al., 2010), and post-traumatic stress disorder
(Yatzkar and Klein, 2009).

Despite the considerable excitement that these results
have generated, a more complicated and nuanced picture
emerges upon careful examination of the available data.
Effects of OT reported in many social domains (e.g., social
cognition, prosociality) are often inconsistent or, more pre-
cisely, are moderated by contextual and personal factors
(Bartz et al., 2011b; Guastella and MacLeod, 2012; Macdonald
and Macdonald, 2010). The context-dependent nature of the
effects of OT is well demonstrated in a series of studies
conducted on trust, in which exogenous administrations of
OT increased participants' trust of individuals perceived as
part of the in-group, but increased non-cooperation toward
out-group members who were perceived as potential threats
(De Dreu et al., 2010, 2012). The person-dependent nature of
the effects of OT is well captured in a growing number of
studies that demonstrate null effects of exogenous OT in
individuals with adverse early caregiving experiences,
whether assessed by reported severity of childhood abuse,
neglect, or loss (Meinlschmidt and Heim, 2007), memories of
parental love-withdrawal (Riem et al., 2013; van Ijzendoorn
et al,, 2011), or recollections of harsh parenting experiences
(Bakermans-Kranenburg et al., 2012). Considering that the
development of one's OT system may be critically modified
by the quality of early caregiving one receives (Champagne,
2008; Meaney, 2001), it is possible that the OT system may
have been altered at a more fundamental level, possibly at
the level of receptors, in individuals with early adverse

experiences. The resulting alterations in OT receptor density,
affinity, or functions may underlie the decreased responsivity
that is seen in these individuals upon exogenous adminis-
trations of OT (Bakermans-Kranenburg and van IJzendoorn,
2013).

This is of particular relevance in considering the use of OT
in psychiatric patients, since early adverse experiences are
rather common in this population. Not surprisingly, a review
of data suggests that psychiatric patients have produced
variable results in response to exogenous OT administrations,
ranging from improvement (Guastella et al., 2010; Pedersen
et al,, 2011) to worsening of symptoms (Bartz et al., 2011a;
Mah et al, 2013), along with some null findings (Epperson
et al., 1996; Pitman et al., 1993). In some cases, exogenous
administrations of OT have yielded opposing patterns of
results for psychiatric and healthy groups (e.g., Bartz et al.,
2011a; Pincus et al., 2010). This divergence is well reflected in
the results of recent meta-analyses of available clinical trials,
which demonstrated that, when taken together, exogenous
OT administrations did not improve symptoms of psy-
chiatric disorders with the exception of autism spectrum
disorder, although weak to moderate beneficial effects were
found for healthy controls (Bakermans-Kranenburg and van
[Jzendoorn, 2013). While meta-analytic results are discoura-
ging, more research is necessary given that the number of
clinical trials available for the meta-analyses were small for
many psychiatric conditions.

5.4. Can exogenous oxytocin benefit the treatment of
postpartum depression?

While data from animal models suggest that OT may have
potential in the treatment of PPD, the future of exogenous OT
in human psychiatric disorders remains unclear. To date,
limited data exist on the antidepressant or anxiolytic effects
of exogenous OT in women, and a small number of available
studies have demonstrated null (Rupp et al., 2012) or negative
results (Domes et al.,, 2010; Mah et al., 2013). The role of
exogenous OT in human mothering has received more direct
support (Riem et al., 2011, 2012), although growing evidence
suggests that its effects are critically moderated by women's
early caregiving experiences (Bakermans-Kranenburg et al,,
2012). While we are cautiously optimistic about OT's ther-
apeutic potential, we believe that there are many questions
that remain to be answered. Here, we highlight some of these
remaining questions for future research.

First, it would be of great importance to identify individual
differences among PPD patients that may moderate the effects
of exogenous OT. PPD patients are likely a heterogeneous
group of individuals demonstrating a large variability in OT
receptor function, endogenous OT production, and early car-
egiving experiences. As these factors are understood to alter
one's responsivity to exogenous OT, careful investigation of
these intraindividual characteristics and identification of rele-
vant neurobiological and behavioral markers are of paramount
interest. Given the pattern of results reviewed, it is possible
that exogenous OT may yield beneficial effects only in a
subgroup of PPD patients. Such results may not be apparent
and may even be obscured in between-group designs, where
effects are averaged across individuals and within-group
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individual differences are overlooked (Guastella and MacLeod,
2012). We concur with others (e.g., Guastella and MacLeod, 2012)
that the imperative next step in OT translational research is to
develop cognitive, behavioral, and neurobiological markers that
can index the degree to which patients may be responsive to
exogenous administrations of OT.

Second, gender is an important consideration given the
differences in the endogenous OT levels between men and
women. Furthermore, gonadal hormones, estrogen in parti-
cular, are understood to be critically involved in the regula-
tion of OT, whether endogenously produced or exogenously
administered. It is in this regard that a relative dearth of
clinical trials in women is particularly problematic. It is not
yet clear to what degree the extant findings obtained in men
can be generalized to women, and particularly to postpartum
women who undergo significant hormonal changes. It is also
unclear how, and to what extent, menstrual cycle and
accompanying fluctuations in gonadal hormones moderate
the effects of exogenously administered OT and contribute to
divergent results (e.g., see Domes et al., 2010 vs. Rupp et al.,
2012). It is important that future studies recruit female
participants, and specifically postpartum women, to examine
the effects of OT in this unique population.

Third, for therapeutic use of exogenous OT, it would be
important to systematically address questions of dosage,
timing, and side effects associated with long-term adminis-
tration. All clinical trials to date have used low doses (18 to
401U) for a short span of time, with minimal reported side
effects (MacDonald et al, 2011). Future research should
examine the safety of high-dose long-term use of OT. It
would be critical to understand how chronic exogenous
administrations of OT may affect endogenous OT production
as well as complex neuroendocrine functions in the post-
partum period.

Fourth, it remains to be determined whether exogenous
OT should be used as a stand-alone treatment or should
better be integrated with other therapies. Most available
clinical trials have excluded patients undergoing medication
treatment, and there is currently limited data from which to
draw conclusions about the safety and efficacy of OT as an
augmentation agent (MacDonald et al., 2011). Furthermore,
anxiolytic and prosocial effects of OT have led some to
believe that exogenous OT administrations may help aid
the process of psychotherapy. This would be a fruitful area
for future investigation.

6. Conclusions

While OT initially appeared to offer much promise, the
pattern of results that has thus far emerged is more nuanced
and inconsistent than it appeared to be at first. The literature
reviewed in preceding sections suggest that studies are
beginning to shed light upon the complex context- and
person-dependent nature of OT effects. We propose that
future studies attend to individual variations that may be
present among mothers with PPD, rather than looking for
the uniform effect across all mothers. We underscore that
focused studies that tease apart OT-related individual

variations are necessary to fully evaluate the therapeutic
potential of OT in the treatment of PPD.
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(Ebitz et al., 2013; Heinrichs et al., 2003) and amplifying other-
regarding behaviors (Barraza et al., 2011; Chang et al., 2012;
Van IJzendoorn et al., 2011). Although there appears to be a
large range of OT-mediated effects, one might argue that
some functions of OT may be common to most, if not all, of
OT-mediated social cognition. The anxiolytic, approach-pro-
moting, and tolerance-enhancing roles of OT (Amico et al,
2004; Averbeck, 2010; Heinrichs et al., 2003; Kemp and
Guastella, 2010; Neumann et al., 2000a; Riem et al., 2011; Ring
et al., 2006; Uvnas-Moberg et al., 1994; Waldherr and Neumann,
2007; Yoshida et al.,, 2009; Young, 2002) may serve as founda-
tional substrates that promote social exploration and interac-
tion while, typically, suppressing social avoidance.

A large number of studies have been conducted to probe
the role of OT in regulating social behavior in both healthy
and pathological states (Bartz et al., 2011; De Dreu, 2012;
Guastella et al., 2012; Heinrichs and Domes, 2008; Insel, 2010;
MacDonald and Feifel, 2013; Meyer-Lindenberg et al., 2011).
Nevertheless, the neural mechanisms through which OT
regulates social behavior and cognition—particularly in
humans—remain poorly understood. Standard noninvasive
neuroscientific techniques, such as functional magnetic reso-
nance imaging (fMRI) and transcranial magnetic stimulation
(TMS), used to study human brain and cognition are limited
in their capacity to reveal the neuronal and circuit mechan-
isms that mediate the regulation of social behavior and
cognition by OT. Conversely, rodent models permit exqui-
sitely fine dissection of these neural pathways but lack the
behavioral complexity of human social function.

Compared to other animals, primates, including humans,
are unique in that they show remarkably complex social
behavior in a society typically made up of many individuals.
Adapting to increasing social complexity may have played a
major role in primate brain evolution (Dunbar and Shultz, 2007).
For example, across primate species, social complexity, as
measured by group size, strongly predicts forebrain volume
(after correcting for body size) (Dunbar, 1998). Although rodents
offer the opportunity for exploitation of powerful molecular
genetic techniques, their social behavior is not very similar to
the social behavior of humans. While molecular genetic tech-
niques are only beginning to be developed for use in non-
human primates (Diester et al., 2011; Sasaki et al., 2009), their
social behavior is much more similar to the social behavior of
humans.

Here we argue that a rhesus macaque model (Macaca
mulatta) can effectively bridge this gap. Rhesus macaques are
Old World monkeys that live in large, hierarchical, and mixed-
sex social groups, that last shared a common ancestor with
humans some 25 million years ago (Smuts, 1987). Critically,
rhesus macaques display basic aspects of complex social
behaviors that are typically considered ‘uniquely human’
(Frith and Frith, 2007; Saxe, 2006). These include social imitation
(Ferrari et al., 2006; Subiaul, 2004), prosocial behaviors (Chang
et al, 2011; Masserman et al., 1964), as well as understanding
others' perceptions (Flombaum and Santos, 2005; Santos
et al., 2006). Mental capacities like these might be fundamental
building blocks for empathy and theory of mind. Such simila-
rities in social behaviors make rhesus macaques excellent
models for studying neuropsychiatric conditions accompanied
by complex social deficits, such as autism spectrum disorders

(Watson and Platt, 2012). Although there are undoubtedly some
differences between humans and rhesus monkeys (Byrne and
Whiten, 1988), such as the strength of prosociality, rhesus
macaques are outstanding models for studying the neural
mechanisms underlying psychiatric disorders marked by social
deficits. Due to their remarkably similar anatomy and physiol-
ogy to humans, rhesus macaques have long served as the gold
standard for electrophysiological, pharmacological, and lesion-
based investigations into complex cognitive processes. In this
review we highlight recent advances in understanding how OT
influences social behavior in rhesus macaques, paving the way
for future investigations into the neural mechanisms mediating
these influences.

2. Inhaling OT increases its concentration
in the brain

Numerous human studies have demonstrated that intrana-
sally administered OT can modulate complex social cogni-
tion. One of the most exciting findings from recent OT studies
is that the peptide appears to rescue some social deficits in
individuals with psychopathological conditions (for a review,
see: Insel, 2010; Meyer-Lindenberg et al., 2011). The clinical
and basic science communities are currently working
together to translate basic OT research into useful and safe
OT therapies for social disorders (Miller, 2013). Nevertheless,
whether or not intranasal administration of OT actually
translocates the peptide into the central nervous system
(CNS) remained unknown until recently. In humans, the
closest demonstration was for arginine vasopressin (AVP),
another neurohypophysial hormone with social functions
closely related to OT and differing in only two amino acids.
Intranasally administered AVP effectively increases CNS AVP
concentration for a long duration (>80 min.) in a dose-
dependent manner (Born et al., 2002). More recently, data
from rhesus macaques demonstrated that aerosolized OT
using a nebulizer system (Fig. 1A) effectively reaches the
brain. Using a pediatric nebulizer, we recently showed that
inhaled oronasal administration of OT increases its concen-
tration in the cerebrospinal fluid (CSF), measured at 30 min
post-delivery (Chang et al., 2012) (Fig. 1B). A recent micro-
dialysis study in rats and mice has demonstrated that nasal
administration of OT increases levels in the central nervous
system (sampled from the amygdala and hippocampus),
peaking 30-60 min from the time of nasal delivery
(Neumann et al., 2013). Subsequent work in primates from
another laboratory reported that the inhaled administration
of aerosolized OT effectively elevates OT levels in the CSF in
rhesus macaques, but the application of intranasal spray,
which has been the standard method in studies in humans,
does not (Modi et al., in press).

Anecdotally, monkeys readily accept and tolerate nebuli-
zation (e.g., training takes less than a week), a technique that
is routinely used in babies and young children to administer
drugs like albuterol to alleviate breathing difficulties, suggest-
ing that this method may prove both effective and acceptable
in young patients with neuropsychiatric disorders. This
tolerability is particularly desired for an early OT intervention
in young children or even infants. Further research will be
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Fig. 1 - OT concentration in the cerebrospinal fluid (CSF) and social development in rhesus macaques. (A) A nebulizer-based
inhalation setup using a nebulizer (PARI Baby Nebulizer) in rhesus macaques. Notice that both nose and mouth are covered with the
inhalation mask. Top, a training phase in which juice rewards are delivered through the nebulizer mask (about a week). Bottom, a
treatment phase in which aerosolized OT or saline solutions are delivered to the monkeys. (B) OT concentration in the CSF after
inhaling 25 IU of OT (red) or saline (dark gray) in monkeys (5 min of nebulization at a 5 IU/min). The CSF samples were obtained from
cervical punctures at 30 min post-delivery. Colored outlines on data points identify individual monkeys. Arrows with matching
colors emphasize the CSF OT concentrations following saline (baseline) and OT inhalations within the same two monkeys. ¥, P<0.05,
Welch two-sample t test. (C) Different levels of baseline CSF OT for mother-reared and nursery-reared male rhesus macaques across
18, 24, and 36 months of age. ¥, P<0.05, ANOVA. (D). Enhanced duration of affiliative behavioral engagements (e.g., allogrooming and
reciprocal male mounting) in mother-reared compared to nursery-reared monkeys. The inset shows reduced frequency of
aggressive behaviors toward conspecifics for mother-reared compared to nursery-reared monkeys. *, P<0.05, ANOVA.

[B adapted from: Chang, S.W.C., Barter, ].W., Ebitz, R.B., Watson, K.K., Platt, M.L. (2012). Inhaled oxytocin amplifies both vicarious
reinforcement and self reinforcement in rhesus macaques (Macaca mulatta). Proc. Natl. Acad. Sci. 109, 959-964, Copyright (2012)
National Academy of Sciences, U.S.A.; G, D adapted from: Winslow, ).T., Noble, P.L., Lyons, C.K., Sterk, S.M., Insel, T.R. (2003). Rearing
effects on cerebrospinal fluid oxytocin concentration and social buffering in rhesus monkeys. Neuropsychopharmacology 28,
910-918, Copyright (2003) Nature Publishing Group].



60 BRAIN RESEARCH 1580 (2014) 57-68

needed to confirm whether the enhanced efficacy of oronasal
nebulization of OT translates to humans. The outcome of
such investigations will have a critical impact on how OT is
administered to individuals in clinical settings as well as how
peripheral versus central effects of OT on social cognition are
understood.

Although effective, non-invasive, and easy to administer,
it is virtually impossible to determine the precise amount
delivered to the brain using intranasal or inhaled adminis-
tration. During the intranasal or inhalation process, some
amount of OT is bound to be absorbed peripherally or simply
leak out. This limitation of intranasal and inhalation delivery
may limit the attractiveness of OT therapy if it requires a
precise dose to be effective and safe. Future studies in
animals should focus on estimating, as accurately and
reliably as possible, the amount of OT delivered versus not
delivered to the brain following intranasal or inhalation
administration.

3. OT is critical for normal social development
in rhesus macaques

Like humans (Hinde, 1974), the development of social beha-
vior in infant rhesus monkeys depends critically on how they
are raised. Infant monkeys raised away from their mothers
later show a number of social deficits and stress-related
abnormalities (Champoux et al., 1992; Harlow et al., 1965;
Sackett, 1984; Suomi, 1991; Winslow et al., 2003). Based on the
importance of OT in mother-infant relationships and
bonding-related behaviors, such as mutual gaze, vocaliza-
tions, and affiliative touching (Feldman et al., 2007; Francis
et al., 2000; Galbally et al., 2011; Pedersen, 1997; Riem et al.,
2011; Strathearn et al., 2009), it seems likely that the peptide
plays a crucial role in the early development of social
behavior. Indeed, OT seems to shape the social behavior of
both mothers and their infants. Evidence suggests that
individual differences in maternal behaviors (e.g., attachment
styles) are linked to oxytocinergic systems in reward-related
brain regions, such as ventral striatum and amygdala (Francis
et al., 2000; Strathearn et al., 2009). In rhesus macaques,
baseline CSF OT levels, but not CSF AVP levels, are signifi-
cantly reduced in males raised in a nursery compared to
peers raised by their mothers (Winslow et al., 2003) (Fig. 1C),
confirming a specialized role of OT in early social develop-
ment. Furthermore, mother-reared monkeys display substan-
tially more affiliative behaviors (e.g., allogrooming and
reciprocal male mounting behaviors) (Fig. 1D) and less
aggressive behaviors (Fig. 1D inset) toward other individuals,
(For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
suggesting a link between CNS OT levels and affiliative social
tendencies developed later in their lives (18-36 months of age)
(Winslow et al.,, 2003). Similarly, human children who are
neglected by their parents immediately after birth also show
significantly reduced urinary OT levels later on (on average age
of 4.5 years old) (Wismer-Fries et al., 2005). It remains to be
determined whether urinary OT levels are directly associated
with behaviors mediated by the central oxytonergic system.
Overall, one needs to be cautious in interpreting these results

since some variables other than early developmental style
could be driving the changes in either central or peripheral OT
levels. Furthermore, it is likely that the hypothalamic-pitui-
tary-adrenal (HPA) system may contribute to the effects of
different rearing conditions, resulting in changes in both social
behavior and OT function. Nevertheless, OT levels (present
either in the central or periphery system) are correlated with
long-lasting social behaviors shaped from the very first encoun-
ters between infants and mothers. These findings strongly
endorse the initiation of OT-based therapies as early as possible
(using a tolerable nebulizer method) after detection of a
neuropsychiatric disorder with social deficits, such as autism.

4. OT amplifies intrinsic social motivation
in rhesus macaques

Much of our social interactions are driven by reinforcement,
both direct rewards we receive ourselves and the reward we
experience when good things happen to others (i.e., vicarious
reinforcement (Bandura et al., 1963; Berber, 1962)). How might
OT in the CNS shape both self and vicarious reinforcement
during social decisions? We recently developed a social
reward-allocation paradigm in rhesus macaques (Chang
et al,, 2011), in which an actor monkey makes a series of
decisions to deliver juice rewards to himself, to a recipient
monkey present in the room, to both simultaneously, or to no
one. When given a choice between rewarding self and
rewarding self and the other monkey together at no addi-
tional cost, actor monkeys prefer to deliver juice rewards to
themselves only, displaying an antisocial preference (Chang
et al.,, 2011). Moreover, not surprisingly, when given a choice
between rewarding themselves only and the recipients only,
the actor monkeys prefer to deliver juice almost exclusively
to themselves (Chang et al., 2012, 2013a). On the other hand,
when choosing between rewarding the other monkey and
rewarding no one, the same actor monkeys prefer to deliver
juice rewards to the recipient monkey, demonstrating an
other-regarding preference that in humans would be consid-
ered prosocial (Chang et al., 2011, 2012, 2013a).

Oronasal nebulization of OT amplifies these self-regarding
and other-regarding preferences in rhesus macaques (Chang
et al,, 2012). When choosing between allocating juice rewards
to a recipient monkey and no one at all, exogenous OT
enhances the baseline prosocial bias (Fig. 2A). Amplified
prosocial preference is accompanied by an increase in gaze
shifts to the recipient monkeys' face region following OT
(Fig. 2B). Critically, the OT-treated actors do not increase such
gaze shifts to the recipient monkeys when the juice rewards are
delivered to the recipients by the experimenter (i.e., cued
condition) (Chang et al, 2012). These OT-mediated gaze pat-
terns during active decision-making suggest a link between
reinforcing action and observation of the rewarding experience
of the recipient monkeys. Such OT-mediated increases in
attention to social stimuli like eyes and faces have been
well documented in healthy humans as well as those with
autism spectrum disorders (e.g., Andari et al., 2010; Guastella
et al., 2008).

Furthermore, inhaled OT significantly increases reaction
times when the actor monkeys choose between donating juice
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Copyright (2012) National Academy of Sciences, U.S.A.].

rewards to the recipient monkey and no one (Chang et al., 2012)
(Fig. 2C), inviting the possibility that OT promotes prosocial
choices by increasing internal deliberative processing in rhesus
macaques. Such increased deliberation processes might be
necessary for enhancing prosocial behaviors in highly despotic
rhesus macaques, compared to humans who seem to sponta-
neously prefer, and thus show faster reactions times for,
prosocial decisions (Rand et al.,, 2012). These results suggest
that OT enhances vicariously reinforcing actions by possibly
coupling reinforcement and social observation.

By contrast, when choosing between delivering juice
rewards to themselves and to the recipients, inhaled OT
amplifies the self-regarding preference (i.e., delivering juice
to only themselves over only the recipients), essentially
eliminating the small number of prosocial choices in this
competitive context (Fig. 2A). Therefore, as in humans (Bartz
et al., 2011), OT seems to elicit context-specific social beha-
viors in rhesus macaques. OT-mediated enhancement of

social preferences in rhesus macaques is consistent with
the effects of OT manipulation on prosocial choices in pair-
bonding marmosets (Callithrix penicillata). In that study, treat-
ment with an OT receptor antagonist effectively eliminated
species-typical food sharing behavior between paired male
and female marmosets (Smith et al., 2010). Taken together,
these observations are consistent with the hypothesis that
OT regulates the gain of pre-existing social preferences rather
than changing their fundamental character.

5. OT relaxes social vigilance, thereby
permitting social exploration in rhesus macaques

One way to promote social interactions is by modulating the
social state of an animal in order to encourage social
exploration. To investigate the role of OT in modulating the
social state in rhesus macaques, our group has recently
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investigated social vigilance behavior in male monkeys
following OT inhalation (Ebitz et al., 2013). When monkeys
choose whether to acquire different types of visual informa-
tion about the local social context (viewing different social
images), OT selectively reduces species-typical tendencies to
view the faces of dominant monkeys, a threatening but
highly informative stimulus (Fig. 3A). Inhaled OT also elim-
inates the privileged processing for dominant faces over
other images, effectively slowing monkeys down when mak-
ing this particular decision (Fig. 3B). Moreover, OT substan-
tially attenuates species-typical distraction by the peripheral
flash of images of unfamiliar monkey faces, indexed by a
reduction in gaze deflection towards them (Fig. 3C). These
findings endorse the idea that OT helps regulate species-
typical social vigilance. Reducing social vigilance state in turn
could free up cognitive resources and promote social explora-
tion (Ebitz et al., 2013).

Consistent with the role of OT in reducing social vigilance
state, another recent study in rhesus macaques reported that
inhaled OT selectively reduces attention to emotional facial
expressions while enhancing attention to faces with direct
gaze (Parr et al.,, 2013) (Fig. 3D), which is a threatening gesture
in macaques. Moreover, OT delivered intranasally to squirrel
monkeys (Suimiri sciureus) attenuates stress responses by
lowering adrenocorticotropic hormone (ACTH) (i.e., cortico-
tropin) levels following 90 min of social isolation (Parker et al.,
2005). Such OT-mediated reduction in ACTH levels suggests
that OT regulates social stress by acting through the hypotha-
lamic-pituitary-adrenal (HPA) axis. Taken together, these
findings suggest that OT may facilitate social interactions
by lowering social vigilance and reducing social stress (Carter,
1998; Chang et al., 2013b; Ebitz et al., 2013; Neumann et al,,
2000b; Uvnés-Moberg et al., 1994).

Following intranasal OT (Syntocinon spray, Novartis),
humans spend more time visually inspecting the eye region
of faces compared to placebo (i.e., all inactive ingredients
except for the peptide) (Gamer et al., 2010; Guastella et al.,
2008). Moreover, intranasal OT improves test scores for the
Reading the Mind in the Eyes Test (RMET) (Domes et al,
2007), which requires participants to infer mental states
from photographs of eyes (Baron-Cohen et al., 2001). Intra-
nasal OT also increases attention to the eyes in individuals
with social deficits. Individuals with autism, for example,
spend more time attending to the eye region of faces
following intranasal OT compared to placebo (Andari
et al., 2010). These results in humans may at first appear
contradictory to the social vigilance results from rhesus
monkeys (Ebitz et al.,, 2013; Parr et al.,, 2013). Although
exogenous OT reduces social vigilance to social threats in
rhesus macaques (Fig. 3A), it increases the amount of time
rhesus spend looking at faces and eyes, as in humans (see
Discussion in Ebitz et al., 2013). Moreover, when deciding
whether or not to allocate juice rewards to another monkey
present in the room, inhaled OT increases gaze to the face
of the recipient monkey (Fig. 2B) (Chang et al., 2012). Based
on these results, we conjecture that reduced vigilance
might play a permissive role in social approach behavior,
favoring increased attention to faces and eyes and subse-
quent enhancements in social cognition. Further studies
will be necessary to test the idea that OT plays a

permissive, rather than promotional, role in social behavior
in rhesus macaques, and perhaps humans as well.

Increasing social exploration should have obvious conse-
quences for forming and maintaining social bonds. Research
in non-human primates as well as in humans (Bartz et al.,
2011; De Dreu, 2012; Guastella et al.,, 2012; Heinrichs and
Domes, 2008; Insel, 2010; MacDonald and Feifel, 2013; Meyer-
Lindenberg et al, 2011) suggests that OT might be an
important component of the neuroendocrinological regula-
tion of social relationships. In non-human animals, social
relationships can be studied by examining naturally-
occurring social bonds (Brent et al.,, in press, 2013). A recent
study in wild chimpanzees (Pan troglodytes) measured urinary
OT levels after grooming bouts with different partners
(Crockford et al.,, 2013). urinary OT levels after grooming
behaviors predicted the strength of social bonds among the
partners, and, surprisingly, this effect was not explained by
genetic relatedness. Therefore, the action of OT in social
processing seems to critically depend on the history of social
interactions between two individuals. Future studies exam-
ining how prior social experience influences neural circuits
regulated by OT should reveal important new insights into
the neural basis of social relationships.

6. OT receptor distribution in the brain

Current knowledge regarding the distribution of OT receptors
in the mammalian brain is derived primarily from rodents,
though there have been some studies in humans and mon-
keys. In rats, some of the regions with high densities of OT
receptor include the olfactory nucleus, hypothalamic regions,
and the central amygdala (Tribollet and Barberis, 1996;
Tribollet et al., 1992). Importantly, varying levels of OT
receptors were detected across many functional subsystems,
such as the limbic, basal ganglia, cortical, brainstem and the
spinal cord (Tribollet et al., 1992). Autoradiographic studies
have demonstrated that the distributions of OT receptors
differ greatly between monogamous prairie voles (Microtus
ochrogaster) and polygamous montane voles (Microtus monta-
nus), in a manner consistent with differences in social
bonding between these species (Insel and Shapiro, 1992;
Young and Wang, 2004). Compared to montane voles, OT
receptors in prairie voles are densely distributed in prelimbic
areas, including a region analogous to the primate anterior
cingulate gyrus, the nucleus accumbens, the bed nucleus of
stria terminalis, and the lateral amygdala (Insel and Shapiro,
1992; Young et al.,, 1996). In human and non-human primates,
immunoreactive studies have yielded mixed results with
respect to finding OT receptors in the same areas as in
rodents (Caffé et al., 1989; Jenkins et al., 1984; Sofroniew
et al, 1981; Wang et al.,, 1997). Similar to findings in rats
(Audigier and Barberis, 1985; Tribollet et al., 1992), OT immu-
noreactive cells were found in the hypothalamus, the bed
nucleus of the stria terminalis, and the medial amygdala in
common marmosets (Callithrix jacchus) (Wang et al., 1997), the
new world primates that pair-bond similar to prairie voles.
Nevertheless, studies in human and non-human primates
have also found some notable differences in OT receptor
distributions compared to rodents (Boccia et al., 2013; Caffé
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et al,, 1989; Jenkins et al., 1984; Loup et al., 1991). A recent
immunohistochemical study in postmortem human brains
localized OT receptors in the central and basolateral amyg-
dala, medial preoptic area, hypothalamus, anterior cingulate
cortex, and ventrolateral septum, among others (Boccia et al.,
2013). In contrast to rat brains, the authors did not localize OT
receptors in the hippocampus, supraoptic nucleus, and
nucleus accumbens, among others, in their human brain
tissues (Boccia et al., 2013). Clearly, resolving the distribution
and binding affinities of OT receptors in human and non-
human primate brains is a high priority and will require
development of new ligands for OT receptors. Despite differ-
ences between species and these methodological limitations,
it is interesting to note that some regions appear to express
OT receptors across species, notably the amygdala. In the
next section, we review current understanding of the role of
the amygdala in OT-mediated social cognition.

7. Amygdala and context-specific
OT-mediated modulations

The amygdala, which possesses an unusually high density of
OT receptors (Francis et al., 2000; Insel and Shapiro, 1992;
Young et al., 1996), may be a key site through which OT
influences social behavior. The specialized functions of the
amygdala in social cognition has been extensively reported in
healthy humans and amygdala-damaged human patients (for
a review, Adolphs, 2010). Experimental lesions to the amyg-
dala in rhesus macaques lead to stereotyped social deficits,
such as reduced aggression and increased submission
(Amaral, 2002; Dicks et al., 1969; Kling, 1972; Kluver and
Bucy, 1939; Meunier et al., 1999; Rosvold et al., 1954). Further-
more, neonatal bilateral amygdala lesions in rhesus maca-
ques result in blunted affective expressions in adulthood
toward both positive and negative stimuli (Bliss-Moreau et al.,
2011). Moreover, neurons in the primate amygdala signal
motivational values and is causally implicated in reward-
guided learning (Baxter and Murray, 2002; Paton et al., 2006).
These findings place the amygdala as an ideal anatomical
substrate for the OT-mediated processing of motivation and
vigilance state for guiding social behavior.

To date, most of the OT research examining the role of the
amygdala in social cognition has focused on, broadly speaking,
social state modulations. Human functional neuroimaging
studies have shown that inhaling OT reduces BOLD (blood-
oxygen-level dependent) activation in the amygdala when
viewing or associating aversive social stimuli (Kirsch, 2005;
Petrovic et al.,, 2008), during trust formation (Baumgartner
et al,, 2008), in response to pain (Singer et al., 2008), and in
response to infant crying (Riem et al., 2011). Furthermore, OT
inhalation reduces amygdala activation when viewing fearful
faces but increases amygdala activation when viewing happy
faces (Gamer et al., 2010). These findings suggest that OT
modulates context-specific processing associated with both
negative and positive valence in the amygdala, consistent with
the encoding of both positive and negative motivational values
by the primate amygdala neurons (Belova et al., 2007; Paton
et al.,, 2006). For mediating fear-related responses, it has been
verified in rats that oxytocinergic neurons regulate autonomic

fear responses through a specialized circuit via the central
amygdala (Huber, 2005; Viviani et al., 2011). This OT-mediated
autonomic circuit might be also utilized for regulating social
vigilance. Whether there are parallel oxytocinergic circuits for
social motivational processing in the amygdala (e.g.,, in the
basolateral subdivisions) remains unknown. Taken together,
these findings suggest that OT may promote social exploration
through modulations in socioemotional processing within the
amygdala and its interconnected limbic circuitry.

Interestingly, one study on human participants found that
the BOLD signals in the amygdala in women, unlike in men,
actually increase when viewing fearful faces (Domes et al,
2010). One possible mechanism for this gender-specific effect
of OT in amygdala activations is the interactions between
oxytocin receptors and gonadal steroid hormones (Domes
et al, 2010). It has been shown that estradiol promotes
oxytocin receptor binding by increasing the oxytocin receptor
concentrations, whereas progesterone inhibits oxytocin
receptor by repressing its synthesis (Choleris et al., 2008;
Gimpl et al., 2002; Nissenson et al., 1978). Interactions
between OT and gonadal steroids have also been reported
in monkeys as well. In male squirrel monkeys, ventricular
injection of OT enhances sexual and aggressive behaviors
toward a familiar female monkey in dominant males who
have high testosterone levels, but enhances affiliative beha-
viors like touching and huddling in subordinate males who
have low testosterone levels (Winslow and Insel, 1991). Such
gender-specific effects of OT have been documented numer-
ously in prairie voles (Microtus ochrogaster), and are verified to
be centrally-mediated based on ventricular peptide manip-
ulation experiments. For instance, the context-specific role of
OT in pair-bonding and mate-guarding aggression is more
critical to female voles, whereas the role of AVP in these two
types of behaviors is more critical to male voles (Bales and
Carter, 2003; Cushing and Carter, 2000; Insel and Hulihan,
1995; Winslow et al., 1993; Young and Wang, 2004). Further
research is required to understand how and where in the
brain OT system interacts with sex hormones to differentially
influence social cognition in men and women. These inter-
actions may govern the type of social states that is encour-
aged by OT in a context-specific fashion.

8. Caveats in developing OT therapy for social
disorders

Without doubt, more research is necessary to fully and safely
develop and implement OT treatment protocols for social
deficits. In particular, determining the efficacy and safety of
chronic OT treatment is a top priority because the majority of
OT studies to date have focused on establishing the effects of
acute OT on specific social functions. Unfortunately, chronic
studies are practically difficult and sometimes ethically
questionable in human subjects. For these reasons, we
believe that non-human primates provide suitable models
for monitoring the long-term safety and efficacy of repeated
OT administration, both behaviorally and physiologically.
Using non-human primates, researchers can administer OT
at a regular interval (e.g., daily or weekly) in the same
subjects over a long time period (e.g., months or years) to
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estimate the efficacy and safety of repeated OT treatments in
humans. It is also feasible to record neuronal activity or
measure hemodynamic responses regularly over time in such
studies in order to evaluate efficacy and safety at the
neurophysiological level. Furthermore, it is also feasible to
conduct other physiological measurements every month to
assess inflammatory processes, including urine and blood
analysis to measure cytokine and C-reactive protein levels.

Another line of future research should focus on the
potential side effects of repeated exogenous OT exposure. In
some cases, OT has been shown to evoke antisocial beha-
viors, such as envy (Shamay-Tsoory et al., 2009), negative out-
group bias (De Dreu et al., 2011), negative social perception in
individuals with anxious attachment (Bartz et al., 2010),
declined social interactions (Bales and Carter, 2003), as well
as aggressive behaviors, such as mate-guarding aggression
displayed by female voles toward other females (Bales and
Carter, 2003). These important studies support the idea that
the effects of OT depend critically on behavioral context
(Bartz et al., 2011). Future studies thus need to determine
the neurobiological mechanisms responsible for antisocial or
aggressive behaviors elicited by OT. Neuronal recording
studies in non-human primates designed to evoke their
natural prosocial or antisocial behaviors following OT infu-
sion will provide important insights into the underlying
neural mechanisms, which can be refined by additional
studies using molecular genetic techniques in rodents. It is
also important to recognize the possibility that OT may
acutely promote positive social behavior but may later pro-
mote negative social behaviors after repeated or long-term
administration.

o. Concluding remarks

A rhesus macaque model of OT research has a clear transla-
tional value for understanding and treating neuropsychiatric
disorders with social deficits. Most importantly, it can provide
a unique opportunity for investigating how OT mediates
human-like social cognition at both the neural circuit level
and the level of the whole animal. The social behaviors of
rhesus macaques are remarkably similar to those of humans
(Maestripieri, 2007; Smuts, 1987). Arguably, most of the
rudimentary forms of complex human cognition are present
in these animals. Coupled with complex social behaviors, the
amenability to single-unit recording and pharmacological
perturbations permits scientists to directly examine the
neural mechanisms mediating OT influences on social cogni-
tion. Furthermore, rhesus macaques are also tolerant to
controlled experiments with an extremely high number of
repeated trials (~1000 trials per day) allowing precise quan-
tifications of behaviors as well as how these behaviors are
related to underlying neuronal activity, which by nature is
often highly variable. The efficacy of the nebulized inhalation
method for delivering OT to the CNS in alert rhesus maca-
ques prior to experimental tasks (Chang et al., 2012; Modi
et al., in press) makes it easier to compare neurophysiological
results from animal studies with behavioral or neuroimaging
results obtained from both healthy people and those with
neuropsychiatric disorders. Finally, non-human primates will

be valuable for monitoring the efficacy and safety of repeated
OT administrations continuously for months and even years
at the behavioral as well as neuronal level in a controlled
setting.
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The present paper summarizes functional imaging studies investigating the effects of
intranasal oxytocin (OT) on brain responses to social stimuli. We aim to integrate previous
research, point to unresolved issues and highlight perspectives for future studies. The studies
so far have focused on identifying neural circuits underlying social information processing
which are particularly sensitive to modulations by exogenous OT. Most consistently,
stimulus-related responses of the amygdala and associated areas within the prefrontal and
temporal cortices have been found to be modulated by OT administration. However, there are
a number of unresolved issues related to the possible role of sex differences and hormonal
status, genetic variability, and individual differences in socio-cognitive functioning. Future
studies focusing on these open questions are expected to contribute to a more nuanced
understanding of the role of the central OT system in humans and may provide the basis for
novel treatment approaches for mental disorders characterized by social deficits.
This article is part of a Special Issue entitled Oxytocin and Social Behav.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction as pair bonding and parental care (e.g. Insel and Young, 2001;
Young and Wang, 2004).

1.1.  The role of oxytocin in human social cognition and In humans, most studies investigating the behavioral and

behavior neural effects of OT have used placebo-controlled intranasal

application. The rationale for this approach is based on

Within the last decade, the neuropeptide oxytocin (OT) has
attracted increasing attention. Its importance for species-
specific social functioning was first revealed by animal
studies demonstrating that central OT receptor distribution
critically determines several aspects of social behavior such

findings that neuropeptides are capable of reaching the
central nervous system following intranasal administration
(Born et al.,, 2002). An actual increase in central OT levels
following intranasal OT administration was recently con-
firmed by microdialysis in relevant brain regions of rats and
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mice (Neumann et al., in press). Studies that have explored
associations of peripheral OT levels with social stimulus
processing are highly controversial regarding the validity
of the assessment and interpretation with respect to CNS
availability of the neuropeptide and need further investiga-
tion (Anderson, 2006; Horvat-Gordon et al., 2005; Landgraf
and Neumann, 2004; Carter et al., 2007; for an overview, see
Heinrichs et al., 2009).

To date, effects of OT on human social cognition and behavior
have been summarized in several reviews and meta-analyses (e.
g. Heinrichs and Domes, 2008; Heinrichs et al., 2009; Shahrestani
et al.,, 2013; Striepens et al,, 2011). The main body of empirical
evidence so far suggests beneficial effects of intranasal OT on
several aspects of social information processing and social
behavior including eye gaze, facial emotion recognition, social
reward processing and trust (for recent reviews, see Guastella
and MacLeod, 2012; Meyer-Lindenberg et al,, 2011; Shahrestani
et al.,, 2013; Van JJzendoorn and Bakermans-Kranenburg, 2012).
Together with results from animal studies, these findings point
to the therapeutic potential of interventions in the central
nervous OT system for the treatment of mental disorders
characterized by social impairments like social anxiety, schizo-
phrenia or autism spectrum disorders (for recent reviews, see
Meyer-Lindenberg et al., 2011; Modi and Young, 2012; Striepens
et al., 2011). Despite substantial evidence for beneficial effects of
OT on social behavior, the neural mechanisms underlying these
effects are still not well understood in humans.

1.2.  The oxytocin system in the human brain

In rats, OT receptors are highly expressed in olfactory and
hypothalamic regions, structures of the limbic system (e.g.
amygdala), the thalamus, basal ganglia, as well as in the brain
stem and spinal cord (for a review, see Gimpl and Fahrenholz,
2001). OT binding sites in humans, however, remain rather
elusive. Preliminary results suggest that OT receptor distribu-
tion in the human brain differs substantially from other species
with higher densities in dopaminergic neurons of the sub-
stantia nigra and the cholinergic nucleus basalis of Meynert
(Loup et al., 1991). However, Gimpl and Fahrenholz (2001) point
to the possibility that high levels of OT in one region might
decrease local OT receptor expression to an extent that does
not allow for detection by common methods like radioligand-
based autoradiography. Thus, radioligands for in vivo PET
studies in humans are still needed to provide a better under-
standing of OT receptor distribution in the human brain.
While mapping of OT receptors in the human brain is still
in its infancy, functional brain imaging techniques allow for
mapping of brain regions potentially mediating the effects of
OT on human cognition and behavior. Some studies have
explored OT effects on brain activation using EEG or MEG
(Bick et al., 2013; Herzmann et al., in press; Hirosawa et al,,
2012; Huffmeijer et al., 2013, 2012; Perry et al., 2010; Sheng
et al., 2013). These methods have high temporal but rather
low spatial resolution, which complicates localization of
neural networks associated with the cognitive process under
study, especially if the brain areas of interest are located
subcortically. In comparison, spatial resolution is much
higher in functional magnetic resonance imaging (fMRI),

the most commonly used brain imaging tool in human OT
research.

1.3.  Aims and structure of this article

Here, we aim to provide a critical reflection on the current state
of fMRI findings in OT research and highlight methodological
challenges and open questions that should be addressed by
future studies. We will start with a short review of selected fMRI
studies integrating most of the previous evidence for effects of
intranasal OT on neural correlates of social cognition and
behavior (Table 1). In the majority of these studies, a single
dose of OT was administered to healthy individuals following a
randomized, placebo-controlled, experimental protocol. The
cognitive functions under study included face perception and
emotion processing (Domes et al., 2010a, 2007; Gamer et al.,
2010; Kirsch et al., 2005; Lischke et al., 2012; Petrovic et al., 2008;
Rupp et al.,, 2012), proxies of parental sensitivity and attach-
ment (Riem et al., 2012, 2011; Rupp et al., 2013; Wittfoth-Schardt
et al,, 2012), as well as different aspects of social feedback
processing (Baumgartner et al., 2008; Groppe et al., 2013; Rilling
et al., 2012). So far, few studies have focused on potential effects
of intranasal OT on brain responses in clinical samples char-
acterized by social deficits such as social anxiety (Labuschagne
et al., 2011, 2010), borderline personality disorder (Bertsch et al.,
in press), or autism spectrum disorders (Domes et al., 2013a, in
press; Watanabe et al., in press).

2. Effects of OT on neural correlates of face
perception and emotion processing

2.1.  The neural basis of social threat processing and
anxiolytic effects of OT

Results from both animal studies and human behavioral
studies have consistently indicated anxiolytic effects of OT
(e.g. Bale et al., 2001; Heinrichs et al., 2003; Huber et al., 2005;
Viviani et al., 2011). An initial fMRI study therefore focused on
OT effects on neural responses to threatening scenes and
facial expressions (Kirsch et al., 2005). Compared to placebo,
intranasal administration of OT dampened amygdala reac-
tivity to negative social cues and reduced functional coupling
of the amygdala with brainstem regions. These results
correspond to recent findings from animal studies indicating
that OT decreases behavioral fear responses by modulating
amygdala signaling to brainstem regions (Knobloch et al,
2012; Viviani et al., 2011).

To gain a better understanding of potential anxiolytic OT
effects in humans, a later fMRI study combined intranasal OT
administration with a fear-conditioning paradigm in which
neutral facial expressions were paired with electric shocks
(Petrovic et al., 2008). After conditioning, participants were
administered a single dose of OT and underwent fMRI scanning
during which they viewed the same faces with shock electrodes
applied. OT attenuated changes in affective stimulus ratings
following fear conditioning and reduced neural responses to
conditioned as compared to unconditioned stimuli in the
amygdala, the medial temporal gyrus and the anterior cingulate
cortex. These structures are discussed as part of a neural alarm



162

BRAIN RESEARCH 1580 (2014) 160-171

Table 1 - Effects of intranasal oxytocin administration on brain responses to positive and negative stimulus exposure in

healthy men and women.

Negative valence

Positive valence

Sample  Stimuli OT effects References Stimuli OT effects References
Male
Faces and JACC, AMY, CER, Kirsch et al. (2005), Domes  Faces and |AMY Domes et al. (2007)
scenes dIPFC, FG, ITL, et al. (2007), Petrovic et al.  scenes 1AMY Gamer et al. (2010)
MED, MTL, OFC, (2008), Gamer et al. (2010),
PAC, POC, PRC, Striepens et al. (2012),
THAL, vIPFC Sauer et al. (2013)
FC: AMY-BS,
AMY-INS
1INS Striepens et al. (2012)
Social |ACC, AMY, BS, Baumgartner et al. (2008),  Social tAMY, CAU Rilling et al. (2012)
feedback CAU, INS, MB, Rilling et al. (2012) feedback
POC
1VIPFC, vmPFC Rilling et al. (2012)
FC: INS-AMY,
INS-IFG
Physical pain |AMY, MB, STRIA  Singer et al. (2008)
10FC Singer et al. (2008)
Female
Faces and |AMY, dIPFC Domes et al. (2010a, Faces and ISMA Lischke et al. (2012)
scenes 2010b), Rupp et al. (2012) scenes
1AMY, ATL, BS, Domes et al. (2010a, 1CER, FG, HIPP, Domes et al.
CER, dIPFC, FG, 2010b), Lischke et al. INS, MTG, ROL, (2010a, 2010b)
HIPP, INS, MTL, (2012) STG
POC, ROL, STG,
vIPFC
Social ICUN, POC, PRC Groppe et al. (2013) Social 1VTA, MTL, OCC Groppe et al. (2013)
feedback feedback
1VTA Groppe et al. (2013)
Infant crying |AMY Riem et al. (2011) Infant laughter  |AMY FC: AMY- Riem et al. (2012)
OCC
1IFG, INS Riem et al. (2011) 1FC: AMY-ACC, Riem et al. (2012)

AMY-ANG, AMY-
HIPP, AMY-MTL,
AMY-OFC, AMY-
PREC

t=increased brain activity, | =decreased brain activity, ACC=anterior cingulate cortex, AMY=amygdala, ANG=angular gyrus, ATL=anterior
temporal lobe, BS=brainstem, CAU=caudate nucleus, CER=cerebellum, CUN=cuneus, dIPFC=dorsolateral prefrontal cortex, FC=functional
connectivity, FG=fusiform gyrus, HIPP=hippocampus, [FL=inferior frontal lobe, INS=insula, ITL=inferior temporal lobe, MB=midbrain,
MTL=medial temporal lobe, MED=medulla, OCC=occipital cortex, OFC=orbitofrontal cortex, PAC=paracentral lobe, POC=postcentral lobe,
PRC=precentral lobe, PREC=precuneus, ROL=rolandic operculum, SMA =supplementary motor area, STG=superior temporal gyrus, STRIA=
striatum, THAL=thalamus, VIPFC=ventrolateral prefrontal cortex, vmPFC=ventromedial prefrontal cortex, and VTA=ventral tegmental area.

system in the context of threat processing (Liddell et al., 2005)
suggesting mitigation of the conditioned fear response follow-
ing OT administration. Taken together, the studies by Kirsch
et al. (2005) and Petrovic et al. (2008) suggest that dampening
effects of OT on neural reactivity to threat-related social stimuli
might mediate its anxiolytic effects on human social behavior
(Acheson et al., 2013; Heinrichs et al., 2003).

2.2.  Differential effects of OT on emotional valence
processing and social attention

OT effects within the amygdala, however, may not exclu-
sively be driven by negative stimuli. Within a passive-viewing

task, OT reduced amygdala responses to emotional faces
irrespective of valence (Domes et al., 2007), a result which is
at odds with the assumption that OT attenuates amygdala
responses specifically for threatening cues. Instead, the
dampening effects of OT on amygdala reactivity to emotional
faces as found in our study may reflect a broader mechanism
such as decreased vigilance or uncertainty towards social
events.

Such inconsistencies could also be explained by differen-
tial interactions of emotion processing with visual attention
processes. Accordingly, another study demonstrated that the
amygdala mediates OT effects on both social attention and
emotional valence processing in a healthy male sample
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(Gamer et al., 2010). More specifically, OT increased the
likelihood of reflexive saccades towards the eye regions of
faces independent of the displayed emotional expression.
This main effect was associated with an increase in posterior
amygdala activity. Discrimination of different emotional
expressions, on the other hand, was found to be associated
with anterior amygdala activity: OT attenuated activity for
fearful faces but increased activity for happy faces. A recent
study employing the same experimental paradigm in female
patients with borderline personality disorder showed that
OT reduced patients' hypervigilance for threat cues and
associated abnormal amygdala reactivity (Bertsch et al., in
press). Taken together, these results illustrate that OT effects
on visual attention should be taken into account when
studying its effects on social stimulus processing in the
amygdala.

2.3.  Effects of oxytocin on emotion processing
in women

In an initial study, a sample of healthy women received
intranasal OT or a placebo before viewing emotional or
neutral face stimuli in an MRI scanner (Domes et al., 2010a).
Compared to placebo, OT increased reactivity to fearful
facial expressions in brain areas involved in emotion proces-
sing, including the medial temporal lobe, amygdala,
fusiform gyrus, superior temporal gyrus, and brainstem, but
reduced activation in the prefrontal cortex. Increased amyg-
dala reactivity to negative stimuli after OT treatment in
healthy women was confirmed in studies using threat-
related scenes (Lischke et al., 2012) and briefly presented
facial expressions of anger (Bertsch et al, in press). The
increased amygdala reactivity under OT found in women
contrasts with earlier studies in men which consistently
reported attenuated amygdala responses following OT treat-
ment. This leads to the hypothesis that OT may exert
opposing effects on amygdala reactivity in healthy men
and women.

Moreover, effects of exogenous OT may differ depending
on individuals' endogenous OT levels, which are known to be
elevated in postpartum women (Drewett et al., 1982; Uvnés-
Moberg et al, 1990). This hypothesis is supported
by a recent fMRI study showing differential effects of OT
on amygdala activation in response to negative pictures
in nulliparous and postpartum women (Rupp et al.,, 2012):
nulliparous women had higher amygdala reactivity to
negative stimuli than postpartum women under placebo;
however, their amygdala reactivity was significantly
reduced by a single dose of intranasal OT, thereby making
their neural responses comparable to those observed in
postpartum women. Thus, OT-induced attenuation of
amygdala reactivity to arousing stimuli in women may
reflect the neural basis for the stress-buffering effects of
breastfeeding in postpartum women (Mezzacappa and
Katkin, 2002; for a review, see Heinrichs et al., 2002) and
between Dbreastfeeding, mother-
infant-bonding, and maternal care (Bosch and Neumann,
2012; Feldman et al., 2010, 2007; for a recent review, see
Galbally et al., 2011).

known associations

3. Effects of OT on brain responses to infant
and sexual cues

Several fMRI experiments examined effects of OT on respon-
siveness to infant cues as a proxy of parental sensitivity and
attachment. Healthy women were exposed to infant cry and
laughter sounds (Riem et al,, 2012, 2011) and infant pictures
(Rupp et al., 2013) following intranasal OT treatment. Under
placebo, exposure to infant crying elicited significant activa-
tion in the bilateral superior and middle temporal gyrus as
well as the right amygdala (Riem et al., 2011). Intranasal OT
reduced activation in the right amygdala but increased
activation within the insula and the inferior frontal gyrus.
During exposure to infant laughter, OT once again attenuated
amygdala reactivity to emotional infant sounds, suggesting a
mechanism that generalizes across positive and negative
acoustic infant cues (Riem et al., 2012). OT also enhanced
functional coupling of the amygdala with several brain
regions associated with emotion processing and regulation,
including the orbitofrontal cortex, anterior cingulate cortex,
hippocampus, and middle temporal gyrus. The results suggest
that OT might modulate fronto-cortical regulation of amygdala
activation. In addition, decreased amygdala reactivity in post-
partum women was also shown for the processing of infant
and sexual pictures (Rupp et al.,, 2013). A recent study on OT-
induced modulation of fathers' brain response to pictures of
infants shows different results (Wittfoth-Schardt et al., 2012):
intranasal OT administration decreased left globus pallidus
(GP) reactivity to pictures of the father's own child, and
reduced functional coupling of the left GP with the right GP,
the left hippocampus and the left middle frontal gyrus,
whereas amygdala activity appeared to be unaffected.

4. Modulation of neural activity by OT during
social feedback processing

4.1.  Effects of OT on neural circuitry of trust and
reciprocity

In initial studies, OT was found to increase human trust
behavior (Kosfeld et al.,, 2005), to maintain trust behavior
following social betrayal, and to reduce neural responses
associated with the experience of breached trust
(Baumgartner et al.,, 2008). Specifically, feedback of social
betrayal increased activation within the amygdala and cau-
date nucleus under normal conditions but not following OT
administration (Baumgartner et al., 2008). Another study
focused on reciprocal social cooperation in the context of a
prisoner's dilemma game (Rilling et al., 2012). Participants
played with a putative human partner or a computer partner
who could either reciprocate or defect on their cooperation.
Compared to placebo, intranasal OT increased reactivity of
the left caudate nucleus and the left amygdala when partici-
pants' cooperative behavior was mirrored by a putative
human partner as compared to a computer partner. Activa-
tion in both regions was highly correlated, suggesting that OT
increased the reward value of experienced cooperation or
enhanced the association of cooperative behavior with the
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human partner. Together, these results support the hypoth-
esis that OT shapes the processing of social cues in a
prosocial direction by increasing the reward value of positive
social cues while buffering against experiences of negative
emotionality.

4.2.  Effects of OT on neural correlates of social reward and
punishment processing

A recent study directly tested whether OT influences the
neural circuitry of social saliency and reward in the context of
social feedback processing (Groppe et al., 2013). Female
participants performed a social incentive delay task within
the scanner in which they had to respond as quickly as
possible to a cued target stimulus in order to receive social
reward (happy facial expressions) or avoid social punishment
(angry facial expressions). Under placebo, activation in the
ventral tegmental area positively predicted correct responses
in the social reward condition. OT increased activation in this
area during anticipation of both rewarding and punishing
social cues. This result is in line with the hypothesis that OT
increases the motivational salience of social stimuli by
modulating neural correlates of reward and punishment
processing.

5. Studies targeting clinical conditions and
individual differences

Several mental disorders with impairments in social infor-
mation processing and social interaction are characterized
by alterations in brain activation and connectivity. Such
alterations have recently been reviewed for schizophrenia
(Fitzsimmons et al., 2013), autism (Philip et al., 2012), and
social anxiety (Freitas-Ferrari et al,, 2010). While beneficial
effects of OT on social cognition and behavior have been
described for all of the above-mentioned neuropsychiatric
disorders, recent meta-analytic results suggest that OT treat-
ment may be specifically effective in autism spectrum dis-
orders (Bakermans-Kranenburg and van Ijzendoorn, 2013a).
Overall, only few studies have explored the neural mechan-
isms that might mediate effects of intranasal OT on social
cognition and behavior in clinical samples. Clearly, pre-
existing differences in neural response patterns of clinical
samples and healthy controls as well as individual drug
medication need to be factored in when studying potential
therapeutic effects of OT.

5.1.  OT-induced restoration of social cognition in autism

Autism spectrum disorders (ASD) are characterized by several
socio-cognitive impairments, including difficulties in recog-
nizing faces or appropriately interpreting emotional cues of
others. Previous evidence from behavioral studies suggests
that OT exerts beneficial effects on social cognition and
behavior in autism (Anagnostou et al., 2012; Andari et al,,
2010; Guastella et al., 2010). Based on these findings, recent
imaging studies focused on OT modulation of activity in the
social brain in autism. A first study tested for OT effects on
neural correlates of face processing in individuals with

Asperger Syndrome (AS) and typically developed controls
(Domes et al., 2013a). Intranasal OT administration induced
preferential processing of faces within the amygdala in AS
individuals which mirrored amygdala responses observed in
neurotypical controls under placebo. In another study, OT
improved emotion recognition performance and heightened
amygdala reactivity to emotional facial features (eyes and
mouths) in autistic individuals but not in typically developed
controls (Domes et al., in press).

A recent study examined effects of intranasal OT on socio-
communicational impairments in autism that stem from
problems in interpreting nonverbal social cues (Watanabe
et al.,, in press). When simultaneously-presented verbal and
nonverbal information was in conflict, OT increased the
number of judgments based on nonverbal as compared to
verbal information. For judgments based on nonverbal infor-
mation, OT enhanced activity in anterior cingulate and dorsal
medial prefrontal cortex - regions that were previously found
to display reduced activity in autistic individuals as com-
pared to typically developed controls (Watanabe et al., 2012).
Although a typically developed control sample was missing
in the study of Watanabe et al. (in press), the increase
in medial prefrontal cortex activity under OT may reflect
hormone-induced normalization of neural responses in
autistic individuals. In sum, preliminary evidence suggests
that OT may be capable of restoring neural correlates of social
cognition in autism.

5.2. Normalizing effects of OT on neural hyperreactivity in
social anxiety

Socially anxious individuals typically show enhanced orient-
ing towards socially threatening cues (Bar-Haim et al., 2007)
and facilitated social threat conditioning (Pejic et al., 2013).
These behavioral findings are mirrored in a neural hyper-
reactivity during social threat processing with a prominent
role of the amygdala (Freitas-Ferrari et al., 2010; Pejic et al.,
2013; Sladky et al., 2013). So far, two studies report modulat-
ing effects of OT on neural responses to emotional stimuli in
social anxiety disorder (SAD) (Labuschagne et al., 2011, 2010):
under placebo, individuals with clinical social anxiety as
compared to healthy controls displayed a hyper-reactivity
of the amygdala when processing facial expressions of fear
and an increased activity in the medial prefrontal cortex
(mPFC) and anterior cingulate cortex (ACC) when viewing sad
faces. Administration of OT reduced this neural hyper-
reactivity in social anxiety, supporting the assumption that
OT may reduce stress reactivity and exert anxiolytic effects
by modulating activation in neural correlates of threat pro-
cessing (Labuschagne et al., 2011, 2010).

5.3.  Influences of individual differences on reactivity to
intranasal OT

Evidence from several studies in healthy individuals suggests
that OT effects may be generally moderated by individual
levels of social functioning. For example, individuals with
higher autistic traits indicative of poorer socio-cognitive
functioning seem to show stronger beneficial effects of OT
on empathic accuracy (Bartz et al,, 2010). In female patients
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with borderline personality disorder, OT was found to
decrease interpersonal trust and social cooperation preferen-
tially in individuals with anxious attachment style and high
sensitivity towards social rejection (Bartz et al.,, 2011a). In
autistic individuals, an OT-induced increase in amygdala
reactivity was predictive of individual improvements in
behavioral performance (Domes et al., in press), suggesting
that individual differences in social functioning may gener-
ally account for differences in neural reactivity to intranasal
OT within the social brain. Together, these findings illustrate
the necessity of considering individual-related variables
when studying effects of intranasal OT on behavioral and
neural measures of socio-cognitive processing (compare
Bartz et al., 2011b; Guastella and MacLeod, 2012; Kemp and
Guastella, 2011).

6. Methodological considerations for fMRI
studies with pharmacological OT protocol

Imaging OT effects on brain activity associated with social
stimulus processing has revealed several neural substrates
that may mediate its behavioral effects. Still, results from
fMRI studies remain heterogeneous, and caution is warranted
in theorizing about oxytocinergic modulation of neural trans-
mission in humans. Functional MRI does not measure neural
activity per se, but instead measures alterations of magnetic
susceptibility in a brain area induced by temporary changes
of cerebral metabolism associated with neural activation.
This fact has some important implications.

6.1. Choosing an appropriate experimental design

First, the size of experimental effects on the measured BOLD
response is generally low, and signal changes depend cru-
cially on the experimental paradigm. Inconsistent results on
OT effects in the human brain as revealed by functional
imaging may therefore arise from differences in task char-
acteristics. These may include task demands (e.g. cognitive
load, implicit vs. explicit emotion processing), stimulus char-
acteristics (e.g. stimulus size, emotional intensity), timing
issues (e.g. blocked vs. event-related design) and appropriate
contrasting to an adequate control condition. In addition,
neural responses to intranasally-administered OT may
depend on the dosage used in a particular study. The
systematic exploration of dose-response characteristics of
intranasal OT administration should therefore be considered
an important next step in human OT research.

Especially if complex cognitive processes (such as trust)
and their modulation by OT are under study, interactions
with other cognitive processes are likely induced by an
experimental task. As the amygdala was shown to display
functional segregation, caution is warranted when interpret-
ing OT effects in this brain region, as these can be mediated
by different cognitive processes such as valence processing
and attention orienting (see Gamer et al., 2010). In order
to address potential confounding effects of OT on social
attention, eye movements can be assessed as a physiological
correlate of visual attention processes during MRI scanning
(Domes et al., 2013b; Gamer et al., 2010; Guastella et al., 2008).

However, OT research would generally benefit from a more
thorough understanding of the neural networks that underlie
fundamental cognitive processes that are assumed to be
modulated by exogenous OT.

6.2.  Accounting for connectivity within social brain
networks

To date, it remains unclear whether modulation of socio-
cognitive functions by OT is specifically or predominantly
mediated by the amygdala. The studies so far simply suggest
that paradigms which are sensitive to modulations of amyg-
dala activity seem to be particularly sensitive to changes in
central OT levels. Observed changes in amygdala responses
following OT administration may therefore reflect local OT
effects on other brain areas that exert modulatory influence
on amygdala activation.

This assumption addresses a crucial limitation of classic
functional imaging. Functional MRI usually aims at identify-
ing brain areas involved in specific perceptual and cognitive
processes. However, a purely localizing approach does not
account for the existence of complex neural networks in
which functions and performances arise from dynamic inter-
actions between brain areas. Statistical tools for the analysis
of connectivity measures allow for exploration of such
regional interactions and usually focus either on modulations
of functional vs. effective connectivity by an experimental
stimulation (Friston, 1994).

Two recent studies explored OT-induced alterations in
functional connectivity between brain regions using resting
state fMRI in men and women (Riem et al.,, in press; Sripada
et al., 2013). In men, OT increased resting-state connectivity
of the amygdala with anterior cingulate and medial prefron-
tal cortex while reducing amygdala coupling with brainstem
regions (Sripada et al., 2013). In women, resting state con-
nectivity of the precuneus with the brainstem and the
cerebellum was shifted in a positive direction following OT
administration (Riem et al., in press). Together, preliminary
evidence from resting state fMRI points to modulatory effects
of OT on brain networks involved in social cognition and
stress reduction.

Indeed, there is growing evidence for the assumption that
OT effects on social cognition and behavior are mediated by
transregional communication in the brain (for a recent review
on OT effects on functional connectivity, see Bethlehem et al,,
2013). For example, increased attention to the eye region of
faces following OT administration has been reported by both
behavioral and neuroimaging studies (Domes et al., 2013b;
Gamer et al,, 2010; Guastella et al., 2008). This increased eye
gaze seems to be mediated by enhanced functional coupling
of the posterior amygdala with the superior colliculus under
OT (Gamer et al, 2010). OT was also found to increase
functional coupling of the amygdala with prefrontal and
temporal regions as well as the hippocampus during proces-
sing of infant laughter (Riem et al., 2012) suggesting enhan-
cing effects of OT on the neural processing of positive
stimulus valence (lidaka et al., 2001; Whalen et al., 2013).
In contrast, reduced functional coupling of the amygdala with
brainstem regions for aversive social stimulation may reflect
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protective effects of OT against negative emotionality and
stress reactivity (Kirsch et al., 2005; Rilling et al., 2012).

It should be noted, however, that functional connectivity
analyses describe statistical dependencies between the time-
series of the measured BOLD response in different brain areas
and therefore represent mere correlations. To address the
question of causality within neural network communication
and its modulation by OT, analysis of effective connectivity
should be included in future research on OT effects on
human brain functioning (Friston et al., 2003; Stephan et al,,
2010).

7. Sexual dimorphisms in neural correlates of
social cognition and implications for OT research

7.1.  Sex differences in social processing and sexually
dimorphic effects of OT

So far, results from fMRI studies exploring a modulation of
social-stimulus related brain activity have suggested differ-
ential OT effects in men and women. These differences have
mainly been observed in the context of amygdala responses.
Studies in men have consistently reported attenuated amyg-
dala responses following OT administration. In women, OT
was found to increase amygdala reactivity to emotional cues
in some studies (Domes et al., 2010a; Lischke et al., 2012) and
to dampen amygdala activity in other studies (Riem et al,,
2012, 2011; Rupp et al.,, 2012). The reasons for such differences
may be manifold and no fMRI study has so far systematically
addressed the question of differential effects of OT on brain
activity in men and women within a single experimental
protocol.

However, there is substantial evidence that men and women
differ in terms of brain anatomy and neural processing. For
example, women have larger volumes of the orbitofrontal
cortex, the caudate and parts of the mirror-neuron system
(Cheng et al., 2009; Filipek et al., 1994; Sowell et al., 2002);
whereas size of the hypothalamus, angular gyrus, and amyg-
dala is larger in men than in women (Goldstein et al., 2001).
Notably, brain activity of men and women was found to differ
on all domains of socio-cognitive functioning that show mod-
ulation by exogenous OT, e.g. emotion processing and regula-
tion (Domes et al., 2010b; for recent reviews, see Stevens and
Hamann, 2012; Whittle et al., 2011).

7.2.  Effects of gonadal hormones on social stimulus
processing and potential interactions with OT

These sex differences are likely mediated by the early
influence of gonadal hormones on differentiation and mor-
phology of the central nervous system (Ahmed et al., 2008;
Schwarz and McCarthy, 2008; Sisk and Zehr, 2005) as well as
their short-term modulation of neural transmission during
rest and cognitive processing (Maki and Resnick, 2001). It is
important to note that differences in gonadal hormone levels
in men and women (especially estrogens) are not stable but
change with age as well as across the female menstrual cycle.
Menstrual cycle related changes were found to affect activity
in brain networks underlying social stimulus processing

(Derntl et al.,, 2008; Dreher et al., 2007; Mareckova et al.,
2012) and preliminary evidence suggests that brain morphol-
ogy itself may change across the menstrual cycle and follow-
ing oral contraceptive use (Ossewaarde et al., 2013; Pletzer
et al,, 2010).

Evidence from animal studies indicates that the OT sys-
tem is strongly influenced by gonadal hormones (Champagne
et al., 2001; De Kloet et al., 1986; Gabor et al., 2012; McCarthy,
1995; Tribollet et al., 1990). Although corresponding evidence
for molecular cross-talk of steroid hormones with OT is
lacking in humans, it seems likely that OT effects on human
brain activity may interact with central actions of gonadal
hormones. Studies investigating OT effects on brain activity
in women therefore accounted for the menstrual cycle phase
(Bertsch et al., in press; Domes et al., 2010a; Lischke et al.,
2012; Rupp et al., 2012). To date, a systematic exploration of
potential effects of hormonal changes associated with the
female menstrual cycle on reactivity to intranasal OT admin-
istration is missing. Future studies addressing this issue may
contribute to a better understanding of the amount of
variance in OT effects that might be explained by gonadal
hormones. In sum, there is pressing need of considering sex
hormone influences and menstrual cycle associated hormo-
nal changes in the study of central OT effects.

8. OT and neurogenetics
8.1.  Association studies on the oxytocin receptor gene

Given the high variance in behavioral and neural effects
observed after OT application in most studies, one promising
approach aims at identifying variations in specific genes
which contribute to individual differences in social behavior
and social cognition, including vulnerability for neuropsy-
chiatric or developmental disorders characterized by social
deficits (Ebstein et al., 2010). Several studies investigated
associations between the gene coding for the oxytocin recep-
tor (OXTR) and individual differences in social behavior (for a
review, see Kumsta and Heinrichs, 2013).

The neurobiology underlying such associations between
OXTR variants and social behavior phenotypes is addressed
by the imaging genetics approach which relates genetic
variants to brain structure and function (Meyer-Lindenberg
et al., 2011). Specifically, imaging genetics aims at identifying
endophenotypes (or intermediate phenotypes) such as altera-
tions in brain activity and morphometry that may bridge
the gap between genotype and interpersonal variance in
social behavior. Several neurogenetic studies showed that
genetic variation of OXTR affects a limbic circuit involving the
amygdala, the hypothalamus and the cingulate gyrus (e.g.
Tost et al., 2011, 2010). Although preliminary data suggest
that OXTR single nucleotide polymorphisms (SNPs) may
affect social cognition and behavior by modulating anatomy
and functioning of the social brain (Kumsta and Heinrichs,
2013; Meyer-Lindenberg and Tost, 2012), meta-analytic evi-
dence for a direct impact of the two most frequently tested
SNPs on human social behavior is missing (Bakermans-
Kranenburg and van Ijzendoorn, 2013b).
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8.2. Epigenetic and dopaminergic influences on central OT
signaling

In addition to these structural changes, the importance of
epigenetic mechanisms that regulate genetic function and
expression without affecting DNA structure was recently
reviewed (Kumsta et al.,, 2013). In particular, methylation of
the OXTR promoter region is assumed to differentially influ-
ence activity in brain regions associated with social percep-
tion. Epigenetic states of genes are known to be modified by
experiences, especially those occurring in sensitive periods
early in life (e.g., traumatic experiences), forming the basis for
a potential neurodevelopmental role of the OT system. More
precisely, the influence of early adverse experiences on
individual socio-emotional functioning may be mediated by
epigenetically determined alterations of central oxytocin
signaling (Kumsta et al., 2013).

Finally, two recent studies suggest that structural
variations in genes regulating oxytocin and dopaminergic
signaling in the brain may interact with exogenous OT
administration (Sauer et al., 2013, 2012). It should be noted,
that the demand for large sample sizes to ensure reliability of
observed interactions between genetic factors and exogenous
OT sets a severe restriction to such investigations. Still, future
fMRI studies may benefit from a neuropharmacogenetic
approach as it surely helps to clarify the amount of variance
observed in measures of neuroanatomy and neural signaling
that may be attributable to individual differences in genetic
factors.

9. Conclusions and desiderata for future
research

In the past eight years, more than two dozen experimental
fMRI studies have been published regarding the effects of OT
on regional brain activity during social information proces-
sing, with many more currently underway. The studies so far
show some variability in regard to the experimental task and
the populations studied; nevertheless, most of the published
studies have reported modulations of amygdala reactivity
in response to emotional as compared to neutral, or social
compared to non-social, stimuli. The few fMRI studies
in clinical samples suggest that this modulation depends
on baseline socio-cognitive functioning of the population
under study or differences in endogenous oxytocin signaling.
In addition, some studies have provided evidence for OT-
induced modulations of functional coupling between the
amygdala and down-stream brain areas such as the brain-
stem, as well as areas implicated in the regulation of
amygdala reactivity such as parts of the prefrontal cortex.
Presumably, differences between the studies summarized
above stem from two major sources of variance: (i) differ-
ences between the populations under study (e.g. male vs.
female and healthy vs. clinical samples) and (ii) differences in
regard to the primary cognitive processes involved in a task.
With regard to population characteristics, the issue of possi-
ble sex differences could be elucidated in future studies by
directly comparing the effects of intranasal OT on male and
female brain functions within the same study. These studies

should further take variations of hormonal status over the
female menstrual cycle into account. In addition, systematic
use of structural and functional genetic information may
contribute to explain individual variance in brain responses
to exogenous OT. Differences in experimental design and the
underlying cognitive processes addressed by a task add
further variability to fMRI findings on OT effects in the
human brain. This issue relates to the fact that complex
social stimulus processing involves a number of basic cogni-
tive processes (perception, attention, memory, etc.). Future
imaging studies would benefit from a clear a priori definition
of the basic cognitive processes under study and specifically
tailored experimental tasks.

In addition, there is still a general lack of basic knowledge
regarding the distribution of OT receptors and the molecular
and cellular mechanisms of OT in the human brain. These
issues are expected to be resolved as basic research into the
genetic mechanisms of neuropeptides and receptor mapping
moves forward. As previous approaches to explore effects of
OT on brain connectivity were merely correlational, localizing
the primary brain areas which are modulated by exogenous
OT may benefit from advanced methods for analyzing effec-
tive connectivity using fMRI. Additionally, other neuroima-
ging techniques, such as source-localization with high-
density EEG may be employed. Together, these methods will
broaden our search from a single brain area to functionally
integrated brain circuits underlying complex cognitive pro-
cesses, such as the recognition of an emotion from a facial
expression.

In sum, advances made in functional and structural
imaging techniques and neurogenetics over the past years
have revealed a yet-incomplete picture of the acute effects of
OT on brain function. However, future studies focusing on
some of the issues highlighted in the present paper will
undoubtedly help to reveal the neural functions of OT in the
context of social information processing and might pave the
way to develop improved treatment strategies for mental
disorders characterized by social dysfunction.
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1. Introduction

It is well established that the neuropeptides oxytocin (OT)
and vasopressin (AVP) play major roles in what many
consider to be vital behavioral functions (Carter et al.,
2008). The range of functions encompasses a spectrum of
emotional and motivational mechanisms that include social
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tions, and reward seeking behavior. Consistent with the
range of neurobehavioral roles that have been discovered
for oxytocin and AVP, the receptor distribution for these
neuropeptides is observed to include various subcortical
forebrain and midbrain areas of rats, which subserve



BRAIN RESEARCH 1580 (2014) 8-21 9

the aforementioned behaviors. In non-human primates the
expression of their receptors may include regions of the
neocortex (Young et al, 1999). Among the challenges for
studying these integrative brain functions using a systems-
level approach is the limited amount of non-invasive meth-
ods that are available. Our group has used functional mag-
netic resonance mapping techniques to explore the
modulatory roles of these neuropeptides in maternal and
non-maternal brain networks. The present review offers a
summary of these experiments in awake rats and puts forth
several interpretations that could guide future fMRI studies in
this area.

2. Functional magnetic resonance imaging
of awake rats

Functional magnetic resonance methods developed by Ferris and
colleagues have allowed fMRI studies in awake restrained rats
(Ferris et al.,, 2005). There are obvious advantages to this experi-
mental paradigm that is often overlooked by many in the
neuroscience community. Most of the available fMRI studies in
rodents are carried out while animals are under anesthesia. This
is done despite the anticipation of studying neural circuits that
underlie or drive distinct motivational and cognitive states. This,
of course, is impossible when the awake state is suppressed by
anesthetics. Experiments that employ the awake rat methods
require acclimation to restraint and MR sound prior to experi-
ments. We have been able to successfully implement these
procedures in our studies. This requires the animals be placed
under transient stress over the span of 5 days or so. Results from
previous studies show promising outcomes in which animals
show reductions in physiological and motor perturbations that
may hinder the quality of the collected data (King et al., 2005).
Moreover, the behavioral outcomes of restraint acclimation for
fMRI do not appear to be permanent (Reed et al., 2013a, 2013b).
Thus, the studies cited in the present review are all collected
while rats are in the awake, unanesthetized state. Details of the
experimental paradigms used, especially pre-processing strate-
gies to screen for and to minimize the impact of motion artifact
have been published (Ferris et al., 2008).

The non-invasive measurement of neural activity through
the blood oxygenation level dependent (BOLD) signal is key to
the enthusiasm in pursuing fMRI studies rodents and other
species. To date, there are no neuroscience techniques that
can supersede and replace this feature of fMRI. The BOLD
signal arises from changes in tissue oxy-to-deoxyhemoglobin
ratio and. Microvascular magnetic field gradients that are
sensitive to changes in paramagnetic deoxy- and diamag-
netic oxy-hemoglobin concentrations near brain areas of
altered neuronal metabolism are a likely source of the BOLD
fMRI signal. Changes in neuronal activity, and the accompa-
nying compensatory adjustments in blood flow, in blood
volume and in the cerebral consumption rates for oxygen,
underlie the mapping of the measured BOLD signal changes.
A variety of experimental paradigms have been developed
over the years in order to examine brain function with fMRIL
The premise in all of the paradigms is the external delivery of
a sensory-driving stimulus, be it drug, autonomic, primary
sensory, or a higher order complex stimulus.

Despite its advantages, it is important to keep in mind
shortfalls of fMRI in awake rats. First, the quantitative
assessment of excitatory/inhibitory neuronal firing as
recorded using other invasive techniques is limited in fMRI.
Second, restraint used for fMRI experiments precludes beha-
vioral tests during fMRI scanning. There are always concerns
about the effects of repeated exposure to transient, but
significant, levels of stress. This is an important and ongoing
area of study by our laboratories.

3. Affiliation: imaging oxytocin and
maternal-offspring interactions

OT acts within the lactating brain to provide a major signal-
ing mechanism that strengthens the mother-offspring bond
early in life. Its synthesis mainly occurs in neurons of
paraventricular (PVN) and supraoptic nucleus (SON) of
hypothalamus. Suckling stimulates the release of OT into
the bloodstream via the neurohypophyseal portal system and
in the central nervous system of postpartum rats (Neumann
et al., 1993b). Systemically, OT stimulates smooth muscle
contraction, which is important for milk ‘let-down’ during
nursing and for uterine contraction during parturition. OT
release within the CNS during parturition initiates maternal
behaviors and may act to coordinate emotion, social and
cognitive networks necessary for maternal care. Many of the
brain areas involved in maternal behavior in rat and other
species of mammals express moderate-to-high levels of OT
receptors (Tribollet et al., 1988a; Tribollet et al., 1988b; Vaccari
et al., 1998; Veinante and Freund-Mercier, 1997; Yoshimura
et al,, 1993), suggesting a convergence of maternal and OT
pathways. Brain regions include amygdala, dorsal hippocam-
pus, hypothalamic paraventricular, ventromedial, and pre-
optic nuclei, lateral septum, olfactory structures, nucleus
accumbens, substantia nigra (SN), ventral tegmental area
(VTA), bed nucleus of stria terminalis (BNST), among others
(See Fig. 1 and Table 1). Elevated OT receptor density in areas
such as the preoptic area (mPOA) has been correlated with
greater levels of pup licking and grooming in postpartum
dams (Champagne et al,, 2001; Francis et al., 2000). It is in
these structures that OT may contribute to strengthening of
mother-infant interactions. OT release in response to suck-
ling has been measured using microdialysis in the substantia
nigra, olfactory bulbs, mediobasal hypothalamus, BNST,
MPOA and septum of parturient ewes (Levy et al., 1995), as
well as in sites of origin, PVN and SON, of rat (Neumann et al.,
1993a; Neumann et al, 1993b). Administration of an OT
receptor antagonist locally within the latter two nuclei
reduced OT release, suggesting that a positive feedback
mechanism is involved (Neumann et al., 1994). Moreover,
administration of an OT antagonist locally within the mPOA
reduces arched back nursing in the rat (Bosch and Neumann,
2012).

In one of the first experiments investigating the putative
functional neural circuits of lactating rat brain, we presented
fMRI evidence that suckling-induced OT release into central
neural sites increases the BOLD signal. This effect on the
BOLD signal was reported for PVN, olfactory tubercle, anterior
olfactory nucleus (AON), insular cortex, piriform cortex,
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cortical amygdala, mPOA and prefrontal cortex. For several of
the regions, suckling and central OT administration increased
the BOLD signal in a strikingly similar pattern. The promising
results were not unexpected if the technique were to reliably
show lactation neural circuits, and the contribution of OT release
into these sites. In addition, central administration of an OT
receptor antagonist (d(CH,)s-[Tyr(Me)? Thr* Tyr-NH3]-Omithine
Vasotocin) partly blocked the suckling-induced increase in the
BOLD signal in cortical, midbrain and olfactory regions (Febo
et al., 2005). OT antagonist blockade in olfactory regions suggests
that OT release during nursing contributes to olfactory-related
neural activity. The results of the above-cited study (Febo et al.,
2005) illustrate a common theme present through several of the
subsequent neuroimaging studies in rat. There is a close func-
tional interaction between OT and AVP with olfactory function.
This may be particularly important for enhancing the perception
or facilitation of the registration of socially relevant stimuli into
short- and long-term memory circuits of rats.

We have observed that neuranatomical substrates activated by
central OT administration in the lactating rat closely paralleled
that observed with suckling stimulation alone. OT given intracer-
ebroventricularly (ICV) showed a dose-dependent BOLD activation
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van Leeuwen et al., 1985). As there are no reported differences in
OT receptor binding sites between males and female rats (Barberis
and Tribollet, 1996), this 3D model is representative of both sexes.
These areas have been coalesced into a single volume (yellow), as
shown in the lower 3D images for ICV administration. Areas in
red are from composite images of BOLD signal changes collected
in nine rats, each given OT ICV (1.0 ug). The localization of BOLD
activation is clearly shown on the 2D axial sections of the MR atlas
of rat. Blockade of OT receptors with a specific antagonist
selectively reduced brain activity in many of these areas, evidence
that endogenous OT has a role in the neurobiology of nursing.
There were non-overlapping brain regions, namely the caudate-
putamen, septum, and thalamus that might involve other neuro-
transmitter systems aside from OT.
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Fig. 1 — Neural circuitry of high density ot receptor binding sites. The 3D color model on the top depicts the brain areas in the
rat with a high density of OT receptor. These areas are coalesced into a single volume (yellow) within a translucent shell of the
brain, as shown in the lower 3D images for ICV. Areas colored red are the localization of activated voxels representing the
composite average of nine rat brain fMRI scans. Once fully registered, and segmented, the statistical responses for each
animal are averaged on a voxel-by-voxel basis. The averaged voxels that are significantly different from baseline, and exceed
a 2.0% threshold, are show in their appropriate spatial location. The 2D images appearing to the right of each 3D image show
the location of interpolated voxels of positive BOLD activation registered onto coronal sections of the segmented rat atlas. The
approximate location of these brain slices are depicted by the black lines shown in the 3D ICV image.
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Table 1 - Brain activation with intraventricular oxytocin.

Positive BOLD—volume of activation (voxel numbers)

Region of interest 1.0ug 0.1ug 0.01 ug vehicle P value
med med med med

Retrosplenial cortex 101 42 49 53 0.001
Subiculum hippocampus 94 43 48 46 0.001
Substantia nigra reticularis 28 10 9 9 0.001
Substantia nigra compacta 8 3 4 5 0.001
Medial preoptic area 20 8 7 7 0.001
Olfactory tubercles 73 20 56 55 0.001
Medial dorsal thalamus 10 6 4 4 0.001
Dorsal medial hypothalamus 7 1 1 0.002
Orbital cortex 23 5 6 6 0.003
CA1 dorsal hippocampus 46 14 26 20 0.003
Ventral tegmental area 17 4 6 5 0.004
Piriform cortex 96 52 67 47 0.006
Dorsal lateral striatum 37 20 11 12 0.007
Ventral medial hypothalamus 14 6 7 10 0.008
Glomerular layer 8 2 0 0 0.01
Anterior cingulate cortex 64 27 42 42 0.01
Outer plexiform layer 13 2 0 0 0.01
Lateral preoptic area 12 4 3 3 0.013
Lateral septal nucleus 42 16 24 23 0.021
Ventral medial striatum 21 5 4 4 0.022
Granular cell layer 5 2 0 0 0.028
Basal amygdala 14 7 2 2 0.031
Medial amygdala 16 5 7 5 0.033
Ventral lateral striatum 16 6 10 10 0.039
Dorsal medial striatum 42 11 17 17 0.04
Insular cortex 17 6 19 18 0.041
CA1 ventral hippocampus 31 14 9 9 0.042
Bed nucleus stria terminalis 10 7 4 2 0.047
Parietal cortex 29 10 23 13 0.05

Shown is a truncated list from 152 brain areas and their median (med), number of voxels activated at 30 min post ICV injection of OT in doses
of 1.0, 0.1 and 0.01 ug or vehicle. The brain areas are rank order for their significance. The voxel numbers for each treatment were analyzed
using a Newman-Keuls multiple comparisons test statistic. P values are presented on the far right column. The yellow highlight denotes brain
areas with high OT receptor binding and association with OT mediated behaviors.

As noted above, there are numerous studies showing that
the main olfactory system, indeed the olfactory bulb itself, is
critical for processing and remembering odors that relevant
for social recognition (Sanchez-Andrade and Kendrick, 2009).
Volatile chemical signals from the environment interact with
odorant receptors on the olfactory epithelium. In the rat,
there are approximately 1200 genes coding for odorant
recep