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The human social brain is complex. Current knowledge fails to deﬁne the neurobiological processes underlying
social behaviour involving the (patho-) physiological mechanisms that link system-level phenomena to the
multiple hierarchies of brain function. Unfortunately, such a high complexity may also be associated with a high
susceptibility to several pathogenic interventions. Consistently, social deﬁcits sometimes represent the ﬁrst signs
of a number of neuropsychiatric disorders including schizophrenia (SCZ), Alzheimer’s disease (AD) and major
depressive disorder (MDD) which leads to a progressive social dysfunction. In the present review we summarize
present knowledge linking neurobiological substrates sustaining social functioning, social dysfunction and social
withdrawal in major psychiatric disorders. Interestingly, AD, SCZ, and MDD aﬀect the social brain in similar
ways. Thus, social dysfunction and its most evident clinical expression (i.e., social withdrawal) may represent an
innovative transdiagnostic domain, with the potential of being an independent entity in terms of biological roots,
with the perspective of targeted interventions.

1. Background
The complexity of the processes that underlie social living is enormous, including processes such as the detection and processing of
social stimuli, mentalizing activity, bond/relationships formation, social learning and so on (for detail see (Cacioppo et al., 2014; Dunbar
and Shultz, 2007; Dunbar, 2009)). These processes are highly relevant
in social species such as homo sapiens, to the point that some have
suggested that complex social environments were the primary selective
pressure for the human brain, being mediated by all the aspects of social problem solving (Dunbar and Shultz, 2007; Semendeferi et al.,
2001, 2002). As a consequence of this "social" evolutionary pressure,

⁎

human brain shows a high degree of specialization for social stimuli
processing, encompassing regulation from the neurotransmitter to the
neural network level resulting in a "social brain" (Dunbar, 2009). Economic processes underlie evolution with adapatation of the structures
and neurotransmitters involved from their original general functions to
the processing of social stimuli. Some structures (e.g., the Bed Nucleus
of Stria Terminalis - BNST) and neurotransmitters (e.g., oxytocin OXT), show a high degree of specialization for the processing of social
stimuli. Unfortunately, such a high complexity may also be associated
with a high susceptibility to several pathogenic interventions. Deﬁcits
in these processes may result in personal diﬃculties and interpersonal
problems. The high vulnerability of the social brain is conﬁrmed by the
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clinical observation that social deﬁcits can sometimes represent the ﬁrst
signs of a number of neuropsychiatric disorders, manifesting far before
the full onset of the other symptoms (NICE, 2014). Social deﬁcits could
be broadly deﬁned as impairments in the subject's capacity to integrate
behavioural, cognitive, and aﬀective skills to ﬂexibly adapt to diverse
social contexts and demands (Bierman and Welsh, 2000), resulting in
behavioural outcomes which are judged as negative according to the
standards of the speciﬁc social context (i.e. as impairments of the social
competence) (Dirks et al., 2007). Despite the fact that a large amount of
data about social dysfunction comes from studies on schizophrenia
(SCZ), where several deﬁcits in social processes have been identiﬁed
(Addington and Addington, 2008; Fett et al., 2011; Green et al., 2015),
in recent years similar deﬁcits have been described and recognized
more and more also in other neuropsychiatric disorders including social-communication deﬁcits in Autism spectrum disorders (ASD), empathy dysregulation in Psychopathy, docility and visual agnosia in
Kluver-Bucy Syndrome and social reclusion in Hikikomori Syndrome,
all of which alter social functioning (Barak and Feng, 2016; Li and
Wong, 2015). However, deﬁcits in social functioning have been increasingly recognized in other neuropsychiatric disorders, such as
Alzheimer's Disease (AD) and other dementias (Dickerson, 2015; Havins
et al., 2012), Major Depressive Disorder (MDD) (Bora and Berk, 2016;
Kupferberg et al., 2016a), anxiety disorders (Plana et al., 2014), and
borderline and antisocial personality disorders (Beeney et al., 2015;
Jeung and Herpertz, 2014; Patin and Hurlemann, 2015; Cotter et al.,
2018). Intriguingly, William's Syndrome, is characterized by contrasting patterns of deﬁcits in social domains, resulting in hypersociability represented by an unusually cheerful demeanor and ease with
strangers (Barak and Feng, 2016). This provides a clear example of how
social dysfunction can result in diﬀerent behavioural outcomes, ranging
from social avoidance to inappropriate friendly behaviours with
strangers. However, all these behaviours may result in unsuccessful
social interactions. By causing repetitive inappropriate social behaviours, social dysfunction often results in a progressive withdrawal
from relationships and social living in general, which in turn contribute
to further worsening any psychiatric symptoms already present. The
deﬁcits in social cognition (i.e. the ensemble of mental operations that
underlie social interactions, including perceiving, interpreting, and
generating responses to the intentions, dispositions, and behaviours of
others (Adolphs, 1999; Green et al., 2008; Kunda, 1999)) are reinforced
by social deprivation (Cacioppo and Hawkley, 2009; Cornwell and
Waite, 2009; El Haj et al., 2016; Kennedy and Adolphs, 2012; Tremeau
et al., 2016; Zhong et al., 2017; Hoﬀman, 2007). Clearly, social dysfunction as a whole is a complex phenotype, which is inﬂuenced by a
variety of socio-demographic features, as well as by basic domain deficits, in attention, working memory, and sensory processing. Alternatively, diﬀerent neuropsychiatric disorders may share these impairments (at least partially), which in turn may determine social
dysfunction. Nonetheless, a growing amount of evidence suggests that
social dysfunction is partially independent from other symptoms/deﬁcits, as well as from cognitive and even from social cognitive impairments. Therefore, the observed social dysfunction likely reﬂects (at
least partially) alterations in the social brain itself, which may be independent from other domains.
In the present review we will discuss how three diﬀerent, frequent,
and highly impacting neuropsychiatric disorders (WHO, 2008;
Wittchen et al., 2011) (namely Alzheimer's disease - AD, Schizophrenia
- SCZ, and Major Depressive Disorder - MDD) share a ﬁnal common
pathway that aﬀects the social brain, characterized by a similar social
dysfunction (although with diﬀerent degrees of impairment), which
often causes impairment in the ability to form/maintain social relationships and networks, resulting in the ﬁnal, deleterious, outcome of
social withdrawal (i.e., a disengagement from social activities that lead
to impoverished interpersonal relationships). These three neuropsychiatric disorders were selected among the several ones characterized by social dysfunction (Cotter et al., 2018) because of their

frequencies and heavy burden in Western countries (WHO, 2008;
Wittchen et al., 2011) (globally, they account for 31.5% of disabilityadjusted life years - DALYs - associated with neuropsychiatric disorders
and substance use disorders (Whiteford et al., 2015)) and because social
withdrawal often represents one of their ﬁrst clinical features. For these
same reasons, these disorders will be investigated in the context of a
European founded project which aims to provide quantitative biological
measures for social and cognitive deﬁcits, the PRISM project described
in this issue ((Kas et al., 2017) and Bilderbeck et al. in this issue).
However, they represent only three examples to show how diﬀerent
psychopathological mechanisms could similarly aﬀect social brain, resulting in social dysfunction and eventually in social withdrawal.
Among the several behavioural outcomes associated with social dysfunction (e.g., socially disinhibition, inappropriate behaviour, etc.), we
will focus mainly on social withdrawal because it is an important source
of indirect costs and it has been identiﬁed as one of the main reasons for
mental health related disability beneﬁt claims (UK Department for
Work and Pensions, 2013). Furthermore, it can be observed and measured in an objective way and it represents a real-world indicator of
social dysfunction (see Van der Wee et al. in this issue). This is not the
case for instance for social cognition impairments where a diﬀerence
between experimental performances and real-world functioning has
been repeatedly demonstrated (e.g., (Torralva et al., 2013), although
certainly some degree of correlation exist between them (Bierman and
Welsh, 2000; Cotter et al., 2018; Couture et al., 2011; Fett et al., 2011;
McKibbin et al., 2004)). It is beyond the aim of the present paper to
provide a comprehensive review of literature data on social functioning, because of the enormous amount of data on this issue and the
several excellent reviews on single facets of this topic published so far
(e.g. (Kennedy and Adolphs, 2012; Kupferberg et al., 2016a;
Lewandowski et al., 2016; Macdonald and Leary, 2005; Mar, 2011;
Mercedes Perez-Rodriguez et al., 2015; Patin and Hurlemann, 2015;
Rilling et al., 2008; Rocca et al., 2016; Shinagawa et al., 2015; Van
Overwalle, 2009)). Instead, we aim to provide a global view of the
neurobiological substrates of social functioning and their relationships
with basic cognitive domains, and to underline how those may be
aberrant in three among the most frequent and deleterious neuropsychiatric disorders (i.e., AD, SCZ, and MDD) in a similar way
driving to social withdrawal. In doing so, we aim to suggest how social
dysfunction, and speciﬁcally social withdrawal, may represent an innovative transdiagnostic domain, with the potential of being an independent entity in terms of biological roots, with the perspective of
targeted interventions.
2. The social brain: neuroanatomical substrates
In the early nineties, the basic components of the "social brain" were
identiﬁed in the orbitofrontal cortex (OFC), amygdala, and temporal
cortex (mainly the superior temporal sulcus - STS) (Brothers, 1990). In
the later decade, other regions, such as the medial prefrontal cortex
(mPFC) and the anterior cingulate cortex (ACC), have been identiﬁed as
relevant for social functioning and were added to this original core
(Bickart et al., 2014b; Frith and Frith, 2006). Recent conceptualizations
of the social brain typically describe it as encompassing a dynamic and
hierarchical system of circuitry involved in simpler forms of more automated processing, like the detection of socially relevant stimuli, and
partially overlapping circuitry involved in higher order processes, like
reﬂecting on one’s own or others’ mental states.
In an inﬂuential recent review, Bickart et al. (2014b) reviewed and
summarized the large body of available functional, anatomical, and
neuropsychological data from rodents and primates on key regions, and
more importantly, on circuitry involved in the social brain. Based on
this extensive review, the authors delineated ﬁve large-scale brain
networks: three partially distinct brain networks anchored in the
amygdala (the so-called social perception network, social aﬃliation
network and social aversion network) (Bickart et al., 2014a,b), and two
2
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Fig. 1. The ﬁve large-scale brain networks sustain processes important for social behavior. Figure adapted from (Bickart et al., 2014a).
*Reproduced from the "Atrophy in distinct corticolimbic networks in frontotemporal dementia relates to social impairments measured using the Social Impairment
Rating Scale", Vol 85, pages 438–448, 2014, with permission from BMJ Publishing Group Ltd.
Perception network: lOFC = lateral orbito frontal cortex; vTP = ventro lateral temporal pole; FG = fusiform gyrus; STS = superior temporal sulcus. Aﬃliation
network: dTP = dorso medial temporal pole; rACC = rostral anterior cingulate cortex; sgACC = subgenual anterior cingulate cortex; vmPFC = ventromedial prefrontal cortex; Ent = entorhinal cortex; PHip = para hippocampal cortex; vmSt = ventro medial striatum. Aversion network: cACC = caudal anterior cingulate
cortex; Ins = insula; SII = somatosensory operculum; vlSt = ventro lateral striatum. Mentalizing network: dmPFC = dorso medial prefrontal cortex; PCC = posterior
cingulate cortex; Precun = precuneus; AngG = angular gyrus (temporoparietal junction). Mirror network: pSTS = posterior superior temporal sulcus; IPS =
intraparietal sulcus; PreMC = premotor cortex.

Information processing through this network occurs rapidly and automatically, and it is involved in vigilance for potentially salient stimuli
(Herry et al., 2007; Whalen, 2007). In doing so, it is likely to interact
with the salience network (Seeley et al., 2007), as suggested by the
partial overlap between these networks. The salience network detects
the valence of internally and externally relevant events, with subsequent activation of other neuro-circuitry and higher-order cognitive
controls (Menon, 2011).
With respect to social perception, most relevant visual information
can be derived from expressive aspects of the face and body of others
(e.g., eye gaze). Amygdala seems to mediate the activity of the face
perception network, which composes of brain areas that show preferential activity to faces compared to other stimuli, such as the fusiform face area (FFA), the posterior STS (pSTS), and the occipital face
area (OFA) (Gobbini and Haxby, 2006; Haxby et al., 2000; Hoﬀman and
Haxby, 2000; Pitcher et al., 2011; Reddy and Kanwisher, 2007). Consistently, anatomical studies show connectional targets of the amygdala
and constituents of the face perception network, including the FFA and
the STS (Aggleton et al., 1980; Ghashghaei and Barbas, 2002; Saygin
et al., 2011) and lesion studies show an impaired ability of facial
emotional recognition as a result of amygdala damage (Adolphs et al.,
1994; Vuilleumier et al., 2004). Finally, correlations between the
strength of functional connectivity within the constituents of the face
perception network (amygdala included) and face emotional process
have been repeatedly found (Cohen Kadosh et al., 2011; Marsh, 2016;
O’Neil et al., 2014; Wang et al., 2016; Zhu et al., 2011). Intuitively,
impairments in emotion recognition could determine misinterpretation
of social signals during interpersonal interactions (e.g. (Domes et al.,
2009)), with deleterious consequences on social relationships, as we
will discuss using as examples AD, SCZ, and MDD. However, individuals
with damages within the amygdala show also an impaired ability to
guide their visual attention to the region of the eyes (i.e. one of the most
expressive part of the face), suggesting that the impairment in facial
processing observed in these patients may be due to an inability to
direct attentional resources to relevant social information rather than to
a direct damage of the face perception network itself (Adolphs et al.,

other large-networks assemblies already extensively described, i.e. the
mirror network (Rizzolatti and Craighero, 2004) and the mentalizing
network (Frith and Frith, 2006) (Fig. 1). These networks overlap with
the eight canonical brain networks (Yeo et al., 2011) (e.g., social
aversion network with the ventral attention/salience network, social
perception and aﬃliation networks with the default mode network
(Bickart et al., 2014b)), suggesting, as can be expected, that many of the
structures involved play a number of roles also in other mental processes. Thus, mutual, many still to be elucidated, inter-dependencies
likely exist across the diﬀerent neural networks. In the present paper,
we decided to focus on the networks recently identiﬁed by Bickart et al.
(Fig. 1) because of the converging evidences supporting the presence of
these networks also in humans (Kerestes et al., 2017) and their role in
social functioning (Bickart et al., 2014a; Deuse et al., 2016; Hampton
et al., 2016). We are aware that this may be an oversimpliﬁcation of the
reality, which is extremely complex as suggested by animal studies (see
for example (Bergan, 2015; Newman, 1999)), but we believe that the
networks identiﬁed by Bickart et al. may be a useful framework to
discuss the other ﬁndings about the neurobiological basis of social
dysfunction and to provide future research hypotheses. In the following
paragraph we will brieﬂy summarize the networks described in Bickart
et al. (Bickart et al., 2014b), underlining the aspects of social functioning and social cognition which have been already associated with
them. Since social cognition could be easily assessed in experimental
conditions compared to other aspects of social functioning, the majority
of the discussion will focus on this data. When possible, speciﬁc links to
social withdrawal will be provided.
2.1. Social perception: detection and processing of social stimuli
Detection of social stimuli is pivotal in order to successfully engage
in social interaction. This process is vastly integrated in memory systems to rapidly classify stimuli as salient based on previous experiences
(Adolphs, 1999, 2009; Bickart et al., 2014b). Bickart et al. proposed
that the amygdala acts as a central hub for supporting social perception,
by orchestrating the perception network (Fig. 1) (Bickart et al., 2014b).
3
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ﬂirtatiousness and inappropriate familiarity (Adolphs et al., 1995). On
the contrary, hyperactivity of the amygdala has been associated with
increased social avoidance (Kaldewaij et al., 2017; Mikics et al., 2008).
Intuitively, all these behaviours likely results in interpersonal diﬃculties and unsuccessful social interactions, which may progressive lead
individuals to social withdrawal. Studies on animal models suggested
that the Hypothalamic-Pituitary-Adrenal (HPA) axis acts as a ﬁnal executor of the social aversion network, since manipulation of the stress
response results in social avoidance behaviour (i.e., in social withdrawal) (Ilin and Richter-Levin, 2009; Ruedi-Bettschen et al., 2006;
Seiglie et al., 2015; Wilson and Koenig, 2014; Wu et al., 2013) and HPA
axis blocking prevents the appearance of this behaviour (Lehmann
et al., 2013; Wu et al., 2013). Finally, HPA axis activity has been associated with low levels of social approach behaviour both in animals
(File and Seth, 2003) and children (Lopez et al., 2004). In this context,
it is noteworthy that an impaired hippocampal function may result in a
dysregulation of the HPA axis. In fact, in preclinical models, it has been
shown that hippocampal lesions can induce social withdrawal (Wilson
and Koenig, 2014).
However, as mentioned above, pro-social and aversive processes
should not be seen as completely separated and they rely on partially
overlapping neural circuitry (Lebow and Chen, 2016; Telzer, 2016)
with the bed nucleus of the stria terminalis (BNST) potentially serving
as integrating center for limbic network outputs and sensory information. Results from animal work, and to a lesser extent from human data,
show that the BNST is involved in sustained fear or anxiety and it is
active during imagery of a future threat on the one hand, but also with
positive valence preference and motivation for sexual behaviour on the
other hand (Dickerson, 2015; Lebow and Chen, 2016). Thus, Lebow
et al. proposed that the BNST modulates the salience of information
from the environment contexts, which is fundamental for successful
social interactions because of the complexity of social situations.
However, the BNST contains several sub-nuclei, each one with putative
speciﬁc functions, and a deeper understanding of their roles is needed
for elucidating its role in pathology and designing new therapeutic
interventions (Lebow and Chen, 2016). While human research on BNST
is still in its infancy (e.g., (Buﬀ et al., 2017)), neuropsychiatric research
in animal models started to elucidate the complex role of this brain area
(Asok et al., 2018; Duque-Wilckens et al., 2018; King et al., 2017;
Lebow and Chen, 2016; Newman, 1999). Similarly, a greater complexity has been shown by animal studies also in other brain areas and
related neural networks (e.g., (Challis and Berton, 2015; Chaudhury
et al., 2013)). Unfortunately, to date, current neuroimaging techniques
do not allow a similar degree of detail in human studies. However, with
the advance of fMRI techniques (e.g., 7 T fMRI), in the coming years,
the neural microcircuits identiﬁed by animal studies may be conﬁrmed
also in humans.

2005; Spezio et al., 2007). Further, dedicated studies are clearly needed
to better elucidate this issue.
2.2. Social aﬃliation and social aversion networks
After and in reaction to detecting social stimuli, individuals may act
either in pro-social or aversive ways. Pro-social behaviour refers to
processes that are initiated as a result of compassion or empathy
(Lieberman, 2007), whereas social aversive behaviours refers to processes that are a result of disgust or avoiding untrustworthy strangers
(Bickart et al., 2014b; Cosmides and Tooby, 1992). Bickart et al. proposed the amygdala as an integrating hub also for the networks involved in both processes (Fig. 1).
The role of the social aﬃliation network is to form and maintain
social bonds. It comprises, amongst others, the ventromedial PFC
(vmPFC), ACC, and medial temporal cortices (Aron et al., 2005; Bickart
et al., 2012; Moll et al., 2006). The amygdala is reciprocally connected
to the vmPFC. Increased functional coupling between the amygdala and
the vmPFC is related to an increased ability of emotion regulation,
suggesting a regulatory eﬀect of the vmPFC over the amygdala (Hariri
et al., 2000; Morawetz et al., 2016; Ochsner et al., 2002; Phelps et al.,
2004). Emotion regulation is fundamental in order to begin and
maintain successful social interactions, as demonstrated by studies on
individuals with lesions within vmPFC, who report a wide variety of
impairments in social behaviours including violent outbursts, lack of
empathy, lack of guilt, lack of remorse, apathy, indiﬀerence, disadvantageous (social) decision making (Anderson et al., 2000; Barrash
et al., 2000; Damasio, 1996; Krajbich et al., 2009; Shamay-Tsoory et al.,
2003).
When making pro-social decisions (e.g., when deciding to donate
money) the ventral tegmental area (VTA) and striatal areas are activated (Inagaki et al., 2016; Moll et al., 2006). Also, pictures of loved
ones elicit activation in the VTA and the caudate nucleus, areas overlapping with the mesolimbic reward circuitry, as conﬁrmed by animal
studies (O’Connell and Hofmann, 2011). It has been suggested that the
reward network is activated to focus on a speciﬁc individual, such as
when developing a romantic relationship (Aron et al., 2005). As a
matter of fact, the modulation of the reward system by previous social
experiences (e.g., copulation or co-habitation) seems to be deeply involved in social attachment process (for detail see (Coria-Avila et al.,
2014)). Of note, these areas are key areas of the mesolimbic rewardrelated circuitry and overlap largely with the default mode network,
supporting that many of these structures play a number of roles also in
other mental processes (Andrews-Hanna et al., 2010; Yeo et al., 2011).
Nonetheless, perturbations in the social aﬃliation network (Fig. 1) lead
to emotional detachment, diminished responsiveness to feelings and
warmth, which in turn often result in progressive social withdrawal, as
can be seen in frontotemporal dementia patients (Sollberger et al.,
2009). Thus, this network seems to play a relevant role in maintaining
social interactions. In the following section we will describe the neurotransmitters involved in these processes.
The role of the aversion network (Fig. 1) on the other hand is to
protect the subject from potentially harmful (social) interactions. The
social aversion network, with the amygdala as a central hub, comprises
the caudal ACC and the insula, as well as their connectional targets in
the ventrolateral striatum, hypothalamus and brainstem. Feelings of
social aversion such as disgust or anger activate areas in this network
(Buckholtz et al., 2008; Moll et al., 2005). Levels of these feelings are
variable, depending, as we will see in the following section, from many
factors. As expected, also this network shares overlapping areas with
the salience network (Seeley et al., 2007). Consistently, regions of the
salience network are also involved in Pavlovian habit learning and
evoke avoidance behaviour in response to somatosensory and social
pain (Akitsuki and Decety, 2009; Balleine and O’Doherty, 2010). Lesions in areas of the social aversive circuitry of the amygdala, lead to
impaired judgment of strangers (Koscik and Tranel, 2011), or to

2.3. Mirroring and mentalizing: building blocks of sociocognitive
functioning
Upon the initial processing of stimuli, perception, aversion and afﬁliation processes undergo further integration. The ability to navigate
through our complex social surroundings is in fact largely dependent on
further processes that allow the sophisticated interpreting of our own,
as well as others’, intentions, emotions, actions, and beliefs (Barrett and
Satpute, 2013; Bickart et al., 2014b; Frith and Frith, 2006; Rizzolatti
and Sinigaglia, 2016). It is widely believed that these complex sociocognitive processes are largely accommodated by two interrelated, yet
distinct, neurocognitive network assemblies, commonly referred to as
the mirroring and mentalizing networks (Barrett and Satpute, 2013;
Bickart et al., 2014b; Frith and Frith, 2006; Rizzolatti and Sinigaglia,
2016) (Fig. 1).
The mirroring network comprises a selection of temporal, parietal,
and sensory motor brain regions, which employ data on perceived
motoric and biological movement (e.g., facial expressions and bodily
4
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and Satpute, 2013; Spunt et al., 2010, 2011). Taken as a whole, it seems
that when minimal sensory input is required, and thus more internallydriven representations are constructed (e.g., introception and mindwondering), the mentalizing network might have the overhand, while
during externally-driven representations (e.g., object or person perception) the mentalizing and mirroring networks jointly engage to
make sense of the social surrounding (Barrett and Bar, 2009; Barrett
and Satpute, 2013).
In sum, the mirroring and mentalizing networks allow interpreting
our own, as well as others’, intentions, emotions, and actions, and in
doing so they enable the uniquely human ability of communicative
intent (Frith and Frith, 2006). We are, however, at the early stages of
grasping how our brain allows for these complex processes, and perhaps
more importantly, how they might go awry and should be normalized
in certain psychiatric conditions. Of note, most information on brain
regions and circuitry involved in social processes is derived from neuroimaging ﬁndings. Thus, the technical limitations (e.g., the spatial
resolution in fMRI studies) of this kind of studies do not allow a more
detailed analysis of the microcircuits responsible for driving speciﬁc
behaviours, as previously stated. Animal studies may provide complementary information about the ﬁne organization at the microcircuits
level (e.g., (Lebow and Chen, 2016)), hopefully leading to a more
complete knowledge of the complex interactions which sustain social
behaviours. The PRISM project ((Kas et al., 2017) and Bilderbeck et al.
in this issue) aims to increase the current knowledge investigating social behaviours from both clinical and preclinical perspectives in three
frequent, severe neuropsychiatric disorders, i.e. SCZ, AD, and MDD. We
will describe in a following section how these three disorders, characterized by marked social dysfunction, show perturbations in the
abovementioned processes and their putative network assembly
(Kennedy and Adolphs, 2012).

gestures) for simulating and interpreting others’ overt actions (Barrett
and Satpute, 2013; Rizzolatti and Sinigaglia, 2016; Spunt et al., 2010,
2011; Zaki et al., 2010), as well as their basic emotions (Rizzolatti and
Sinigaglia, 2016). Overall, this system allows basic understanding of
others’ actions and emotions, by mainly drawing on one’s own sensory,
motoric, and visceral representations of what is perceived (Rizzolatti
and Sinigaglia, 2016). However, basic understanding of others’ actions
and emotions is not suﬃcient for higher-order inferences on causes and
consequences of others’ behavioural repertoires, and this is where the
mentalizing network comes into play (Barrett and Satpute, 2013; Frith
and Frith, 2006; Rizzolatti and Sinigaglia, 2016).
The mentalizing network (Fig. 1) comprises a more wildly distributed collection of frontoparietal territories, which draw on past
experiences and social knowledge for highly enriched and multimodal
representation of sociocognitive information (both internally- and externally-oriented) (Barrett and Satpute, 2013; Rizzolatti and Sinigaglia,
2016; Spunt et al., 2010, 2011; Zaki et al., 2010). The original core of
this network included the posterior STS, the temporo-parietal junction
(TPJ), the anterior temporal poles, the mPFC (Frith and Frith, 2006),
posterior cingulate/precuneus, and inferior frontal gyrus (Schurz et al.,
2014). The mentalizing network largely overlaps with the default mode
network (DMN) (in particular, some authors identiﬁed an overlap between the mentalizing system and three subnetworks of the DMN, although other authors highlighted how only one DNM subnetwork and
some DNM hubs overlap with the mentalizing system (Hyatt et al.,
2015; Li et al., 2014; Buckner et al., 2008)), to the point that some
authors speculated that humans may be predisposed to engage the
mentalizing system when not focusing on non-social tasks (Liberman,
2013). However, the DMN becomes more active during rest and after a
non-social task is completed (Buckner et al., 2008), suggesting a partial
distinction from the mentalizing network (Green et al., 2015; et al.,
2015; Hyatt et al., 2015). The mentalizing network is often decomposed
into dorsal and ventral subnetworks (Abu-Akel and Shamay-Tsoory,
2011; Kalbe et al., 2010; Lavoie et al., 2016; Poletti et al., 2012;
Schlaﬀke et al., 2015; Shamay-Tsoory and Aharon-Peretz, 2007) that
perform slightly diﬀerent functions (Andrews-Hanna et al., 2010;
Barrett and Satpute, 2013). The dorsal subnetwork (dorsal ACC, mPFC,
precuneus, and temporo-parietal poles) seems more engaged when
abstract third-person (exogenous) information is necessary for making
sociocognitive inferences (Andrews-Hanna et al., 2010; Barrett and
Satpute, 2013). The ventral subnetwork (ventral ACC, mPFC, medial
temporal lobe territories) seems more engaged when embodied ﬁrstperson (endogenous) information is required for sociocognitive inferences (Andrews-Hanna et al., 2010; Barrett and Satpute, 2013).
However, this distinction is still preliminary, as more recent data suggest a more complex networks' structure sustaining mentalizing, with at
least three subnetworks sustaining diﬀerent aspects of mentalizing activity (for detail see (Schurz et al., 2014)). Thus, despite the fact that
the core regions of the mentalizing network have been repeatedly
identiﬁed, the exact functions of its diﬀerent subnetworks are still to be
elucidated in detail, as well as the exact interactions with other brain
networks, such as the DNM.
It is also good to mention that mirroring and mentalizing operations
often occur automatically with very little eﬀort or explicit deliberation
(Frith and Frith, 2006). Mounting evidence suggests that these two
networks constantly communicate and interact with each other during
sociocognitive processing (Barrett and Satpute, 2013), though the
speciﬁc nature of these interactions is still under debate (e.g., (Van
Overwalle and Vandekerckhove, 2013)). One line of research suggests
that these networks seem to act in parallel during the perception of
persons, where they either cooperate or compete with each other depending on contextual factors (Barrett and Satpute, 2013; Zaki et al.,
2010). Others theorize that these networks are hierarchically related:
the process of constructing complex mental state attributions (i.e.,
mentalizing) is likely preceded by sensorimotor and visceromotor representations of perceived overt behaviours (i.e. mirroring) (Barrett

3. The social brain: neurotransmitters and social behaviours
In the previous section we revised and integrated the current
knowledge about the functional neuroanatomical substrates of social
functioning. In this section, the involved neurotransmitters will be detailed with some real-life examples integrating neuroanatomical regions
for a physiological understanding of subject’s social behaviour.
The complexity of the processes described above is also reﬂected by
their complexity at the neurotransmitter level. As mentioned above, the
selective pressure gradually led to a progressive development of a
complex network of neural interactions, which sustains the processing
of this class of stimuli. Most of the neurotransmitter systems involved
(e.g. dopamine (DA), opioid (OP), and GABA systems (GABA)) probably
adapted parts from their general functions to the processing of social
stimuli, while only few systems (particularly OXT and vasopressin
(AVP), and in a lesser extent also serotonin (5-HT)) show a marked
specialization for the processing of these stimuli. These "specialized"
neurotransmitter systems seem to orchestrate the neural response to
social stimuli, making a secondary use of the other "non-specialized"
systems (for a general overview of the neurotransmitter systems discussed see Supplementary material S.1). The amount of evidence
achieved so far allows drafting an initial picture of these complex interactions in diﬀerent aspects of social stimuli processing. Although
these interactions are clearly related to the neural activity within the
networks described in the previous section, our current knowledge does
not enable the precise coupling of neurotransmitters inter-play with
activation of speciﬁc neural networks. Therefore, in this section we
focus on more basic social processes, providing an overview of the involved neurotransmitters inter-play. Where possible, links with the
neuroanatomical level are provided. Of note, a large amount of the
evidence discussed comes from animal studies. We will specify when
ﬁndings were conﬁrmed also by human studies. In a following section
we will discuss how these processes may be altered by neuropsychiatric
disorders, such as AD, SCZ, and MDD, resulting in social dysfunction
5
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interactions (i.e. mating behaviours and aggressive/cooperative behaviours aiming to determine social hierarchies). The feeling of distress
caused by social isolation/rejection (i.e. social pain) represents the
other side of the coin, which also promotes socialization bond maintainance to avoid these consequences in the future. Clearly, the perception of social stimuli as rewarding and the avoidance of distress due
to social separation/rejection have strong evolutionary roots, because
of the great advantages deriving from group living compared to solitary
living, despite its intrinsically-related costs (e.g., ecological competition
and reproductive suppression) (Dunbar and Shultz, 2007). Intuitively,
impairments in the processing of social reward and social pain could
cause repeated unsuccessful social interactions (e.g., decreasing motivation through social interactions), possibly driving to social withdrawal. In Section 5 we will detail this issue, using as examples MDD,
AD, and SCZ.
Several neurotransmitter systems are thought to be involved in the
encoding of social stimuli as rewarding or punishing. Intuitively, these
processes are likely to be fundamental for the functioning of the social
aﬃliation network and the social aversion network described in the
previous section (Fig. 1). Consistently, the areas we will focus on in this
section are included in these two networks. As in other form of rewards,
DA plays a primary role. Particularly, DA VTA increases its activity in
response to social stimuli, and the degree of downstream DA release is
associated with the duration of social interaction (Gunaydin et al.,
2014; Scott-Van Zeeland et al., 2010). The main target of VTA DA
projection is the NAc (involved both in the social aﬃliation and social
aversion networks, although a spatial diﬀerentiation within the ventral
striatum has been suggested (Bickart et al., 2014b)), which is thought to
encode reward-related signals from the VTA, via an activation of NAc
D1-expressing GABA medium spiny neurons (MSNs) (Lobo et al., 2010;
Yager et al., 2015). Interestingly, OXT was found to enhance VTA activation in response to cues announcing both social reward and pain
stimuli (i.e. anticipation of reward or pain stimuli) (Groppe et al.,
2013), but not to non-social stimuli (Dolen et al., 2013). This is another
example of how a “specialized” system makes use of a more general one
to ﬁnely modulate social behaviour. In fact, OXT activation leads to a
reinforcement of DA-mediated signals (e.g. strengthening the signal-tonoise ratio in the principal cell circuits through GABA system stimulation (Baribeau and Anagnostou, 2015)) in response to social stimuli
only. Moreover, a further step in the interpretation of the complex
system interplay, an interaction with 5-HT system is also required for
decoding the social stimuli as rewarding or punishing. In detail, the
activation of NAc 5-HT1b receptors, which in turn induce long term
depression (LTD) in MSNs neurons, is needed to encode social reward
(Dolen et al., 2013). But this preliminary picture needs a further step,
which is fundamental in processing both social reward and pain stimuli.
This is performed by the OP system which contributes together with DA
system in mediating the ﬁnal hedonics aspects of social reward (Blass
and Fitzgerald, 1988), as well as the feelings related to social pain
(Johnson and Dunbar, 2016), eliciting distress upon separation
(through low opioid receptor activity, mainly into NAc shell (Koob and
Volkow, 2016)) and comfort upon reunion (through high opioid receptor activity, mainly into NAc shell (Eisenberger, 2012; Koob and
Volkow, 2016)). These eﬀects are thought to be related to the direct
modulation of the OP system on DA. Indeed, after a reward stimulus, μopioid receptor (MOR) activation in NAc directly correlates with DA
release (Job et al., 2007). A putative mechanism of action for this
modulation is suggested by the expression of OP receptors by MSNs
neurons (Yager et al., 2015), which modulates the DA release within
NAc, as previously stated. Unfortunately, most data about these ﬁne
interplays comes from animal studies, although some consistent evidences have been reported also in humans (Eisenberger, 2012; Koob
and Volkow, 2016). The problem is primarily technical with invasive
neurochemical techniques (voltammetry, amperometry, microdialysis)
with good time resolution unable to be performed in humans while
existing non-invasive human-appropriate neurochemical techniques

and, eventually, in social withdrawal.
3.1. Social perception
In the previous section, we described the social perception network
(Fig. 1) (Bickart et al., 2014b). The functioning of this network requires
a complex inter-play of neurotransmitters. Salience is a key attentional
mechanism associated with the ability to reorient to (or ﬁlter out)
salient stimuli (including social ones). This eﬀect has been related to
the enhancing of neural responses in the VTA, posterior STS and premotor cortex, brain regions related to reward (e.g. nucleus accumbens NAc, striatum, and OFC), and connectivity among amygdala, insula and
caudate (Ma et al., 2016) (i.e. to a modulation of the social perception
network and the reward network (Bickart et al., 2014b)). The detection
of salient stimuli is centrally regulated by the DA system, which increases phasic activity after salient stimuli detections, promoting attention reorienting and alerting to potentially important sensory cues
(Shamay-Tsoory and Abu-Akel, 2016). These alerting signals are sent to
salience-coding VTA DA neurons to mesolimbic structures (including
central amygdala, BNST, and NAc) to assess their value and valence.
The sensitivity of DA neurons to these stimuli depends on basal levels of
tonic DA transmission, which in turn are determined by homeostatic
biological functions, as well as individual characteristics (ShamayTsoory and Abu-Akel, 2016). The OXT system seems to modulate phasic
DA activity in response to social stimuli (Groppe et al., 2013), facilitating the salience of this class of stimuli (e.g., (Guastella et al., 2008)),
irrespective of their valence, by regulating DA's salience coding and
attention reorienting signals. Interestingly, an up-regulation of the
phasic ﬁring of DA neurons within this pathway has been associated
with social dysfunction and related to social withdrawal, although only
in animals (Campi et al., 2014; Chaudhury et al., 2013). OXT and DA
interactions within central amygdala and NAc are thought to have a
primary role in the salience stimuli determination (Shamay-Tsoory and
Abu-Akel, 2016), while their eﬀects on functional coupling between
(post)amygdala and superior colliculi are thought to modulate attention
reorienting (likely involving also PFC modulation, as suggested by both
animal and humans studies (Rosenfeld et al., 2011)). In turn, preclinical
and clinical data suggest that OXT production and release are modulated by the 5-HT system via interaction with 5HT1a, 5HT2b/2c and
AVPR1a receptors (Bershad et al., 2016; Kamilar-Britt and Bedi, 2015).
This modulation likely reﬂects the integration of mnemonic information and aﬀective status on the perception of social stimuli (see section
3.3 and 3.4 below) (Svob Strac et al., 2016). This is a ﬁrst example of
how a "general" function such as salience stimuli determination, shows
a sort of "specialization" for social stimuli processing, likely attributable
to OXT and 5-HT systems interplay.
Therefore, in a social context such as a friends’ meeting, our perception is
strongly enhanced and directed by speciﬁc social stimuli (e.g. eye gaze, face
expressions, etc.) in order to facilitate their processing. In particular, the 5HT system modulates OXT system activation, which in turn regulates the DA
system. The DA system subsequently promotes the attention through and the
salience of social stimuli from the environment. This neurotransmitter interplay results in an activation of the social perception network. Thus, we will
pay more attention to social stimuli in general, and particularly to the ones
coming from signiﬁcant others, such as friends, relatives, and partners.
3.2. Social reward and social pain
To understand how our brain evolved to function in a complex social environment, an important question is: why do we perceive social
stimuli as rewarding or punishing? Some authors hypothesized that the
perception of social stimuli as rewarding is fundamental to develop the
other aspects of social brain (Gunaydin and Deisseroth, 2014). Indeed,
we form and maintain bonds with conspeciﬁcs because of the reward
deriving from them, starting from the ﬁrst interactions (i.e. parental
attachment and juvenile social play) to the typical adulthood social
6
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disengagement and with smaller social network size (Bickart et al.,
2014a,b). Other intermediate brain structures such as the medial preoptic area (mPOC) (Coria-Avila et al., 2014) and BNST (Lebow and
Chen, 2016) are involved in these processes as well, as observed both in
animals and humans. The OXT system seems to increase neural responses in several reward-related brain areas other than NAc in humans
(i.e. insula, precuneus, pgACC, OFC, ventral pallidum, and midbrain
(Ma et al., 2016)), overall enhancing the responses to social stimuli.
Furthermore, in humans, also the 5-HT system modulates neural activity in response to environmental stimuli in limbic and cortical circuits, including insula, OFC, amygdala, putamen, ventral striatum,
hippocampus, VTA and dmPFC (Macoveanu, 2014). These eﬀects are
thought to be regulated by a direct pathway between 5-HT dorsal raphe
neurons and vmPFC (which is included in the aﬃliation network,
Fig. 1), which provides the adaptive cortical control on brainstem circuits regulating socioemotional decisions and actions, as suggested by
both preclinical and clinical data (Challis and Berton, 2015). Consistently, on the basis of preclinical ﬁndigns, it has been hypothesized
that 5-HT dorsal raphe nucleus acts as a hub for current context evaluation, encoding how beneﬁcial the current environmental context is
for the subject (Luo et al., 2016). The relevance of this pathway on
social behaviour has been demonstrated in animals, since a decrease in
tonic activity of 5-HT neurons in the dorsal raphe nucleus has been
associated with social avoidance behaviour in socially defeated animals
(Challis et al., 2013). Again, the inhibitory eﬀects of the 5-HT system on
these brain areas are likely to be mediated by the GABA system (Challis
et al., 2013; Challis and Berton, 2015). On the other hand, there are
other complex interactions between OXT and 5-HT systems, which result in the necessary ﬁne tuning and feedback of their transmissions. As
an example, both in animals and humans, 5-HT activation seems to
enhance OXT transmission via activation of 5-HT1A and 5-HT2B/2C
receptors (Kamilar-Britt and Bedi, 2015), while OXT activity within
raphe nuclei facilitates 5-HT release in this area. Nonetheless, the exact
interactions and the hierarchy between 5-HT and OXT systems are still
to be elucidated in detail, in particular in humans. However, in animals,
OXT was also found to modulate cortical inhibition (Marlin et al.,
2015), and these systems likely interact in determining the excitation/
inhibition balance in vmPFC, which in turn was associated with valueguided choice process in humans (Jocham et al., 2012) and with social
behaviour itself in both animals (Yizhar et al., 2011) and humans
(Bickart et al., 2014b; Bicks et al., 2015). Finally, the OP system within
the left ventral striatum also plays a fundamental role in motivation
through social reward, as suggested by both preclinical and clinical data
(Chelnokova et al., 2014; Hsu et al., 2013; Loseth et al., 2014). As
previously stated, activation of OP mu receptor is likely needed to induce DA release in this area and, similarly, during anticipation of reward (Koob and Volkow, 2016). From a neural perspective, it is possible to distinguish two striatum-related networks, a) one sustaining
motivation through a future reward (ventral striatum DA circuit, which
likely overlaps with the aﬃliation and aversion networks, Fig. 1
(Bickart et al., 2014b)) and b) one monitoring the outcome of actions to
optimize future choices to achieve reward (dorsal striatum DA circuit)
(Skuse and Gallagher, 2009), i.e. determining associative learning,
likely involving speciﬁc nuclei of amygdala, BNST, and some speciﬁc
areas of VTA (although their involvement has been demonstrated only
in primates) (Fudge et al., 2017). In this second network, AVP may play
a primary role because of its eﬀect on NAc shell, lateral septal nucleus
and other areas of dorsal striatum (Skuse and Gallagher, 2009). Beyond
their role in reward processing, motivation and outcome monitoring,
these two networks are also responsible for the complex cognitive
perception of trust. This complex perception is known to be enhanced
by OXT administration, likely through amygdala deactivation and reduced amygdala-brainstem regions coupling (Skuse and Gallagher,
2009). Finally, the same neural circuits are also involved in reciprocal
altruism, which is likely the result of innate tendency and previous
experiences (Skuse and Gallagher, 2009).

(e.g. 1H-MRS) have poor time resolution to link to social behavioural
events. At a neural level, these inter-plays might explain how ventral
striatum is involved both in the aﬃliation and aversion networks in
humans (Fig. 1) (Bickart et al., 2014b). On the contrary, other brain
areas are involved in social pain processing only, such as dACC and
anterior insula, as already demonstrated in humans (Eisenberger,
2012). Furthermore, social reward seems to activate OP system within
amygdala, left ventral striatum, and anterior insula, while it was deactivated in midline thalamus and sgACC (Hsu et al., 2013;
Nummenmaa et al., 2016). In turn, closing the circle, the OP system is
modulated by OXT, AVP and other systems, such as the endocannabinoid one (Johnson and Dunbar, 2016), which determine also
long-term modulation of the system (in terms of receptors availability
in diﬀerent brain areas), particularly during neurodevelopment in humans (Nummenmaa et al., 2015). Therefore, at the neurotransmitter
level, social pain and social reward processing show a high degree of
overlap, since they involve the same actors, although with a diﬀerent
spatial-time activation. However, some neurotransmitter pathways are
likely to be involved only in one of these processes, suggesting some
degree of specialization also at this level. Unfortunately, current
knowledge does not allow to exactly disentangle these specialized
neurotransmitter pathways, particularly in humans. Consequently, a
large number of ﬁndings here discussed comes from animal studies and
has still to be replicated in humans, since current human methodologies
do not allow the high spatial-time resolution required to elucidate these
interactions.
This brief overview allows us to hypothesize how this social reward
system acts in a real-life situation. For example, when we meet friends who
smile at our arrival (i.e. social reward stimuli), the OXT system is activated,
enhancing VTA DA signals through GABA system stimulation. Then, VTA
DA neurons generate an OXT-reinforced signal to NAc neurons, which in
turn are modulated by 5-HT1b and MOR (mu receptor) heteroreceptors.
These modulations determine the amount and duration of DA downstream
release, which encodes the subjective feeling of pleasure due to the social
stimulus (e.g. friends smile) and increase the desire to maintain the interaction with the source of reward (e.g. the desire to spend more time with our
friends). At the neural level, this modulation determines an activation of the
social aﬃliation network. On the other hand, when we separate from our
friends, for example to move to another country for a long time, we feel the
pain due to the separation. These feelings seem to be mediated by a deactivation of MOR (mu receptor) and probably also of 5-HT1b heteroreceptors, which result in a decreased NAc DA downstream release, responsible for the subjective feeling of distress (Eisenberger, 2012). Clearly,
these are the ﬁnal steps of the neurotransmitter signals which processing
social stimuli as rewarding or punishing, but they are of fundamental importance because, when altered for example by a psychiatric disease, they
might impair the resultant social behaviours.
Obviously, this is only a part of the whole interplay. Social reward
and pain stimuli, as other rewarding/punishing stimuli, determine reinforcement processes through the sources of these stimuli and the
mechanics of the anticipation feelings. Again, if these processes are
impaired, the motivation through social interactions will most likely
decrease, eventually resulting in progressive social withdrawal, as further discussed in Section 5. The dorsal raphe nucleus 5-HT projections
to NAc seem to play a primary role in processing reinforcement processes, such as conditioned learning. It has been shown that 5-HT axons
from dorsal raphe nucleus expressed presynaptic OXT and 5-HT1b receptors at their terminals, which, when stimulated together, lead to a
LTD of excitatory synapses onto MSNs in the NAc. These long-term
modulations are thought to be involved in reinforcement processes, as
suggested by preclinical data (Dolen et al., 2013). Furthermore, also the
projection from VTA DA neurons to mPFC and amygdala are involved
in these processes, as well as the regulatory feedback provided by the
glutamatergic projection from mPFC to NAc. Interestingly, these pathways are involved in the social aﬃliation network (Fig. 1), the atrophy
of which has been associated with higher levels of socio-emotional
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(Young and Wang, 2004). Consistently, these interactions among DA,
OXT and AVP systems within the reward-system were found only in
monogamous species. However, they were investigated mainly in animal studies (Insel, 2010) and further studies are needed to conﬁrm and
better elucidate these mechanisms in humans.
In a real-life situation, the repeated interactions with a conspeciﬁc (e.g.
friend or partner) will induce speciﬁc long term modiﬁcations in the DA
reward system (D1 receptor) and in its modulator systems (i.e. OXT, 5-HT
and OP systems). These long-term modiﬁcations facilitate the reward from
this speciﬁc interaction, which increases motivation and anticipation. Also,
associative memories, which link features/sensory signatures of our friend/
partner (e.g., odors) to reward expectations, will be formed and recalled
during reward anticipation. Thus, when we are waiting to meet our friend,
we feel the desire to interact with him and we will experience the excitement
due to the expected reward.

In a real-life situation, for instance when we are waiting to meet with our
friends, an amount of information (e.g., previous experiences and current
aﬀective status) are processed at a cortical level, mainly by vmPFC, in order
to determine the expectation through the possible source of social reward
(e.g., the friends meeting). In turn, vmPFC modulates neural activity in
limbic and cortical circuits (Macoveanu, 2014) through a direct pathway
with 5-HT dorsal raphe neurons. From a neural network perspective, this
evaluation provided by cortical regions results in an activation/inhibition of
both the aﬃliation and aversion networks described above (Fig. 1). If the
outcome of these cortical processes is positive, the consequent 5-HT activation leads to an enhanced OXT transmission, which in turn modulates the DA
reward circuit in the way previously described (i.e. there is an activation of
the aﬃliation network). The ﬁnal DA release in NAc is the main responsible
for the subjective feeling of expectation and motivation through social stimuli. In the meantime, the dorsal striatum DA circuit monitors the actual
reward outcome (Is it a real pleasurable meeting as expected?) in order to
optimize future choices (e.g., motivation for future meeting participation),
modulating current aﬀective status (see below) and memory processes (likely
involving again OXT system).

3.4. Modulation of aﬀective status
Motivation through social stimuli also depends from our current
aﬀective status. This is the ﬁrst example how an external perturbation
may modulate social withdrawal. Indeed, when we feel upset, the desire
of social interaction usually decreases (diminished pleasure in activities, including social ones, is one of the criteria for the diagnosis of
major depression), while on the contrary, the presence of friends/relatives may help to improve our mood and to cope with distressful
events (social therapy is one of the major depression treatments).
Consistently, the systems discussed above are also reciprocally involved
in the regulation of aﬀects, as suggested by human studies. Particularly,
at a neural level, OXT has inhibitory eﬀects on amygdala and amygdalabrainstem functional connectivity (Domes et al., 2007), the ACC,
anterior insula, midbrain, OFC and thalamus (Ma et al., 2016) (i.e. OXT
inhibits the aversion network, Fig. 1 (Bickart et al., 2014b)). Further,
OXT activation reduced neuronal activity in the hypothalamus, hippocampus, and ventrolateral septum, resulting in a reduction of ACTH
release and cortisol plasma levels (i.e. to an inhibition of the HPA axis,
which acts as a ﬁnal executor of the social aversion network according
to convergent evidence from both preclinical and clinical studies, as
previously stated (File and Seth, 2003; Lehmann et al., 2013; Lopez
et al., 2004; Wu et al., 2013)). Thus, an activation of OXT system leads
to a decrease in anxiety and arousal, promoting a calm status. These
eﬀects are also thought to mediate the social buﬀering eﬀect in humans
(Alvares et al., 2010), i.e. the positive eﬀect of social support to cope
with distressful events. More in detail, when an aversive/stressful social
stimulus is detected, the basal-lateral amygdala rapidly activates the
extensive array of cortico releasing hormone (CRH) neurons located in
the central amygdala. In turn, these CRH neurons project to several
brain regions involved in emotion modulation, memory processes, and
arousal, including BNST and peripheral CRH neurons in the PVN. The
activation of the CRH system initiates the series of events that ends in
the activation of locus coeruleus (LC) norephinephrine (NE) neurons,
which is responsible for producing nonspeciﬁc arousal (Aston-Jones
et al., 1996), and in the release of cortisol from the adrenal cortex, both
in animals and humans (Moore and Depue, 2016; Reppermund et al.,
2007; Sandstrom et al., 2011). All these processes result in feeling of
anxiety and in hyper-arousal status (for detail see (Aston-Jones et al.,
1996; Moore and Depue, 2016; Reppermund et al., 2007; Sandstrom
et al., 2011)). OXT seems to mediate the social buﬀering eﬀect, promoting calmness (i.e. inhibiting defensive behaviours (Tops et al.,
2014)) (Baribeau and Anagnostou, 2015), likely through interactions
with the CRH system in the paraventricular nucleus (PVN) and BNST
(CRH-neurons expressed OXT receptors in these areas, although data in
humans are few) (Dabrowska et al., 2011; Heinrichs et al., 2003), which
result in an inhibition of the HPA axis (Dabrowska et al., 2011; Karelina
et al., 2011). Consistently, at the neural level, the social buﬀering eﬀect
is thought to be mediated by an activation of PFC (i.e. of the mentalizing and aﬃliation networks, Fig. 1) and a deactivation of amygdala,

3.3. Social learning and bond formation and maintenance
Dynamic situational interplay and anticipation are important, but
maintenance is also needed. For example, as we will discuss in Section
5.2, in neurodegenerative disorders (such as AD) the observed social
withdrawal (Jost and Grossberg, 1996) is likely to result from a progressive reduction of already established social interactions. Therefore,
these eﬀects are important for subsequent social learning and stable
bond formation and maintenance. Indeed, repeated reward from a
speciﬁc social interaction (e.g. repeating meetings with a friend) results
in the formation of a stronger social bond, sustained by long-term
modiﬁcations within these systems. In particular, it is interesting to see
how the immediate and delayed phases are linked to diﬀerent structures. Some authors proposed that, within the rostral shell of NAc, D2
receptors mediate the initial social reward, while D1 receptor activity
seems to facilitate the formation of speciﬁc bonds (e.g. with a monogamous partner), as suggested by animal studies (Coria-Avila et al.,
2014). It has been hypothesized that the initial reward is D2 mediated,
while repeated reward from the same source (e.g. a sexual partner)
gradually increases the presynaptic D1 receptor expression, facilitating
the reward from the same interaction and preventing reward from other
interactions, thus facilitating the formation of social bonds (e.g. with
monogamous partner or with our infant) (Coria-Avila et al., 2014;
Skuse and Gallagher, 2009). However, the exact mechanisms which
sustain this long-term modulation remain to be fully elucidated, in
particular in humans. Some authors suggested that the interaction with
OXT and AVP systems are fundamental for social bond formation.
Speciﬁcally, for bond formation, their eﬀects on salience of social stimuli (which facilitates social recognition) and on reinforcement proprieties of the DA reward system are thought to be fundamental. At a
neural level, the sensory cortices (mainly olfactory, auditory and tactile) project to the medial amygdala and lateral septum, which are
critical for social recognition. The medial amygdala and its strictly
connected BNST project AVP ﬁbers to the ventral pallidum and lateral
septum, whereas OXT ﬁbers in the NAc most likely originate from
neurons in the preoptic area (POC) or hypothalamus. As previously
mentioned, these areas have been linked with associative learning in
primates (Fudge et al., 2017), again suggesting how some systems
adapted from their general functions to the processing of social stimuli.
Activation of these areas during mating/social interaction may result in
local release of these peptides. The ultimate result is the concurrent
activation of D2 receptors in the NAc of both sexes, OXT receptors in
PFC and NAc of females and AVPv1a receptor in the ventral pallidum of
males. As a result, the reinforcing, hedonic proprieties of social interaction may become coupled with the sensory signatures (e.g. odors and
voice) of the partner, resulting in a conditioned partner preference
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3.6. Sex diﬀerences

dACC (i.e. of the aversion network, Fig. 1) and frontal cortex, likely
through a modulation of GABA system by OXT. The eﬀectiveness of this
modulation depends by rearing conditions, which in turn modulate the
OXT system development (Hostinar et al., 2014). Obviously, further
studies are needed to disentangle more in detail how the OXT system
modulates the aﬀective status and mediates the social buﬀering eﬀect,
in particular in humans.
In a real life situation, the presence of friends/relatives, will help us to
cope with stressful events, e.g. to face a failure in university examination. On
the other hand, after we receive an aversive social stimulus (e.g. a failed
exam), our aversive system will be activated, resulting in anxiety and hyperarousal feelings with decreased sociality. However, through the support offered by friends/relatives, the magnitude of these feelings will be reduced by
the inhibitory eﬀects of OXT system on CRH. Consequently, the activation of
the aversive system will be moderated and normalized more rapidly, preventing the deleterious eﬀects of a stronger and prolonged HPA axis activation.

A growing body of evidence suggests that diﬀerences between sexes
exist concerning these systems, as previously underlined. Intuitively,
females and males greatly diﬀer in some aspects of social behaviours,
such as parental attachment and mating (Coria-Avila et al., 2014),
while in other ones they may be quite similar (e.g., friendship). Consistently, some diﬀerences in the neurotransmitter systems discussed
above have been found (although mainly in animals, e.g., (Campi et al.,
2014)). In particular, in speciﬁc areas of the brain (e.g., BNST), differences in the expression of OXT and AVP receptors as well as diﬀerences in the expression of these neuropeptides themselves have been
reported between the two sexes (for a review see (Dumais and
Veenema, 2016)). Nonetheless, these diﬀerences are still poorly known,
particularly in humans, and further speciﬁc investigations are needed to
better understand their neurobiological bases.
3.7. Genetic variants
This description of the ﬁne inter-play of neurotransmitters which
sustain social functioning underlines the complexity of these processes.
As previously mentioned, rearing conditions are thought to explain, at
least partially, the variability in social behaviour observed in healthy
subjects (Hampton et al., 2016), likely as a result of a gene x environment interaction (e.g. (Calati et al., 2014; Lange et al., 2017b; Singer
et al., 2017)). In other words, genetic variants and early life events
jointly modulate the resilience/vulnerability of this inter-play in the
speciﬁc subject (e.g. (Challis et al., 2013; Zhang et al., 2015)). Intuitively, higher vulnerability may lead to higher social dysfunctioning
when a pathophysiological process (e.g. AD, SCZ, and MDD) occurs. It is
beyond of the scope of the present manuscript to review literature
about the genetic ﬁndings in social neuroscience (for reviews see (Cole,
2014; Ordonana et al., 2013; Skuse and Gallagher, 2011)). However, in
Supplementary Table 1 we reported the genetic variants within the
systems described above that have been associated with social functioning and social cognition impairments in diﬀerent clinical populations, since they might modulate the genetic vulnerability through social dysfunctioning. Further, associations among the same variants and
neuropsychiatric disorders such as AD, SCZ, and MDD, were reported as
well in order to underline possible convergent pathological mechanisms. However, the available evidence regarding "social genetics" are
still largely conﬂicting and further studies in larger, well-characterized
cohorts are needed (e.g., (Wang et al., 2017)).
In Section 5, we will describe in detail how AD, SCZ, and MDD may
aﬀect the processes which sustain social functioning, resulting in social
dysfunction and, frequently, in social withdrawal.

3.5. The key role of oxytocin
The OXT system (Supplementary material S.1) has a central role in
social behaviours (e.g., (Kanat et al., 2014; Meyer-Lindenberg et al.,
2011; Wang et al., 2017)); therefore it seems probable that it is tightly
modulated in a ﬁne way with multiple feed-back loops. OXT has excitatory eﬀects on brain areas involved in emotion regulation, such as
the mPFC, vlPFC, dlPFC. These eﬀects are in way opposite to the eﬀects
of the OXT system discussed above, and are mediated by other neurotransmitter systems, mainly the GABA system (McDonald et al., 2011;
Stan et al., 2014). Generally, OXT increases the GABA interneuron
functioning, strengthening the signal-to-noise ratio in the principal cell
circuits, although it has been demonstrated only in animals so far
(Baribeau and Anagnostou, 2015). The stimulating eﬀect of OXT on
GABA system has been suggested also in the dlPFC, where increased
GABAergic transmission determines the removal of inhibitory brakes
which normally act to suppress the expression of response tendencies
that are characteristic of earlier developmental stages, as observed in
humans (Mitchell et al., 2015). Moreover, OXT activity within raphe
nuclei facilitates 5-HT release in this area, thus promoting an anxiolytic
eﬀect and decreasing aggressive behaviours. However, on the basis of
preclinical data, it has been also hypothesized that 5-HT may have
diﬀerent eﬀects on social behaviours, by amplifying the preexistent
attitude of the subject (de Boer et al., 2009). In turn, 5-HT activation
facilitates OXT and AVP secretion in animals (Baribeau and
Anagnostou, 2015). On the other hand, social punishment determines
the activation of other brain areas, such as dACC and anterior insula,
and to a minor extent midline thalamus, ventral striatum, amygdala,
primary somatosensory cortex, secondary somatosensory cortex, posterior insula and periaqueductal grey, and sgACC, which are thought to
mediate the emotional and cognitive aspects of social pain
(Eisenberger, 2012). The activation of these areas is thought to be
mediated by the interactions between the OXT and OP systems described above.
In a real-life situation, when we stay with friends, in a positive and
friendly environment (e.g., an informal meeting with friends), the activation
of the OXT system secondary to social reward promotes both a deactivation
of the aversion network (i.e. rostro-dorsal amygdala, caudal ACC, anterior
insula, midbrain, OFC, and thalamus, Fig. 1 (Bickart et al., 2014b; Ma
et al., 2016)) (i.e. promoting a calm and relaxed status) and a concomitant
enhancement of PFC activities, responsible of positive emotional feelings (e.g.
happiness). On the contrary, when we meet friends/relatives that are very
disappointed by us, the aversion network is activated under OXT and 5-HT
system modulation, as well as other areas involved in emotional conﬂict
resolution (i.e. dACC). Thus, we will feel distressed and we will start to think
why our friends are disappointed by us and how to resolve this conﬂict.

4. Intermediate cognitive endophenotypes and social functioning
In the previous sections we described the fundamental neural processes underpinning social behavioural patterns and we delineated the
underlying neurophysiologic circuitry. However, its complexity is also
reﬂected at a clinical, endophenotype, level, which may independently
modulate the ﬁnal behavioural pattern. For example, we previously
discussed how deﬁcits in the attention endophenotype may play a role
in the impaired ability of facial emotional recognition observed in patients with amygdala lesions (Adolphs et al., 1994; Vuilleumier et al.,
2004). Consistently, other basic cognitive domains have been proved to
modulate interpersonal behaviours (e.g., (Bowie et al., 2008; Vlamings
et al., 2010)). In line with these data, in the PRISM project ((Kas et al.,
2017) and Bilderbeck et al. in this same issue) three basic key cognitive
domains, namely sensory processing, attention, and working memory,
will be investigated in relation to social functioning. One of the main
reasons for this selection was that these three speciﬁc cognitive domains could be easily investigated also in animal models (e.g. (Wallace
et al., 2015)), thus allowing a better dissection of their neurobiological
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needed to better disentangle this issue.

basis. In this section, we brieﬂy discuss how and to what extent these
non-social cognitive domains are involved in social cognition and social
functioning. We are well aware that other cognitive domains (e.g.,
executive functioning and verbal memory (Bell et al., 2009)) may
contribute to modulate social behaviours, but we only aim here to
highlight how key aspects of human cognition, by modulating social
functioning, may determine social dysfunctions - and eventually social
withdrawal - when altered, independently from deﬁcits in the social
pathway itself. The aim is to dissect as much as possible the behavioural
domains in order to facilitate a better understanding of their biological
bases.

4.2. Working memory, social cognition, and social functioning
Working memory is another domain which is likely to modulate
social behaviour but, similarly to attention, few studies have focused on
the evaluation of associations between working memory and social
functioning. Nonetheless, studies in SCZ have found that empathic
deﬁcits and stronger negative symptoms (including social withdrawal)
are linked to lower performance in working memory tasks (Cameron
et al., 2002; Pantelis et al., 2003; Smith et al., 2014b). Furthermore, an
association between working memory and mentalizing performances
has been reported in a neuroimaging paradigm (Spunt and Lieberman,
2013). Moreover, an association between poor working memory performances and broad social dysfunctions has been reported also in
healthy children (McQuade et al., 2013). Finally, similarly to attention,
working memory was found to modulate interpersonal behaviour
(Bowie et al., 2008). Following this line of research, a social working
memory network has been proposed, with medial fronto-parietal regions showing increased activation as a function of increasing social
load (Meyer and Lieberman, 2012; Meyer et al., 2012). In particular,
the top-down connectivity from prefrontal to posterior regions has been
linked to performance in socially demanding tasks (Hillebrandt et al.,
2013). Nonetheless, despite this recent evidence, the speciﬁc mechanisms behind the possible interaction between social and working
memory systems require further exploration. Given the complexity of
social interactions, it is likely that individuals with working memory
impairments will have more diﬃcult time in considering multiple
pieces of social information, thinking through their actions, and referencing prior social knowledge (McQuade et al., 2013). Thus, it could be
hypothesized that deﬁcits in working memory could lead to a disengagement from social interactions, possibly driving to social withdrawal. Obviously, this hypothesis requires dedicated studies in order
to be rigorously investigated.

4.1. Attention, social cognition, and social functioning
Biases in the processing of social stimuli may be driven in part
through skewed attentional mechanisms. While the modulation of attention by social factors and vice versa is increasingly acknowledged
(Sui and Humphreys, 2016), there is relatively little research on the link
between attention and social cognition. As stated above, amygdala lesions have been associated with inability to guide visual attention to the
face eye regions, which may explain the associated impairment in
emotional face processing (Adolphs et al., 2005; Vuilleumier et al.,
2004). We have already discussed the central role of amygdala in the
social perception network, as well as in aﬃliation and aversion networks (Fig. 1). Concerning attention, the amygdala is presumed to play
a role in rapid orientation to salient stimuli (Davis and Whalen, 2001)
followed by a slower process that engages both the amygdala and
cortical regions including the vlPFC (Monk et al., 2006, 2008), which is
implicated in emotional regulation and in the reﬁning or recalibration
of perceptions and response. In simple tasks, such as those comparing
social and monetary rewards responses, attentional response to social
and non-social stimuli is similar (Anderson, 2016). On the contrary,
processing of other social cues, such as eye gaze, as well as head and
body orientation, and pointing gestures, requires a complex orientation
of spatial attention (Frischen et al., 2007) and the integration with
higher order neural networks, such as those involved in mentalizing
(Nummenmaa and Calder, 2009). In fact, social situations place demands on cognition that are relatively unique in complexity. For example, following others’ direction of gaze in natural environments requires a dynamic and constantly-shifting attention process. In this
context, sustained attention may be particularly relevant to support
successful social interactions. Consistently, greater diﬃculties in sustained attention in infancy have been associated with greater social
discomfort in later childhood and adolescence (Perez-Edgar et al.,
2010b). Furthermore, studies on SCZ (Addington and Addington, 1998;
Combs and Gouvier, 2004; Kohler et al., 2000; Tremeau, 2006), ASD,
and attention deﬁcit hyperactivity disorder (e.g., (Leitner, 2014)),
showed an association between impairment in sustained attention and
impairment in face emotional processing. Thus, attentional deﬁcits may
contribute to the aberrant neural representation of social stimuli.
Consistently, attention has been demonstrated to modulate interpersonal behaviour (Bowie et al., 2008). On the other hand, the aﬀective status seems to modulate attention through social stimuli, determining an enhanced response to negative/threatening stimuli when
the experienced aﬀect is negative (i.e. during depression and/or loneliness) (Cacioppo et al., 2016). This kind of attentional bias may contribute to cause social dysfunctions both in children (Eldar et al., 2008;
Perez-Edgar et al., 2010a) and adults (Bar-Haim et al., 2007; Mogg
et al., 2005). In turn, social discomfort, impaired emotion recognition,
and enhanced response to negative/threatening stimuli could repeatedly determine unsuccessful social interactions, likely leading to a
progressive social withdrawal in a vicious circle.
Overall, these data point to a link between attentional deﬁcits and
social dysfunction, but few studies have explored this question directly.
As a result, relatively little is known about how speciﬁc mechanisms of
attention may modulate social behaviour and dedicated studies are

4.3. Sensory processing, social cognition, and social functioning
More complex aspects of social cognition discussed earlier, such as
(facial) emotion recognition, are likely to be adversely aﬀected by abnormalities in more basic sensory processing. For example, early visual
deﬁcits, or aberrant processing of pitch changes in speech, are likely to
have a deleterious impact on higher level cognitive function.
Supporting this idea, there is a growing body of research relating atypical facial expression recognition and resulting social problems observed in ASD to basic deﬁcits in the processing of low spacial frequency information, such as the overall conﬁguration of the face
(Vlamings et al., 2010).
In SCZ, some of the most replicated sensory processing deﬁcits involve anomalies in the generation of well-characterised event-related
potentials (ERPs), such as the P50 (implicated in sensory gating) and
N100 (elicited by an unpredictable stimulus in the absence of task demands) (Turetsky et al., 2009). Both potentials are generated within
auditory sensory regions and point to breakdown of processing at early
stages of stimulus evaluation (Javitt, 2009). In addition, SCZ is characterised by deﬁcits in mismatch negativity (MMN) generation
(Umbricht and Krljes, 2005). MMN is elicited only in response to stimuli
that deviate from a predictable sequence, and can apply to auditory
attributes such as pitch and duration. As changes in both the pitch and
duration of vocalizations can accompany changes in emotions expressed in social interactions, such a deﬁcit may contribute to the abnormal patterns of social behaviour and social judgement typical of the
disorder. Consistently, MMN amplitude was found to be highly predictive of SCZ patients’ level of independence in daily life (Light and
Braﬀ, 2005). This supports the link between sensory processing and
daily function, likely including successful social functioning.
Multisensory events are plentiful in real-life social interactions and
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that interpersonal behaviour could be predicted by processing speed,
attention and working memory, together with executive functions and
depressive and negative symptoms (Bowie et al., 2008). Interestingly,
the eﬀects of attention, working memory and processing speed seem to
be mediated by their eﬀects on social competence. Therefore, it can be
hypothesized that these cognitive deﬁcits induce impairments in the
patient's social competence which eventually results in high social
withdrawal, a hypothesis supported by ﬁndings in subjects at high-risk
of SCZ (Jahshan et al., 2012). In turn, social withdrawal, and the resulting social isolation/loneliness, may cause a worsening of these
cognitive deﬁcits (Cacioppo and Hawkley, 2009; Cacioppo et al., 2016;
Gow and Mortensen, 2016; Wilson and Koenig, 2014; Hoﬀman, 2007),
resulting in a vicious circle of progressive worsening of the general
functioning and the patient's quality of life. However, further studies
investigating in deep social and non social cognitive domains, together
with real-life social functioning, are needed to better elucidate these
complex interactions.

are likely to be critical in supporting adaptation to diﬀerent social interactions and environments. However, the integration of information
obtained from multiple sensory modalities is fundamental in order to
correctly understand the contextual environment, in particular the social one, as stated above. This integration was found impaired in SCZ
patients, resulting in poorer performances in emotion identiﬁcation
(Calvert et al., 2000; Calvert, 2001; de Gelder et al., 2005) with obvious
deleterious consequences on social relationships.
There is also emerging evidence that similar lower-level sensory
processing is disrupted in AD and its precursors, such as mild cognitive
impairment (MCI). As a matter of fact, MMN response was found altered in auditory (Jiang et al., 2017) and visual tasks (Tales et al., 2008)
in early-stage AD patients. The abnormal visual MMN indicates that
basic functions associated with the automatic detection of change
within the visual environment are abnormal in AD. These eﬀects were
strongest in frontal–central areas, suggesting impairment in pre-attentive sensory processes that may be directly relevant to PFC-based sociocognitive functioning. Thus, some of the high-level social and cognitive
deﬁcits observed in AD may be the result, at least in part, of signiﬁcant
deﬁcits in these pre-cursor sensory processing systems, although further
evidences supporting this hypothesis are clearly needed.
So far, we have discussed examples of ways in which sensory processing can modulate interpersonal behaviour. Interestingly, however,
the relationship has been suggested to be mutual, since loneliness also
seems to modulate the neural response to sensory (e.g. threatening and
non-threatening) stimuli (Cacioppo et al., 2016). Nonetheless, studies
investigating this association are still few and further dedicated investigations are needed to disentangle this issue.

5. The social brain in diﬀerent neuropsychiatric disorders (AD,
SCZ, and MDD)
We have dissected in the previous sections social functioning from
diﬀerent and complementary perspectives. In this last section we will
focus on the topic which has the most clinical and societal impact: how
do major neuropsychiatric disorders interact with the social brain? This
is a central point given the reciprocal deleterious eﬀects of psychiatric
disorders on social functioning and vice versa. A better understanding
of how the pathophysiology of psychiatric disorders may inﬂuence social brain pathways may pave the way for targeted and innovative
treatments. We will therefore review in this perspective three neuropsychiatric disorders (namely AD, SCZ, and MDD) selected among the
several ones characterized by social dysfunctions because of their frequencies and heavy burden in Western countries (they account for the
31.5% of disability-adjusted life years - DALYs - associated with neuropsychiatric disorders and substance use disorders (Whiteford et al.,
2015), with a global estimated economic burden €312 billion per year)
(WHO, 2008; Wittchen et al., 2011) and because social withdrawal
often represents one of their ﬁrst signs, as detailed below. Indeed, these
three neuropsychiatric disorders are characterized by a signiﬁcant
change in social behaviour, rather than lifelong social diﬃculties, such
as in ASD. Further, most of these costs are indirect (lack of productivity)
and social withdrawal is an important source of indirect costs and it has
been identiﬁed as one of the main reasons for mental health related
disability beneﬁt claims (UK Department for Work and Pensions, 2013).
Moreover, these diseases lie heavily on care givers and impact signiﬁcantly on their ability to work (Haro et al., 2014). Finally, in these
disorders a wide clinical variability in social dysfunctions (both in terms
of amount and time course) has been observed, paving the way for the
investigation of underlying biological modulators. For these same reasons, these disorders will be investigated in the context of the PRISM
project described in this issue ((Kas et al., 2017) and Bilderbeck et al. in
this issue). Although we are aware that other neuropsychiatric disorders are characterized by social dysfunctions, as previously stated, in
this section we only aim to provide clear examples of how diﬀerent
psychopathological mechanisms may aﬀect the social brain, eventually
resulting in the clinical phenotype of social withdrawal.

4.4. The relationships among cognition, social cognition, and social
functioning
A question which remains open is to which extent social and nonsocial processes rely on distinct neural processes or share similar neural
resources (Adolphs, 2003,2010). Broadly speaking, a consensus is
arising that social cognition is related to but not completely reliant on
non-social cognitive processes. Cognitive neuroscience supports this
notion. Studies of social and non-social rewards provide a good example of distinct but overlapping networks, since many of the regions
involved in non-social valuation processes also support perception of
social reward and pain, similarly to the neurotransmitter involved, as
previously discussed. However, studies comparing activity patterns
elicited by social outcomes with those to monetary rewards reported
overlapping as well as diﬀerential activity patterns (Izuma et al., 2008;
Rademacher et al., 2010; Sescousse et al., 2010; Smith et al., 2010;
Spreckelmeyer et al., 2009). Diﬀerences may arise due to dependence of
social valuation processes on contextual factors, or social values, that
are not present or far less relevant to non-social decision-making. For
example, social evaluation processes and subsequent decisions have
been shown to be inﬂuenced by others’ perceived intentions (Guroglu
et al., 2010), social comparison (Wright et al., 2011), and in-group vs.
out-group membership (Baumgartner et al., 2012). Social principles are
likely to inﬂuence value-coding, at least in part, through functional
connectivity of higher-order cognitive regions involved in social cognition, such as the TPJ and vmPFC (which are involved in the mentalizing and aﬃliation networks, Fig. 1) (Hare et al., 2010; Janowski
et al., 2013; Smith et al., 2014a). These high-order regions may
themselves be subdivided into diﬀerent functional regions, as suggested
for example by Scholz et al. (Scholz et al., 2009) who observed that
neighbouring but distinct regions of the TPJ were activated by a social
(mentalizing) and non social (orienting) tasks.
Overall, these ﬁndings indicate the uniqueness of some aspects of
the social brain but also potentially a considerable overlap with brain
mechanisms underlying non-social cognition, as previously discussed.
Social functioning places higher demands on processing requirements,
some of which are non-social in nature. In fact, it has been observed

5.1. The social brain in schizophrenia
Social functioning is highly impaired in SCZ, resulting in a great
burden for both patients and relatives (Caqueo-Urizar et al., 2009;
Lehman et al., 1982). SCZ patients usually show a reduction in social
connections (although a wide variability exists, from almost normal
social life to clear social withdrawal (Rossi et al., 2016)), reduced rates
of employment, and impaired ability to live an independent life (WHO,
2008). Dysfunctions in social functioning emerge early in life in SCZ,
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individual's control (e.g. level of social support, ﬁnancial means, personal resources, etc.). In particular, a reduced capacity for anticipating
future pleasure resulting from goal-directed action (Simpson et al.,
2012), a tendency to maintain more physical distance (i.e. personal
space) from others (Holt et al., 2015), and an increased stress response
to psychosocial stressors (Lange et al., 2017a) have been already demonstrated in SCZ. Similarly, other processes pertaining to the social
functioning are still to be elucidated and further studies investigating
these domains together with social cognition, "cold" cognition, and realworld functioning are needed. Based on the available ﬁndings we hypothesize that the detection of other individual's determinants of realworld functioning may increase the insight about the disorder and open
new therapeutic perspectives in SCZ treatment.
To achieve this, the neurobiological bases of these impairments
have to be identiﬁed. This will also allow a more neurobiologically
based classiﬁcation of SCZ patients. In the ﬁrst sections of this review,
we have attempted to dissect the neurobiological basis of social dysfunction both at a neuronal and neurotransmitter level. In this section,
we will discuss how the pathophysiology of SCZ aﬀects these neurobiological substrates, leading to the impairments exposed above.
Brain structure abnormalities have been demonstrated in SCZ
(Amato et al., 2017; van Erp et al., 2016) as well as white matter deficits (Di et al., 2009). These neuroanatomical abnormalities seem to be
present from the ﬁrst episode of SCZ (Vita et al., 2006), as well as in
prodromal/high-risk individuals (Cannon et al., 2015), and they are
likely to increase with SCZ duration (Fusar-Poli et al., 2013; Vita et al.,
2012). Among these widespread aberrations, some aﬀect key regions
within the social brain (Fig. 2). The most part of data pertain to the
neural correlates of social cognition impairments. More in detail: 1)
emotion control deﬁcits have been associated with an impaired control
of the PFC on the amygdala and with aberrant vlPFC activation (Green
et al., 2015; et al., 2015); 2) motor resonance (i.e. experience sharing)
impairment has been linked to a less-ﬁne-tuned activation of the right
inferior parietal lobule and posterior STS (i.e. of areas involved in both
the mirror and mentalizing networks, Fig. 1 (Bickart et al., 2014b))
during action observation and imitation (Green et al., 2015); 3) mentalizing impairment has been consistently associated with a decreased/
delayed activation of "core" mentalizing network (Fig. 1) during ToM
tasks (e.g. the left IFG, vmPFC, orbitofrontal cortex, mPFC, TPJ, and
IFG) (Bickart et al., 2014b; Green et al., 2015; Pedersen et al., 2012),
together with an aberrant increased activation of areas not usually associated with the speciﬁc ToM task (Brune et al., 2008; de Achaval
et al., 2012; Frith, 2004; Kronbichler et al., 2017); 4) face perception
impairment has been associated with a decreased activation of amygdala, right inferior occipital gyrus, right fusiform gyrus and hippocampal areas, ACC, mPFC, and thalamus (i.e. of the social perception
network, Fig. 1(Bickart et al., 2014b)), together with an aberrant activation in the insula, cuneus, parietal lobule, and STG (Green et al.,
2015). Similarly, voice perception defects have been associated with
decreased activation of key areas of the process, such as the left and mid
STG and the bilateral IFG, and aberrant activation in other areas, such
as the left middle temporal gyrus and the left insula (Green et al.,
2015); 5) attributional style defect has been associated with decreased
activations in the IFG, the ventral premotor cortex, primary motor
cortex, middle cingulate cortex, amygdala, thalamus, and striatum in
happy conditions and to increased activations in the precuneus/posterior cingulate cortex, and the vmPFC in angry conditions (Park et al.,
2009) (i.e. to aberrant activation of aversion and aﬃliation networks,
respectively, Fig. 1 (Bickart et al., 2014b)).
Beyond social cognition, the other processes that can contribute to
social dysfunction in SCZ have been less investigated. However, some
studies started to elucidate the possible neurobiological correlates of
these impairments. For example: 1) deﬁcit in motivation/reward anticipation has been associated with dysfunction in OFC and ventral
striatum (or in their connectivity) (Simpson et al., 2012); 2) the aberrant personal space seems to be related to dorsal intraparietal sulcus

years before the full onset of the disease. Indeed, large cohort studies
showed that subjects who will be aﬀected by SCZ showed higher preference for solitary playing as early as 4 and 6 years of age, lower social
conﬁdence at 13 years, and higher social anxiety at 15 years (Jones
et al., 1994; Keskinen et al., 2015). Therefore, the progressive pathological process in individuals with SCZ is characterized by some degree
of social withdrawal starting in adolescence or even in childhood, in
any case well before the full onset of the disease and it represents a core
feature of the disease itself (Howes and Murray, 2014). It has been
hypothesized that this early social withdrawal may trigger, in vulnerable individuals, the development of a full psychosis through social
deprivation (the so-called social deaﬀerentation hypothesis (Hoﬀman,
2007)), resulting in a vicious circle (i.e., subtle social dysfunctions may
cause early social withdrawal, which further exacerbate alterations in
the social brain through deprivation, leading to more severe social
withdrawal and facilitating the development/worsening of psychotic
symptoms). In parallel, subjects who will develop SCZ showed also
delay to reach developmental milestones during childhood and lower
scores at educational tests at diﬀerent ages (Jones et al., 1994; Keskinen
et al., 2015), as well as global (Trotta et al., 2015; Woodberry et al.,
2008) and speciﬁc (Cuesta et al., 2015; Greenland-White et al., 2017;
Lencz et al., 2006) cognitive impairments (Sommer et al., 2016). Historically, social dysfunctions have been regarded as ancillary symptoms
of a more global cognitive impairment during SCZ premorbid phase,
and as part of the negative symptomatology, after the disease onset (Lee
et al., 2015a). Nonetheless, in clinical practice, a gap between the observed subtle cognitive impairment (Trotta et al., 2015; Woodberry
et al., 2008) and the great social dysfunction in SCZ has been repeatedly
reported, suggesting that social dysfunction is not simply a consequence
of the SCZ symptomatology. Consistently, a meta-analysis showed that
cognition explains only a surprisingly little variance (15.2%) of functional outcome in SCZ (Fett et al., 2011). It has been suggested that
social cognition may ﬁll the gap between "cold" cognition (i.e., the
ensemble of information processing that is independent of emotional
involvement (Roiser and Sahakian, 2013)) and real functioning. Consistently, a growing amount of evidence demonstrates a greater impairment in social cognition than in "cold" cognition in SCZ (Bora et al.,
2017; Pinkham, 2014). Indeed, social cognition is deeply impaired by
SCZ, with deﬁcits in 1) emotion processing (Jani and Kasparek, 2017);
2) Theory of Mind (ToM)/mentalizing (Bora et al., 2009; Jani and
Kasparek, 2017; Song et al., 2015); 3) social perception and 4) attributional style (Healey et al., 2016; Savla et al., 2013). These deﬁcits
have been identiﬁed during premorbid status (Eack et al., 2010; van
Donkersgoed et al., 2015), they further worsen after illness onset, and
persist for the entire lifespan ranging from low to very severe deﬁcits
(Rocca et al., 2016), similarly to neurocognitive impairments
(Mesholam-Gately et al., 2009; Trotta et al., 2015). Social cognition is
only moderately correlated with "cold" cognition (Rocca et al., 2016;
Ventura et al., 2013) and negative symptoms, while it is poorly associated with positive symptoms (excluding disorganization)
(Lewandowski et al., 2016; Rocca et al., 2016; Ventura et al., 2013).
Therefore, social cognition seems to be, at least partially, an independent domain (Green et al., 2015; et al., 2015; Gur and Gur, 2016),
and the partial associations reported above might reﬂect the impairment of more basic processes involved both in cognition and symptomatology (e.g. emotional experience/expression, decoding and/or integration of environmental information, etc.). Thus, social cognition
may play a mediational role between "cold" cognition and social competence (Couture et al., 2011), although it explains only a minor variance of real-world functioning in SCZ (23.3%) (Fett et al., 2011), even
when considered together in a uniﬁed model with negative, disorganized symptoms, and social competence (from 7 to 25%) (Bowie
et al., 2006; Brekke et al., 2005; Couture et al., 2011; Sergi et al., 2006;
Vauth et al., 2004). Therefore, it could be possible that other deﬁcits
contribute to determine social functioning in SCZ, although real world
behaviour is also obviously inﬂuenced by factors outside the
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Fig. 2. Brain regions associated with social processes impaired by SCZ, AD, and MDD (ﬁgure adapted from (Green et al., 2015)).
FFA = fusiform face area; STG = Superior temporal gyrus; IFG = inferior frontal gyrus; IPL = inferior parietal lobule; ACC = anterior cingulate cortex; TPJ =
temporo-parietal junction; PFC = prefrontal cortex; VTA = ventral tegmental area; NAc = nucleus accumbens; SOS = superior orbital sulcus.

CRH, OXT, and endocannabinoid ones, are altered in their functioning
and might result in social withdrawal/dysfunctions (e.g., (Seillier et al.,
2013)). Unfortunately, further studies are needed to better understand
the ﬁne interactions across the neurotransmitter systems and how they
were disrupted by SCZ determining social dysfunctions/withdrawal.
In conclusion of this brief overview, we may consider that SCZ
physiopathology directly impairs at multiple sites the brain structures
which sustain social functioning (Figs. 1 and 2). This may cause a vicious circle because of the well known negative inﬂuence of poor social
functioning on SCZ outcome (e.g.,(Tremeau et al., 2016)) and raising
the issue of a possible targeted therapeutic intervention on social
functioning brain structures.

and the ventral premotor cortex connectivity defects (Holt et al., 2014)
3) increased stress response to social stressors has been associated with
hippocampal dysfunctions, since HPA axis cortisol peripheral response
was conserved (Ciufolini et al., 2014; Lange et al., 2017a). As previously described, these areas are involved in the ﬁve networks which
are thought to sustain social functioning (Fig. 1). Thus, these preliminary ﬁndings may suggest an impairment of these networks, rather
than impairments of speciﬁc brain areas. Nonetheless, data about these
domains are few and further studies are needed to better understand the
neurobiological bases of these impairments also at a neural network
level and how they modulate social behaviour itself.
At the neurotransmitter level, knowledge is even scarcer, mainly
because it is derived from (epi)genetic and pharmacological studies in
humans and, largely, from animal studies. Nonetheless, SCZ seems to
impact, directly or indirectly, almost all the neurotransmitter systems
involved in social functioning. For example, SCZ impacts the DA system
(directly or through other system defects during neurodevelopment),
leading to an excessive presynaptic DA synthesis and release (Howes
and Murray, 2014). This may lead to an inappropriate DA release following diﬀerent environmental stimuli, which all gained a “hyper-salience” for the SCZ subject (van Os, 2009), independently from their
current meaning (a possible source of delusion interpretations (Howes
and Murray, 2014)). In the social functioning context, this aberrant DA
functioning may disrupt the ﬁne mechanism at the basis of social reward/pain, as well as the delicate inter-play needed for bond formations. Further, also learning processes, which are at the basis of motivation, could be impaired by DA aberrant transmission. In turn, this
aberrant transmission may lead to long term alterations in other systems, such as the 5-HT and glutamatergic ones (Howes and Murray,
2014). Moreover, animal studies on SCZ models, suggested that other
neurotransmitter systems involved in social behaviours such as the

5.2. The social brain in Alzheimer’s disease
According to several studies the prevalence of non-cognitive psychopathological symptoms in cases of dementia is substantial, often
called behavioural and psychological symptoms of dementia (BPSD).
Among them, negative-type symptoms (i.e. apathy, avolition, emotional
disengagement, lack of initiative and motivation, and social withdrawal) are highly represented (Lyketsos et al., 2002; Saz et al., 2009).
Similar to SCZ, a growing body of evidence suggests that these symptoms form a separate cluster of non-cognitive symptoms, which is
partially independent from other psychopathological symptoms such as
the depressive ones (Reichman et al., 1996; Reichman and Negron,
2001). The relevance of BPSD was demonstrated by the cost for their
management (i.e. a third of dementia care cost) (Kales et al., 2015).
Moreover, BPSD have been also observed in conditions expected to
frequently converge into dementia, such as MCI (Lopez-Anton et al.,
2015), and in the prodromal stages of dementia, i.e. in individuals
before the manifestation of cognitive or functional decline (Ismail et al.,
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(Bickart et al., 2014b)), such as the ventromedial, anterior temporal,
and frontoinsular cortices (Adenzato et al., 2010; Bora et al., 2015).
Probably, the mentalizing impairments observed in AD are due to damages in these areas, which are usually aﬀected to a lesser extent and in
latter phases compared to the behavioural variant of the fronto-temporal dementia (bv-FTD). Consistently, mentalizing impairments in AD
are less severe compared to the impairments observed in bv-FTD
(Adenzato et al., 2010; Bora et al., 2015). On the contrary, AD aﬀects
motivation yet at early stages, resulting in apathy. At the neural level,
apathy has been associated with the degree of atrophy in ACC, dlPFC,
and striatum (Boublay et al., 2016; Dickerson, 2015), as well as with
connection dysfunctions (i.e. white matter damages) between ACC and
other brain structures such as the OFC, limbic areas, and basal ganglia
(Theleritis et al., 2014). As discussed in the previous sections, the ACC
seems of great importance in this context, since it is thought to operate
as an interface between emotions (Peng et al., 2012), motor control
(MacDonald et al., 2000), cognition (Paus, 2001) and intentional and
motivated behavioural responses (Zhou et al., 2014). Consistently, the
ACC is involved in the aﬃliation, aversion, and mentalizing networks
mentioned above (Fig. 1), although its diﬀerent regions are diﬀerently
involved in these networks (Bickart et al., 2014b). Moreover, impairments in emotion recognition have been hypothesized to reﬂect the
progression of neurodegeneration from the entorhinal cortex and hippocampus towards the lateral temporal neocortex (Elamin et al., 2012),
i.e. when neurodegeneration starts to aﬀect the social perception network (Fig. 1). However, neurodegeneration in the entorhinal cortex
itself may cause an impairment of the aﬃliation network as well, resulting in social and emotional detachment from other people (Fig. 1
(Bickart et al., 2014b)). The impairments in abstraction and judgment
associated with frontal cortex atrophy may also contribute to social
dysfunctions, since these functions are involved in both emotional
processing and social cognition (Kennedy and Adolphs, 2012). Moreover, the impaired processing of contextual associations (i.e. the ability
to adequately recognize the inﬂuence of context in the meaning of
events perceived) could determine inadequate behaviours in diﬀerent
social contexts, with predictable deleterious consequences on social life.
At a neural level, this impairment has been associated with altered
functioning of frontal and temporal areas. In detail, frontal areas, such
as the PFC, lPFC, and superior orbital sulcus, are thought to update and
associate ongoing contextual information in relation to episodic
memory and target-context associations (Ibanez and Manes, 2012),
while temporal regions (i.e. amygdala, hippocampus, perirhinal and
parahippocampal cortices) index the value learning of target-context
associations. Finally, the insular cortex coordinates internal and external milieus in an internal motivational state. In this model, the insula
would provide information integration from internal states and social
contexts to produce a global feeling state, which in turn facilitates or
prevents social interactions. However, as previously mentioned, these
impairments likely reﬂect neural networks dysfunctions, rather than
impairments of speciﬁc brain areas. Unfortunately, current knowledge
does not allow the conﬁrmation of this hypothesis and further studies
are needed to link these preliminary ﬁndings to impairments at a neural
network level.
At the neurotransmitter level, in AD, negative-type symptoms (including social withdrawal) have been associated with impairments in
cholinergic, NE, 5-HT, and DA systems (Boublay et al., 2016). In relation to the cholinergic system, its involvement in the pathogenesis of
negative-type symptoms such as apathy has been emphasized (Minger
et al., 2000; Mori et al., 2014). Speciﬁc cholinergic projections from the
nucleus basalis of Meynert to the frontal limbic cortical regions play a
relevant role for apathy. Moreover, the 5-HT system was found seriously impaired in AD, suggesting its relevance in AD pathophysiology
(Lai et al., 2002; Meltzer et al., 1998). In particular, the 5-HT pathways
from the raphe nuclei seem to be deeply aﬀected by AD (Hardy et al.,
1985; Prakash et al., 2015). As stated in Section 3, the 5-HT transmission throughout these pathways seems to promote a calm status,

2016; Stella et al., 2014). Among BPSD, it is not surprising that social
withdrawal is the earliest recognizable psychiatric symptom of AD,
occurring on average 33 months before diagnosis (Jost and Grossberg,
1996). Indeed, as previously stated, the enormous amount of brain
processes required to initiate and maintain social relationships
(Adolphs, 2009) likely reﬂects an intrinsic vulnerability to pathological
insults, which may result in social withdrawal far before the full onset
of the disorder. Obviously, social withdrawal is likely preceded by
subtle social dysfunctions, which are diﬃcult to detect clinically (Jost
and Grossberg, 1996; Kumfor et al., 2014). Interestingly, in the dementia ﬁeld, it has been demonstrated that objective social isolation
and loneliness (i.e. the subjective feeling, and complaint, of being
alone) have diﬀerent impacts on outcome (Cacioppo and Hawkley,
2009; Holwerda et al., 2014), supporting the hypothesis of diﬀerent
neurobiological bases for these aspects of social withdrawal. In particular, loneliness (but not objective social isolation) has been associated
both with cortical amyloid burden in cognitively normal elderly subjects (Rosenberg, 2016) and with an increased risk of late-life dementia
(Donovan et al., 2015; Holwerda et al., 2014). Consistently, the presence of social withdrawal and other negative-type symptoms has been
associated with categories of MCI at higher risk of conversion into dementia (Lopez-Anton et al., 2015). Parallel to SCZ, distinguishing social
withdrawal from other symptoms, such as apathy and depression in AD
and in dementia in general, is also diﬃcult, since partial overlaps and
inter-correlations likely exist. For example, apathy (i.e. a loss of motivation and decreased interest in daily activities (Lanctot et al., 2017))
may cause decreased reactions to others and to the surrounding environment, leading to social withdrawal (Landes et al., 2001). But, similarly to SCZ (Hoﬀman, 2007), an inverse or a bidirectional association could be hypothesized as well (Courtin and Knapp, 2017; Honda
et al., 2013), since social withdrawal itself may decrease motivation
through stimuli deprivation in a vicious circle. In the same way, a bidirectional association between social withdrawal and cognitive deﬁcits
could be hypothesized. Indeed, speciﬁc cognitive deﬁcits, such as wordﬁnding diﬃculty (Farrell et al., 2014) and face/emotional recognition
(Elamin et al., 2012), reduce engagement in social leisure activities
leading eventually to social withdrawal. On the other hand, social
withdrawal itself seems to determine diﬃculties in activities of daily
living which required cognitive input (Reichman and Negron, 2001).
Irrespective of the casual relationships (i.e. social withdrawal as a
prodrome or as a risk factor for AD), from a neurobiological point of
view, these associations demonstrate that AD (and dementia) impacts
the brain structures which sustain social functioning (Figs. 1 and 2).
Current knowledge allows drafting an initial picture of the social brain
structures described in the previous sections which are damaged in AD.
Similar to SCZ, AD impacts these structures at diﬀerent levels, resulting
in social cognitive deﬁcits and ultimately in social withdrawal (although it is often the ﬁrst sign of the disorder itself, since subtle cognitive impairments are usually not recognized by patients and relatives). Although social cognition has been less investigated in AD
compared to SCZ, a growing body of evidence suggest that it is broadly
aﬀected by AD and other neurodegenerative disorders. These impairments usually worsen as the disorder progresses, starting from subtle
deﬁcits in the prodromal phases to severe impairments in the advanced
phases of the disorders (Elamin et al., 2012; Kumfor et al., 2014). In
neurodegenerative disorders, the majority of the studies in this ﬁeld
focused on mentalizing. In AD, deﬁcits in both primary and second
order belief mentalizing tasks have been reported. Advanced-level
mentalizing skills are the ﬁrst aﬀected by AD, while the more basic
mentalizing skills are aﬀected with the disorder progression (Elamin
et al., 2012). Similar to SCZ, mentalizing impairments seems to be only
partially modulated by general cognition and executive functions in
neurodegenerative disorders (Bora et al., 2015; Laisney et al., 2013;
Shany-Ur and Rankin, 2011). From a neuroanatomical point of view, in
these populations, mentalizing impairment severity has been associated
with the degree of atrophy in mentalizing network regions (Fig. 1
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reward/pain processes. However, we should keep in mind that social
reward/pain paradigms are intrinsically related with the aﬃliation and
aversion networks (Fig. 1), as previously stated. Thus, impairments in
these processes probably reﬂect impairments in the pertinent neural
networks, rather than isolated defects. More in detail, in MDD, the main
disturbances were found in social reward/pain processes, as well as in
processing and mentalizing social signals. These main deﬁcits are likely
the causes of other observed impairments, such as the decreased motivation through social interactions, increased sensitivity to peer rejection, diminished cooperativeness, competition avoidance, and alterations in social decision-making (Kupferberg et al., 2016a). The
pivotal role of social reward reduction, repeatedly observed in MDD
(Derntl et al., 2011; Germine et al., 2011; Nusslock and Alloy, 2017;
Rey et al., 2009), has its origin in the NAc. This important structure
involved in the social aﬃliation network (Fig. 1) and encoding rewardrelated signals is hypo functioning in MDD (Kupferberg et al., 2016a;
Laurent and Ablow, 2012). Although the exact causes of NAc hyporeactivity to social reward stimuli are still not clear, preclinical data
suggested an involvement of the DA projections from VTA to NAc
(Chaudhury et al., 2013), which in turn are modulated by OXT (Groppe
et al., 2013) and probably by the BDNF signalling (Wook Koo et al.,
2016). However, as described in the previous sections, NAc activity is
further modulated by other brain areas, each one with speciﬁc eﬀects
on social behaviour. Thus, the reduced social reward observed in MDD
is likely related to the ﬁne modulation of NAc (re)activity, which in turn
is the result of the diﬀerent modulations provided by the VTA, thalamus, PFC, and hippocampus projections to the NAc itself (Covington
et al., 2010; Kupferberg et al., 2016a; Vialou et al., 2014). On the other
hand, MDD patients showed an increased sensitivity to rejection
(Ehnvall et al., 2014) and a greater magnitude/duration of negative
feelings elicited by social rejection (i.e. social pain) (Hsu et al., 2015).
In turn, rejection sensitivity was associated with higher rates of internal
life stressors (Liu et al., 2014) and might cause higher-level cognitive
biases like attributional style and negative expectations, linking rejection sensitivity to depressive symptoms (Liu et al., 2014). Rejection
sensitivity eventually leads to maladaptive behavioural responses such
as social withdrawal and aggressive response (Kupferberg et al.,
2016a). At the neural level, we previously underlined the primary role
of amygdala in social pain processing, since its response/magnitude of
activation to social rejection was directly associated with emotional
pain. However, the feelings of social distress in response to social exclusion were associated mainly with another area, the insula (Masten
et al., 2009), which is connected to NAc, thus modulating its activity
(Leong et al., 2016). As described in the previous sections, the insula
also integrates information from internal states and social contexts,
determining a global feeling state. Once more, these preliminary data
may reﬂect an impairment of the social aversion network rather than
impairment in speciﬁc brain areas, since both amygdala and insula
were included in this network (Fig. 1) (Bickart et al., 2014b). Interestingly, amygdala and insula hyperactivity may be attributable to an
inadequate control by the dlPFC, which in healthy subjects usually
overrides the automatic emotional responses caused by amygdala and
insula activation (Hooley et al., 2005). Finally, sgACC activity was associated with negatively biased interpretation of social rejection, which
in turn might increase emotional responses to rejection, in a vicious
circle which worsens over time leading to maladaptive behavioural
responses, such as social withdrawal (Kupferberg et al., 2016a). A
possible consequence of this increased sensitivity to social pain is the
avoidance of social competition, a characteristic often described in
MDD (Kupferberg et al., 2016b; Price et al., 2004). Indeed, MDD patients avoid social competition in order to reduce the damage caused by
a potential loss. Unfortunately, the cognitive biases associated with the
disorder determine an overestimation of the competition risks and an
over self-attribution of competition loses, increasing the belief that they
are due to personal undesirable qualities and, thus, the depressive
symptoms themselves (Gilbert et al., 2009). At the neural level, this

decreasing anxiety and aggressive behaviours. Thus, their disruption
may lead to agitation and aggressive behaviours, with predictable
consequences on social interactions. However, other 5-HT pathways
might also contribute to social dysfunction in AD, as suggested by the
eﬀects on cognition and social interactions of the 5-HT6 receptor (de
Bruin et al., 2016; Prakash et al., 2015), which is mainly expressed in
striatum, cerebral cortex, and cerebellum (Parker et al., 2012). On the
other hand, the role of DA in the pathogenesis of AD is still not clear
(Prakash et al., 2015), although symptoms such as apathy and executive
functioning impairment suggest its involvement (Martorana and Koch,
2014). Consistently, meso-striatal DA pathways were found impaired in
about half of AD patients, although this ﬁnding was reported in 30% of
healthy elderly as well (Martorana and Koch, 2014). However, other
speciﬁc DA alterations were found in AD, such as a reduced expression
of D1-like and D2-like receptors in PFC and hippocampus, as well as of
D2-like receptors, DAT, and TPH within the NAc (Martorana and Koch,
2014). Interestingly, preclinical data showed that DA system pathology
and amyloid deposition are closely related, suggesting a causative role
for amyloid on DA dysfunction (Perez et al., 2005). Independent from
possible causal relationships, these alterations are likely to account for
apathy; this in turn may lead to social disengagement, as previously
stated. Interestingly, these DA system alterations have been associated
with a worse AD progression, suggesting that it may be possible to
distinguish AD patients on the basis of the degree of DA system impairment (Martorana and Koch, 2014). Other neurotransmitter systems
involved in social brain are probably aﬀected by AD, such as OXT and
AVP (Ishunina and Swaab, 2002), and GABA systems (Martorana and
Koch, 2014), thus contributing to the observed social dysfunctions.
Unfortunately, these systems were poorly investigated in AD and further studies are needed to better understand their role in AD and its
symptomatology, particularly in social dysfunctions. In addition, some
of the evidence for a role of neurotransmitters in social behaviour have
been derived from other populations, and remain to be conﬁrmed
speciﬁcally in AD.
In conclusion, AD physiopathology seems to progressively impair
social brain at multiple sites, starting from the structures that sustain
motivation to the mentalizing network. Similar to SCZ, the resulting
poor social functioning accelerates the disease progression in a vicious
circle because of the negative inﬂuence of social deprivation on cognitive performances. Consistently, a possible targeted therapeutic intervention on social functioning brain structures could be hypothesized,
similarly to SCZ.
5.3. The social brain in major depressive disorder
Depressed patients are usually less severely impaired in everyday
lives than SCZ or AD patients. Nonetheless, social dysfunction has been
recognized as an important sign of depression itself (Hirschfeld et al.,
2000). For a long time, it has been attributed to the overall depressive
symptomatology. However, similarly to what has been reported for SCZ
and AD, nowadays it is recognized as a partially independent domain
(Gur and Gur, 2016), which can persist for years after the recovery from
the core depressive symptoms (Rhebergen et al., 2010) and correlates
with unemployment, disability and decreased work performance (Rizvi
et al., 2015). Recently, a comprehensive review on this issue has been
published (Kupferberg et al., 2016a), underlining the relevance of social
dysfunction in MDD. Providing a complete review of the literature on
this issue is beyond the aim of the present section, we encourage the
reader to refer to the review by Kupferberg et al. in this same journal for
detail (Kupferberg et al., 2016a). In the present section we will link the
neurobiological basis of social dysfunction in MDD with the general
dissection we detailed in the previous sections.
Social dysfunctions in MDD are pervasive and encompass almost
every aspect of one's social capabilities. Unfortunately, data at the
neural network level are still lacking and the most part of the studies
investigated single brain areas or basic paradigm, such as social
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impairment observed in MDD has also been attributed to connectivity
defects across areas involved in ToM, although further studies are
needed (Kupferberg et al., 2016a). Another possible consequence of the
abovementioned impairments is the reduced empathy observed in
MDD. Indeed, although MDD patients may show an even higher level of
empathy, their aﬀect-directed (i.e. emotion regulation), automatic
causal interpretations of pain (i.e. mentalizing) in others are frequently
disturbed, leading to non-conscious assertions of blame, which are
usually placed on themselves (Kupferberg et al., 2016a). The neural
correlates of empathy in MDD have not been investigated extensively so
far, although preliminary data suggested an involvement of the right
somatosensory-related cortices and the left-middle-anterior ACC.
The impairments in social functioning summarized above can also
be dissected at the neurotransmitter level, although, as stated in the
previous sections, the exact interplay and the ﬁne modulation of the
diﬀerent neurotransmitter involved have still to be elucidated in detail.
Starting from the impairment in social reward, in MDD an altered endogenous OP activity has been reported, consisting in a reduced activation of MOR in NAc both during social reward stimuli and when
recovering from rejection compared to healthy controls (Hsu et al.,
2013). However, it is not clear if social reward impairment is due to
defects in the opioid system reactivity or, alternatively, if it reﬂects an
impaired mPFC-ventral striatum connectivity (Kupferberg et al.,
2016a). Clearly, also the 5-HT system plays a role in social reward
dysfunctions in MDD. In detail, a 5-HT system deﬁciency (mainly in the
dorsal raphe nucleus (Takahashi et al., 2012)) has been associated with
a decreased DA transmission in the striatum (Navailles and De
Deurwaerdere, 2011), leading to a decreased activation after social
reward stimuli. Moreover, 5-HT deﬁciency was also associated to
changes in connectivity between mPFC and amygdala, which increased
the negative aﬀective bias (Robinson et al., 2013). Data about the
molecular basis of hypersensitivity to social rejection are even scarcer.
Probably, the OXT system plays a primary role in the regulation of these
behaviours, since altered OXT plasma levels were found in MDD patients after social exclusion (Jobst et al., 2015), but further studies are
needed to better understand this association (for detail see (McQuaid
et al., 2014)). Furthermore, genetic variants within 5-HTT have been
associated with amygdala response magnitude to negative social stimuli
(Hariri et al., 2002), suggesting an involvement of the 5-HT system also
in rejection sensitivity.
In conclusion, even though more studies are needed to better understand the ﬁne interactions across the neurotransmitter systems and
how they were disrupted by MDD determining social dysfunctions/
withdrawal, from the currently available data we can already infer that
in MDD the depressive disorder itself alters many of the core structures
which control social behaviour (Fig. 2). Interestingly, many of the
dysfunctions we described do, at least partly, reverse after recovery,
thus strengthening the view that MDD pathophysiology directly aﬀects
adaptive social behaviour mechanism. An impairment which, however,
is variable across subjects suggesting that social behaviour control is, at
least partly, independent from MDD but they are reciprocally inﬂuencing each other.

impairment has been associated with the areas involved in both social
reward and pain (and thus partially with the social aﬃliation and
aversion networks, Fig. 1), since competition was associated with both
social reward and fear of losing (i.e. anticipation of social pain).
However, competition seems to speciﬁcally involve other areas as well,
such as the bilateral inferior parietal cortex and the habendula
(Kupferberg et al., 2016a). Interestingly, habendula activity was found
impaired in MDD (Proulx et al., 2014) and preclinical data suggested
that it is related to both the regulation and rewarding eﬀects of hierarchy-related behaviours (i.e. competition behaviours) (Chou et al.,
2016; Golden, 2014). Thus, this impairment might explain also the
reduced motivation to compete observed in MDD (Kupferberg et al.,
2016a). Other possible consequences of impaired social reward system
were on one hand the increased prosocial preference for fairness at the
cost of personal beneﬁts (Destoop et al., 2012; Gradin et al., 2016;
Scheele et al., 2013), and on the other hand the diﬃculty to sustain
reciprocal cooperation (Gradin et al., 2016). Indeed, MDD patients
showed a decreased evaluation of both personal costs secondary to altruistic punishment and beneﬁts due to cooperation, likely due to a
decreased activation of NAc and dorsal caudate nucleus, which are key
areas of both the reward system and of the social aﬃliation network
(these systems are likely partially overlapping, as previously stated).
Beyond the impairments in social reward/pain processing and their
consequences, MDD patients showed also an impaired emotion recognition (Dalili et al., 2015; Gollan et al., 2010) and a negative
emotional bias (Bourke et al., 2010; Naranjo et al., 2011), which contribute to deﬁcits in receptive communication (Kupferberg et al.,
2016a). Intriguingly, the brain areas involved in the stimuli processing
(e.g., for face processing the amygdala, insula, parahippocampal gyrus,
fusiform face area, and putamen (Stuhrmann et al., 2011)) showed a
hyperactivity to negative and hypo activity to positive stimuli, representing a putative neural correlate of the negative emotional bias
itself. Once more, the aberrant activation of these areas probably reﬂects an impairment of higher order neural networks, such as the
perception, aﬃliation, and aversion networks (Fig. 1, (Bickart et al.,
2014b)). However, an abnormal pattern of activation was also found in
ventral PFC and dlPFC during social stimuli (e.g. face) processing
(Phillips et al., 2003), suggesting that the abnormal activation in the
limbic areas and their related neural networks might be due to an inadequate modulation by the PFC, at least partially (Kupferberg et al.,
2016a). Additionally, the increased connectivity between the sgACC
and the amygdala, which causes a mutual enhancing of abnormal
emotion processing during negative stimuli presentation, may represent
a neural mechanism for the abnormally increased representation of a
social threat (Stuhrmann et al., 2011). Thus, similar to social rejection
sensitivity, the general deﬁcit in emotion recognition and the negative
bias observed in MDD patients might be due to an impaired top-down
control of emotional processing by the dlPFC (Groenewold et al., 2013)
and to an abnormal evaluation of social threat provided by the sgACC
(Stuhrmann et al., 2011). Clinically, depressed patients fail to correctly
recognize emotion in others and tend to attribute negative meaning to
social stimuli because of their negative emotional bias (Kupferberg
et al., 2016a). Unfortunately, these patients also show impairments in
mentalizing and fail to correctly infer others' mental states (Bora and
Berk, 2016) even during remission periods (Inoue et al., 2006). Clearly,
the impairments in mentalizing are not comparable to the impairments
observed in SCZ (Wolkenstein et al., 2011) and they result in deﬁcits in
interpretation of complex tasks, such as understanding humour or
paradoxical sarcasm (Kupferberg et al., 2016a). However, the aﬀected
brain areas seem to be the same, since abnormal activities in areas of
the mentalizing network (Fig. 1), such as the vmPFC, dlPFC, and temporo-parietal regions, have been demonstrated in MDD (Conson et al.,
2015; Cusi et al., 2012). Moreover, the increased activity in anterior
sgACC has also been associated with deﬁcit in ToM, particularly with an
impulsive way of mentalizing (Pincus et al., 2010), likely associated
with the negative bias described above. Finally, the mentalizing

6. Discussion: social withdrawal as the outcome of social brain
impairments
The complexity of the processes that underlie social living emerged
clearly in the previous sections. Human brain shows several degrees of
specialization for social stimuli processing, which are detectable from
the neurotransmitter level to neural network pathways. We provided a
global picture of the neural networks and of the neurotransmitters
which sustain social functioning (i.e. the social brain), underlining the
complex interactions across systems needed for a successful processing
of social stimuli in accordance with environmental context and personal
previous experiences. Unfortunately, such a high complexity may also
be associated with a high susceptibility to several pathogenic stimuli.
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examined behaviour (Bowie et al., 2006; Brekke et al., 2005; Couture
et al., 2011; Sergi et al., 2006; Vauth et al., 2004)). However, some
authors already tried to elucidate the diﬀerent modulators of social
functioning by applying a detailed assessment of diﬀerent clinical and
cognitive features and advanced statistical analyses (see for example
(Bowie et al., 2006, 2008; Fett et al., 2011; Kalin et al., 2015; Pulcu and
Elliott, 2015)). These studies focused almost exclusively on SCZ, while
data is lacking (or very few) in other neuropsychiatric disorders such as
AD and other dementia, as well as MDD. More importantly, taking into
account the Research Domain Criteria (RDoc) project launched by the
National Institute of Mental Health (NIMH) in the early 2009 (Cuthbert
and Insel, 2013; Cuthbert, 2015), to the best of our knowledge there are
no studies which investigated with a combined approach social functioning in diﬀerent neuropsychiatric disorders independent from the
diagnosis. However, taking into account the evidence above, social
dysfunctions and their most evident expression (i.e. social withdrawal)
may represent a transdiagnostic domain being a potentially independent entity in terms of biologic roots. Hence, a better knowledge
of these biological factors could inform the development of novel, targeted treatments. We are, however, at the early stages of understanding
how our brain allows for these complex processes, and perhaps more
importantly, how they might go awry and should be normalized in
certain psychiatric conditions.
The PRISM project ((Kas et al., 2017) and Bilderbeck et al. in this
issue) investigates for the ﬁrst time directly these substrates across
diﬀerent neuropsychiatric disorders, aiming to reach a better understanding of the neurobiological basis of social functioning in order to
pave the way for new treatments for social dysfunctions. PRISM will
focus on social withdrawal in SCZ, AD and MDD, and addresses the
treatment needs of these three most prevalent brain disorders in
Europe. The economic burden of these three disorders is huge, collectively estimated to cost €312 billion per year (Wittchen et al., 2011).
Most of these costs are indirect (lack of productivity). Social withdrawal
is an important source of indirect cost and has been identiﬁed as one of
the main reasons for mental health related disability beneﬁt claims (UK
Department for Work and Pensions, 2013). Moreover, these diseases lie
heavily on care givers and impact signiﬁcantly on their ability to work
(Haro et al., 2014). For those reasons, also improved clinical assessment
tools to classify social withdrawal (and/or underlying domains) objectively have to be developed and validated. These steps are thought to be
critical to provide relevant clinical endpoints for future intervention
studies. Acquiring knowledge on the neurobiological substrate(s) underlying social withdrawal in SCZ, AD and/or MDD will also depend on
the availability of homologous preclinical model systems that allow the
functional validation of neural circuits and neurotransmitter systems
that have currently been related to social withdrawal. Finally, paving
new regulatory paths for transdiagnostic classiﬁcation tools for social
withdrawal requires early engagement of regulators, as well as patient
and family organizations during the selection and evaluation of study
designs, methods and instruments to facilitate future implementation of
these tools.

Therefore, deﬁcits in any of these processes can result in personal difﬁculties and interpersonal problems. Consequently, social dysfunctions
are frequently observed in a number of neuropsychiatric disorders and
often represent the ﬁrst signs of these diseases. However, subtle social
dysfunctions, such as deﬁcits in emotion recognition process or in
mentalizing, could be unrecognized in clinical settings (e.g., (Lee et al.,
2015b; Pernigo et al., 2015)) until the full onset of the disorder or, more
often, the appearance of a clear social dysfunction, such as social
withdrawal (NICE, 2014). Social withdrawal in turn contributes to a
further worsening of the disorder symptomatology as well as to further
deﬁcits in social cognition through social stimuli deprivation in a vicious circle (e.g., (El Haj et al., 2016; Tremeau et al., 2016; Zhong et al.,
2017)). Clearly, social functioning as a whole is a complex phenotype
(see Van der Wee et al. in this same issue), which is inﬂuenced by a
variety of socio-demographic features, as well as by basic domain deficits, such as attention, working memory, and sensory processing impairments, as previously discussed. Nonetheless, we previously underlined how social dysfunctions are in some measure independent from
other symptoms/deﬁcits as well as from cognitive and even from social
cognitive impairments. Therefore, the observed social dysfunctions
likely reﬂect (at least partially) alterations in the social brain itself,
which are somehow independent from the other consequences of the
aﬀecting disorder.
Following this hypothesis, we discussed how three diﬀerent neuropsychiatric disorders (namely AD, SCZ, and MDD) all share a ﬁnal
common pathway that aﬀects the social brain (Fig. 2), characterized by
social dysfunctions largely similar across the three disorders, although
with diﬀerent degrees of impairment (e.g. mentalizing is greatly impaired in SCZ, while it shows subtle defects in MDD). Nonetheless, in all
these three disorders, social dysfunctions often result in the ﬁnal, deleterious, outcome of social withdrawal, suggesting a ﬁnal (partially)
converging pathway. For example, social withdrawal may be in some
measure driven by a systematic de-valuation of social stimuli or positive
interactive outcomes, such as cooperation, which are likely linked to
the excitatory/inhibitory balance within cortical regions, such as the
PFC (Bicks et al., 2015; Yizhar et al., 2011). Reductions in reward associations or increase in associated punishment (or a combination of
the two) may contribute to the systematic de-valuation of social stimuli
as well. Consistent with this hypothesis, the brain structures and neurotransmitters associated with social deﬁcits are largely the same across
the disorders, independent from the pathophysiological mechanism
(Fig. 2). Interestingly, despite the fact that only in recent years advances in neuroimaging techniques allow to generate detailed maps of
the large-scale structural and functional architecture of human brain
networks (e.g., (Braun et al., 2018)), recent evidences suggested that
these social dysfunctions reﬂect defects in the neural networks sustaining social functioning (Fig. 1) (Bickart et al., 2014a, b) rather than
single region defects, as previously discussed. Also, the brain regions
associated with the social dysfunctions are often part of the same neural
networks aﬀected across diﬀerent neuropsychiatric disorders (Figs. 1
and 2), supporting the hypothesis that social dysfunction, at least partially, may be due to dysfunctions of speciﬁc transdiagnostic neural
circuits. However, current neuroimaging techniques still fail to identify
(patho-) physiological mechanisms that link system-level phenomena to
the multiple hierarchies of brain function. Thus, a combined approach
applying complementary techniques (e.g., fMRI and electrophysiological measures), as well as preclinical models, is likely needed
to increase current knowledge about the neurobiological basis of social
functioning/impairment. Clearly, to dissect a complex phenotype such
as social dysfunctions (or a particular behavioural outcome such as
social withdrawal), the assessment of as much as possible putative
contributors is needed. As a matter of fact, we previously underlined
how diﬀerent factors may contribute to cause social dysfunction, and
social withdrawal in particular. Nonetheless, not one of these factors
can explain suﬃciently the observed social dysfunction (i.e., they account only for a minor percentage of the explained variance of the

Funding
The PRISM project (www.prism-project.eu) leading to this application has received funding from the Innovative Medicines Initiative 2
Joint Undertaking under grant agreement No 115916. This Joint
Undertaking receives support from the European Union’s Horizon 2020
research and innovation programme and European Federation of
Pharmaceutical Industries and Associations (EFPIA).
Disclaimer
This publication reﬂects only the author’s views and neither the IMI
2 JU nor EFPIA nor the European Commission are liable for any use that
may be made of the information contained therein.
17

Neuroscience and Biobehavioral Reviews xxx (xxxx) xxx–xxx

S. Porcelli et al.

Acknowledgements

Mapp. 33, 1452–1469.
Beeney, J.E., Stepp, S.D., Hallquist, M.N., Scott, L.N., Wright, A.G., Ellison, W.D., Nolf,
K.A., Pilkonis, P.A., 2015. Attachment and social cognition in borderline personality
disorder: speciﬁcity in relation to antisocial and avoidant personality disorders.
Personal. Disord. 6, 207–215.
Bell, M., Tsang, H.W., Greig, T.C., Bryson, G.J., 2009. Neurocognition, social cognition,
perceived social discomfort, and vocational outcomes in schizophrenia. Schizophr.
Bull. 35, 738–747.
Bergan, J.F., 2015. Neural computation and neuromodulation underlying social behavior.
Integr. Comp. Biol. 55, 268–280.
Bershad, A.K., Miller, M.A., Baggott, M.J., de Wit, H., 2016. The eﬀects of MDMA on
socio-emotional processing: Does MDMA diﬀer from other stimulants? J.
Psychopharmacol. 30 (December(12)), 1248–1258.
Bickart, K.C., Hollenbeck, M.C., Barrett, L.F., Dickerson, B.C., 2012. Intrinsic amygdalacortical functional connectivity predicts social network size in humans. J. Neurosci.
32, 14729–14741.
Bickart, K.C., Brickhouse, M., Negreira, A., Sapolsky, D., Barrett, L.F., Dickerson, B.C.,
2014a. Atrophy in distinct corticolimbic networks in frontotemporal dementia relates
to social impairments measured using the Social Impairment Rating Scale. J. Neurol.
Neurosurg. Psychiatry 85, 438–448.
Bickart, K.C., Dickerson, B.C., Barrett, L.F., 2014b. The amygdala as a hub in brain networks that support social life. Neuropsychologia 63, 235–248.
Bicks, L.K., Koike, H., Akbarian, S., Morishita, H., 2015. Prefrontal cortex and social
cognition in mouse and man. Front. Psychol. 6, 1805.
Bierman, K.L., Welsh, J.A., 2000. Assessing social dysfunction: the contributions of laboratory and performance-based measures. J. Clin. Child Psychol. 29, 526–539.
Blass, E.M., Fitzgerald, E., 1988. Milk-induced analgesia and comforting in 10-day-old
rats: opioid mediation. Pharmacol. Biochem. Behav. 29, 9–13.
Bora, E., Berk, M., 2016. Theory of mind in major depressive disorder: a meta-analysis. J.
Aﬀect. Disord. 191, 49–55.
Bora, E., Yucel, M., Pantelis, C., 2009. Theory of mind impairment in schizophrenia:
meta-analysis. Schizophr. Res. 109, 1–9.
Bora, E., Walterfang, M., Velakoulis, D., 2015. Theory of mind in behavioural-variant
frontotemporal dementia and Alzheimer’s disease: a meta-analysis. J. Neurol.
Neurosurg. Psychiatry 86, 714–719.
Bora, E., Binnur Akdede, B., Alptekin, K., 2017. Neurocognitive impairment in deﬁcit and
non-deﬁcit schizophrenia: a meta-analysis. Psychol. Med. 47, 2401–2413.
Boublay, N., Schott, A.M., Krolak-Salmon, P., 2016. Neuroimaging correlates of neuropsychiatric symptoms in Alzheimer’s disease: a review of 20 years of research. Eur.
J. Neurol. 23, 1500–1509.
Bourke, C., Douglas, K., Porter, R., 2010. Processing of facial emotion expression in major
depression: a review. Aust. N. Z. J. Psychiatry 44, 681–696.
Bowie, C.R., Reichenberg, A., Patterson, T.L., Heaton, R.K., Harvey, P.D., 2006.
Determinants of real-world functional performance in schizophrenia subjects: correlations with cognition, functional capacity, and symptoms. Am. J. Psychiatry 163,
418–425.
Bowie, C.R., Leung, W.W., Reichenberg, A., McClure, M.M., Patterson, T.L., Heaton, R.K.,
Harvey, P.D., 2008. Predicting schizophrenia patients’ real-world behavior with
speciﬁc neuropsychological and functional capacity measures. Biol. Psychiatry 63,
505–511.
Braun, U., Schaefer, A., Betzel, R.F., Tost, H., Meyer-Lindenberg, A., Bassett, D.S., 2018.
From maps to multi-dimensional network mechanisms of mental disorders. Neuron
97, 14–31.
Brekke, J., Kay, D.D., Lee, K.S., Green, M.F., 2005. Biosocial pathways to functional
outcome in schizophrenia. Schizophr. Res. 80, 213–225.
Brothers, L., 1990. The neural basis of primate social communication. Motiv. Emot. 14,
81–91.
Brune, M., Lissek, S., Fuchs, N., Witthaus, H., Peters, S., Nicolas, V., Juckel, G.,
Tegenthoﬀ, M., 2008. An fMRI study of theory of mind in schizophrenic patients with
"passivity" symptoms. Neuropsychologia 46, 1992–2001.
Buckholtz, J.W., Asplund, C.L., Dux, P.E., Zald, D.H., Gore, J.C., Jones, O.D., Marois, R.,
2008. The neural correlates of third-party punishment. Neuron 60, 930–940.
Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The brain’s default network:
anatomy, function, and relevance to disease. Ann. N. Y. Acad. Sci. 1124, 1–38.
Buﬀ, C., Brinkmann, L., Bruchmann, M., Becker, M.P.I., Tupak, S., Herrmann, M.J.,
Straube, T., 2017. Activity alterations in the bed nucleus of the stria terminalis and
amygdala during threat anticipation in generalized anxiety disorder. Soc. Cogn.
Aﬀect. Neurosci. 12, 1766–1774.
Cacioppo, J.T., Hawkley, L.C., 2009. Perceived social isolation and cognition. Trends
Cogn. Sci. 13, 447–454.
Cacioppo, J.T., Cacioppo, S., Dulawa, S., Palmer, A.A., 2014. Social neuroscience and its
potential contribution to psychiatry. World Psychiatry 13, 131–139.
Cacioppo, S., Bangee, M., Balogh, S., Cardenas-Iniguez, C., Qualter, P., Cacioppo, J.T.,
2016. Loneliness and implicit attention to social threat: a high-performance electrical
neuroimaging study. Cogn. Neurosci. 7, 138–159.
Calati, R., Signorelli, M.S., Gressier, F., Bianchini, O., Porcelli, S., Comings, D.E., De
Girolamo, G., Aguglia, E., MacMurray, J., Serretti, A., 2014. Modulation of a number
of genes on personality traits in a sample of healthy subjects. Neurosci. Lett. 566,
320–325.
Calvert, G.A., 2001. Crossmodal processing in the human brain: insights from functional
neuroimaging studies. Cereb. Cortex 11, 1110–1123.
Calvert, G.A., Campbell, R., Brammer, M.J., 2000. Evidence from functional magnetic
resonance imaging of crossmodal binding in the human heteromodal cortex. Curr.
Biol. 10, 649–657.
Cameron, A.M., Oram, J., Geﬀen, G.M., Kavanagh, D.J., McGrath, J.J., Geﬀen, L.B., 2002.
Working memory correlates of three symptom clusters in schizophrenia. Psychiatry

Authors want to thank Andreea Raslescu and Marco Calabrò for
their contribution to the paper.
Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.neubiorev.2018.09.
012.
References
Abu-Akel, A., Shamay-Tsoory, S., 2011. Neuroanatomical and neurochemical bases of
theory of mind. Neuropsychologia 49, 2971–2984.
Addington, J., Addington, D., 1998. Facial aﬀect recognition and information processing
in schizophrenia and bipolar disorder. Schizophr. Res. 32, 171–181.
Addington, J., Addington, D., 2008. Social and cognitive functioning in psychosis.
Schizophr. Res. 99, 176–181.
Adenzato, M., Cavallo, M., Enrici, I., 2010. Theory of mind ability in the behavioural
variant of frontotemporal dementia: an analysis of the neural, cognitive, and social
levels. Neuropsychologia 48, 2–12.
Adolphs, R., 1999. Social cognition and the human brain. Trends Cogn. Sci. 3, 469–479.
Adolphs, R., 2003. Investigating the cognitive neuroscience of social behavior.
Neuropsychologia 41, 119–126.
Adolphs, R., 2009. The social brain: neural basis of social knowledge. Annu. Rev. Psychol.
60, 693–716.
Adolphs, R., 2010. Conceptual challenges and directions for social neuroscience. Neuron
65, 752–767.
Adolphs, R., Tranel, D., Damasio, H., Damasio, A., 1994. Impaired recognition of emotion
in facial expressions following bilateral damage to the human amygdala. Nature 372,
669–672.
Adolphs, R., Tranel, D., Damasio, H., Damasio, A.R., 1995. Fear and the human amygdala.
J. Neurosci. 15, 5879–5891.
Adolphs, R., Gosselin, F., Buchanan, T.W., Tranel, D., Schyns, P., Damasio, A.R., 2005. A
mechanism for impaired fear recognition after amygdala damage. Nature 433, 68–72.
Aggleton, J.P., Burton, M.J., Passingham, R.E., 1980. Cortical and subcortical aﬀerents to
the amygdala of the rhesus monkey (Macaca mulatta). Brain Res. 190, 347–368.
Akitsuki, Y., Decety, J., 2009. Social context and perceived agency aﬀects empathy for
pain: an event-related fMRI investigation. Neuroimage 47, 722–734.
Alvares, G.A., Hickie, I.B., Guastella, A.J., 2010. Acute eﬀects of intranasal oxytocin on
subjective and behavioral responses to social rejection. Exp. Clin. Psychopharmacol.
18, 316–321.
Amato, D., Beasley, C.L., Hahn, M.K., Vernon, A.C., 2017. Neuroadaptations to antipsychotic drugs: insights from pre-clinical and human post-mortem studies. Neurosci.
Biobehav. Rev. 76 (May(Pt B)), 317–335 Epub 2016 Oct 15.
Anderson, B.A., 2016. Social reward shapes attentional biases. Cogn. Neurosci. 7, 30–36.
Anderson, S.W., Damasio, H., Tranel, D., Damasio, A.R., 2000. Long-term sequelae of
prefrontal cortex damage acquired in early childhood. Dev. Neuropsychol. 18,
281–296.
Andrews-Hanna, J.R., Reidler, J.S., Sepulcre, J., Poulin, R., Buckner, R.L., 2010.
Functional-anatomic fractionation of the brain’s default network. Neuron 65,
550–562.
Aron, A., Fisher, H., Mashek, D.J., Strong, G., Li, H., Brown, L.L., 2005. Reward, motivation, and emotion systems associated with early-stage intense romantic love. J.
Neurophysiol. 94, 327–337.
Asok, A., Draper, A., Hoﬀman, A.F., Schulkin, J., Lupica, C.R., Rosen, J.B., 2018.
Optogenetic silencing of a corticotropin-releasing factor pathway from the central
amygdala to the bed nucleus of the stria terminalis disrupts sustained fear. Mol.
Psychiatry 23 (April(4)), 914–922.
Aston-Jones, G., Rajkowski, J., Kubiak, P., Valentino, R.J., Shipley, M.T., 1996. Role of
the locus coeruleus in emotional activation. Prog. Brain Res. 107, 379–402.
Balleine, B.W., O’Doherty, J.P., 2010. Human and rodent homologies in action control:
corticostriatal determinants of goal-directed and habitual action.
Neuropsychopharmacology 35, 48–69.
Barak, B., Feng, G., 2016. Neurobiology of social behavior abnormalities in autism and
Williams syndrome. Nat. Neurosci. 19, 647–655.
Bar-Haim, Y., Lamy, D., Pergamin, L., Bakermans-Kranenburg, M.J., van, I.M.H., 2007.
Threat-related attentional bias in anxious and nonanxious individuals: a meta-analytic study. Psychol. Bull. 133, 1–24.
Baribeau, D.A., Anagnostou, E., 2015. Oxytocin and vasopressin: linking pituitary neuropeptides and their receptors to social neurocircuits. Front. Neurosci. 9, 335.
Barrash, J., Tranel, D., Anderson, S.W., 2000. Acquired personality disturbances associated with bilateral damage to the ventromedial prefrontal region. Dev.
Neuropsychol. 18, 355–381.
Barrett, L.F., Bar, M., 2009. See it with feeling: aﬀective predictions during object perception. Philos. Trans. R. Soc. Lond. B: Biol. Sci. 364, 1325–1334.
Barrett, L.F., Satpute, A.B., 2013. Large-scale brain networks in aﬀective and social
neuroscience: towards an integrative functional architecture of the brain. Curr. Opin.
Neurobiol. 23, 361–372.
Baumgartner, T., Gotte, L., Gugler, R., Fehr, E., 2012. The mentalizing network orchestrates the impact of parochial altruism on social norm enforcement. Hum. Brain

18

Neuroscience and Biobehavioral Reviews xxx (xxxx) xxx–xxx

S. Porcelli et al.

13–34.
de Achaval, D., Villarreal, M.F., Costanzo, E.Y., Douer, J., Castro, M.N., Mora, M.C.,
Nemeroﬀ, C.B., Chu, E., Bar, K.J., Guinjoan, S.M., 2012. Decreased activity in righthemisphere structures involved in social cognition in siblings discordant for schizophrenia. Schizophr. Res. 134, 171–179.
de Boer, S.F., Caramaschi, D., Natarajan, D., Koolhaas, J.M., 2009. The vicious cycle
towards violence: focus on the negative feedback mechanisms of brain serotonin
neurotransmission. Front. Behav. Neurosci. 3, 52.
de Bruin, N.M., van Loevezijn, A., Wicke, K.M., de Haan, M., Venhorst, J., Lange, J.H., de
Groote, L., van der Neut, M.A., Prickaerts, J., Andriambeloson, E., Foley, A.G., van
Drimmelen, M., van der Wetering, M., Kruse, C.G., 2016. The selective 5-HT6 receptor antagonist SLV has putative cognitive- and social interaction enhancing
properties in rodent models of cognitive impairment. Neurobiol. Learn. Mem. 133,
100–117.
de Gelder, B., Vroomen, J., de Jong, S.J., Masthoﬀ, E.D., Trompenaars, F.J., Hodiamont,
P., 2005. Multisensory integration of emotional faces and voices in schizophrenics.
Schizophr. Res. 72, 195–203.
Derntl, B., Seidel, E.M., Eickhoﬀ, S.B., Kellermann, T., Gur, R.C., Schneider, F., Habel, U.,
2011. Neural correlates of social approach and withdrawal in patients with major
depression. Soc. Neurosci. 6, 482–501.
Destoop, M., Schrijvers, D., De Grave, C., Sabbe, B., De Bruijn, E.R., 2012. Better to give
than to take? Interactive social decision-making in severe major depressive disorder.
J. Aﬀect. Disord. 137, 98–105.
Deuse, L., Rademacher, L.M., Winkler, L., Schultz, R.T., Grunder, G., Lammertz, S.E.,
2016. Neural correlates of naturalistic social cognition: brain-behavior relationships
in healthy adults. Soc. Cogn. Aﬀect. Neurosci. 11, 1741–1751.
Di, X., Chan, R.C., Gong, Q.Y., 2009. White matter reduction in patients with schizophrenia as revealed by voxel-based morphometry: an activation likelihood estimation
meta-analysis. Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 1390–1394.
Dickerson, B.C., 2015. Dysfunction of social cognition and behavior. Continuum
(Minneap Minn) 21, 660–677.
Dirks, M.A., Treat, T.A., Weersing, V.R., 2007. Integrating theoretical, measurement, and
intervention models of youth social competence. Clin. Psychol. Rev. 27, 327–347.
Dolen, G., Darvishzadeh, A., Huang, K.W., Malenka, R.C., 2013. Social reward requires
coordinated activity of nucleus accumbens oxytocin and serotonin. Nature 501,
179–184.
Domes, G., Heinrichs, M., Glascher, J., Buchel, C., Braus, D.F., Herpertz, S.C., 2007.
Oxytocin attenuates amygdala responses to emotional faces regardless of valence.
Biol. Psychiatry 62, 1187–1190.
Domes, G., Schulze, L., Herpertz, S.C., 2009. Emotion recognition in borderline personality disorder—a review of the literature. J. Pers. Disord. 23, 6–19.
Donovan, N.J., Hsu, D.C., Dagley, A.S., Schultz, A.P., Amariglio, R.E., Mormino, E.C.,
Okereke, O.I., Rentz, D.M., Johnson, K.A., Sperling, R.A., Marshall, G.A., 2015.
Depressive symptoms and biomarkers of Alzheimer’s disease in cognitively normal
older adults. J. Alzheimers Dis. 46, 63–73.
Dumais, K.M., Veenema, A.H., 2016. Vasopressin and oxytocin receptor systems in the
brain: sex diﬀerences and sex-speciﬁc regulation of social behavior. Front.
Neuroendocrinol. 40, 1–23.
Dunbar, R.I., 2009. The social brain hypothesis and its implications for social evolution.
Ann. Hum. Biol. 36, 562–572.
Dunbar, R.I., Shultz, S., 2007. Evolution in the social brain. Science 317, 1344–1347.
Duque-Wilckens, N., Steinman, M.Q., Busnelli, M., Chini, B., Yokoyama, S., Pham, M.,
Laredo, S.A., Hao, R., Perkeybile, A.M., Minie, V.A., Tan, P.B., Bales, K.L., Trainor,
B.C., 2018. Oxytocin receptors in the anteromedial bed nucleus of the stria terminalis
promote stress-induced social avoidance in female California mice. Biol. Psychiatry
83, 203–213.
Eack, S.M., Mermon, D.E., Montrose, D.M., Miewald, J., Gur, R.E., Gur, R.C., Sweeney,
J.A., Keshavan, M.S., 2010. Social cognition deﬁcits among individuals at familial
high risk for schizophrenia. Schizophr. Bull. 36, 1081–1088.
Ehnvall, A., Mitchell, P.B., Hadzi-Pavlovic, D., Parker, G., Frankland, A., Loo, C.,
Breakspear, M., Wright, A., Roberts, G., Lau, P., Perich, T., 2014. Rejection sensitivity
and pain in bipolar versus unipolar depression. Bipolar Disord. 16, 190–198.
Eisenberger, N.I., 2012. The pain of social disconnection: examining the shared neural
underpinnings of physical and social pain. Nat. Rev. Neurosci. 13, 421–434.
El Haj, M., Jardri, R., Laroi, F., Antoine, P., 2016. Hallucinations, loneliness, and social
isolation in Alzheimer’s disease. Cogn. Neuropsychiatry 21, 1–13.
Elamin, M., Pender, N., Hardiman, O., Abrahams, S., 2012. Social cognition in neurodegenerative disorders: a systematic review. J. Neurol. Neurosurg. Psychiatry 83,
1071–1079.
Eldar, S., Ricon, T., Bar-Haim, Y., 2008. Plasticity in attention: implications for stress
response in children. Behav. Res. Ther. 46, 450–461.
Farrell, M.T., Zahodne, L.B., Stern, Y., Dorrejo, J., Yeung, P., Cosentino, S., 2014.
Subjective word-ﬁnding diﬃculty reduces engagement in social leisure activities in
Alzheimer’s disease. J. Am. Geriatr. Soc. 62, 1056–1063.
Fett, A.K., Viechtbauer, W., Dominguez, M.D., Penn, D.L., van Os, J., Krabbendam, L.,
2011. The relationship between neurocognition and social cognition with functional
outcomes in schizophrenia: a meta-analysis. Neurosci. Biobehav. Rev. 35, 573–588.
File, S.E., Seth, P., 2003. A review of 25 years of the social interaction test. Eur. J.
Pharmacol. 463, 35–53.
Frischen, A., Bayliss, A.P., Tipper, S.P., 2007. Gaze cueing of attention: visual attention,
social cognition, and individual diﬀerences. Psychol. Bull. 133, 694–724.
Frith, C.D., 2004. Schizophrenia and theory of mind. Psychol. Med. 34, 385–389.
Frith, C.D., Frith, U., 2006. The neural basis of mentalizing. Neuron 50, 531–534.
Fudge, J.L., Kelly, E.A., Pal, R., Bedont, J.L., Park, L., Ho, B., 2017. Beyond the classic
VTA: extended amygdala projections to DA-striatal paths in the primate.
Neuropsychopharmacology 42, 1563–1576.

Res. 110, 49–61.
Campi, K.L., Greenberg, G.D., Kapoor, A., Ziegler, T.E., Trainor, B.C., 2014. Sex diﬀerences in eﬀects of dopamine D1 receptors on social withdrawal. Neuropharmacology
77, 208–216.
Cannon, T.D., Chung, Y., He, G., Sun, D., Jacobson, A., van Erp, T.G., McEwen, S.,
Addington, J., Bearden, C.E., Cadenhead, K., Cornblatt, B., Mathalon, D.H.,
McGlashan, T., Perkins, D., Jeﬀries, C., Seidman, L.J., Tsuang, M., Walker, E., Woods,
S.W., Heinssen, R., 2015. Progressive reduction in cortical thickness as psychosis
develops: a multisite longitudinal neuroimaging study of youth at elevated clinical
risk. Biol. Psychiatry 77, 147–157.
Caqueo-Urizar, A., Gutierrez-Maldonado, J., Miranda-Castillo, C., 2009. Quality of life in
caregivers of patients with schizophrenia: a literature review. Health Qual. Life
Outcomes 7, 84.
Challis, C., Berton, O., 2015. Top-down control of serotonin systems by the prefrontal
cortex: a path toward restored socioemotional function in depression. ACS Chem.
Neurosci. 6, 1040–1054.
Challis, C., Boulden, J., Veerakumar, A., Espallergues, J., Vassoler, F.M., Pierce, R.C.,
Beck, S.G., Berton, O., 2013. Raphe GABAergic neurons mediate the acquisition of
avoidance after social defeat. J. Neurosci. 33, 13978–13988 13988a.
Chaudhury, D., Walsh, J.J., Friedman, A.K., Juarez, B., Ku, S.M., Koo, J.W., Ferguson, D.,
Tsai, H.C., Pomeranz, L., Christoﬀel, D.J., Nectow, A.R., Ekstrand, M., Domingos, A.,
Mazei-Robison, M.S., Mouzon, E., Lobo, M.K., Neve, R.L., Friedman, J.M., Russo, S.J.,
Deisseroth, K., Nestler, E.J., Han, M.H., 2013. Rapid regulation of depression-related
behaviours by control of midbrain dopamine neurons. Nature 493, 532–536.
Chelnokova, O., Laeng, B., Eikemo, M., Riegels, J., Loseth, G., Maurud, H., Willoch, F.,
Leknes, S., 2014. Rewards of beauty: the opioid system mediates social motivation in
humans. Mol. Psychiatry 19, 746–747.
Chou, M.Y., Amo, R., Kinoshita, M., Cherng, B.W., Shimazaki, H., Agetsuma, M., Shiraki,
T., Aoki, T., Takahoko, M., Yamazaki, M., Higashijima, S., Okamoto, H., 2016. Social
conﬂict resolution regulated by two dorsal habenular subregions in zebraﬁsh. Science
352, 87–90.
Ciufolini, S., Dazzan, P., Kempton, M.J., Pariante, C., Mondelli, V., 2014. HPA axis response to social stress is attenuated in schizophrenia but normal in depression: evidence from a meta-analysis of existing studies. Neurosci. Biobehav. Rev. 47, 359–368.
Cohen Kadosh, K., Cohen Kadosh, R., Dick, F., Johnson, M.H., 2011. Developmental
changes in eﬀective connectivity in the emerging core face network. Cereb. Cortex
21, 1389–1394.
Cole, S.W., 2014. Human social genomics. PLoS Genet. 10, e1004601.
Combs, D.R., Gouvier, W.D., 2004. The role of attention in aﬀect perception: an examination of Mirsky’s four factor model of attention in chronic schizophrenia.
Schizophr. Bull. 30, 727–738.
Conson, M., Errico, D., Mazzarella, E., Giordano, M., Grossi, D., Trojano, L., 2015.
Transcranial electrical stimulation over dorsolateral prefrontal cortex modulates
processing of social cognitive and aﬀective information. PLoS One 10, e0126448.
Coria-Avila, G.A., Manzo, J., Garcia, L.I., Carrillo, P., Miquel, M., Pfaus, J.G., 2014.
Neurobiology of social attachments. Neurosci. Biobehav. Rev. 43, 173–182.
Cornwell, E.Y., Waite, L.J., 2009. Social disconnectedness, perceived isolation, and health
among older adults. J. Health Soc. Behav. 50, 31–48.
Cosmides, L., Tooby, J., 1992. Cognitive adaptations for social exchange. In: Press, O.U.
(Ed.), The Adapted Mind: Evolutionary Psychology and the Generation of Culture
New York.
Cotter, J., Granger, K., Backx, R., Hobbs, M., Looi, C.Y., Barnett, J.H., 2018. Social cognitive dysfunction as a clinical marker: a systematic review of meta-analyses across
30 clinical conditions. Neurosci. Biobehav. Rev. 84, 92–99.
Courtin, E., Knapp, M., 2017. Social isolation, loneliness and health in old age: a scoping
review. Health Soc. Care Commun. 25, 799–812.
Couture, S.M., Granholm, E.L., Fish, S.C., 2011. A path model investigation of neurocognition, theory of mind, social competence, negative symptoms and real-world
functioning in schizophrenia. Schizophr. Res. 125, 152–160.
Covington 3rd, H.E., Lobo, M.K., Maze, I., Vialou, V., Hyman, J.M., Zaman, S., LaPlant,
Q., Mouzon, E., Ghose, S., Tamminga, C.A., Neve, R.L., Deisseroth, K., Nestler, E.J.,
2010. Antidepressant eﬀect of optogenetic stimulation of the medial prefrontal
cortex. J. Neurosci. 30, 16082–16090.
Cuesta, M.J., Sanchez-Torres, A.M., Cabrera, B., Bioque, M., Merchan-Naranjo, J.,
Corripio, I., Gonzalez-Pinto, A., Lobo, A., Bombin, I., de la Serna, E., Sanjuan, J.,
Parellada, M., Saiz-Ruiz, J., Bernardo, M., 2015. Premorbid adjustment and clinical
correlates of cognitive impairment in ﬁrst-episode psychosis. The PEPsCog Study.
Schizophr. Res. 164, 65–73.
Cusi, A.M., Nazarov, A., Holshausen, K., Macqueen, G.M., McKinnon, M.C., 2012.
Systematic review of the neural basis of social cognition in patients with mood disorders. J. Psychiatry Neurosci. 37, 154–169.
Cuthbert, B.N., 2015. Research Domain Criteria: toward future psychiatric nosologies.
Dialogues Clin. Neurosci. 17, 89–97.
Cuthbert, B.N., Insel, T.R., 2013. Toward the future of psychiatric diagnosis: the seven
pillars of RDoC. BMC Med. 11, 126.
Dabrowska, J., Hazra, R., Ahern, T.H., Guo, J.D., McDonald, A.J., Mascagni, F., Muller,
J.F., Young, L.J., Rainnie, D.G., 2011. Neuroanatomical evidence for reciprocal
regulation of the corticotrophin-releasing factor and oxytocin systems in the hypothalamus and the bed nucleus of the stria terminalis of the rat: implications for
balancing stress and aﬀect. Psychoneuroendocrinology 36, 1312–1326.
Dalili, M.N., Penton-Voak, I.S., Harmer, C.J., Munafo, M.R., 2015. Meta-analysis of
emotion recognition deﬁcits in major depressive disorder. Psychol. Med. 45,
1135–1144.
Damasio, A.R., 1996. The somatic marker hypothesis and the possible functions of the
prefrontal cortex. Philos. Trans. R. Soc. Lond. B: Biol. Sci. 351, 1413–1420.
Davis, M., Whalen, P.J., 2001. The amygdala: vigilance and emotion. Mol. Psychiatry 6,

19

Neuroscience and Biobehavioral Reviews xxx (xxxx) xxx–xxx

S. Porcelli et al.

Hirschfeld, R.M., Montgomery, S.A., Keller, M.B., Kasper, S., Schatzberg, A.F., Moller,
H.J., Healy, D., Baldwin, D., Humble, M., Versiani, M., Montenegro, R., Bourgeois,
M., 2000. Social functioning in depression: a review. J. Clin. Psychiatry 61, 268–275.
Hoﬀman, R.E., 2007. A social deaﬀerentation hypothesis for induction of active schizophrenia. Schizophr. Bull. 33, 1066–1070.
Hoﬀman, E.A., Haxby, J.V., 2000. Distinct representations of eye gaze and identity in the
distributed human neural system for face perception. Nat. Neurosci. 3, 80–84.
Holt, D.J., Cassidy, B.S., Yue, X., Rauch, S.L., Boeke, E.A., Nasr, S., Tootell, R.B., Coombs
3rd, G., 2014. Neural correlates of personal space intrusion. J. Neurosci. 34,
4123–4134.
Holt, D.J., Boeke, E.A., Coombs 3rd, G., DeCross, S.N., Cassidy, B.S., Stuﬄebeam, S.,
Rauch, S.L., Tootell, R.B., 2015. Abnormalities in personal space and parietal-frontal
function in schizophrenia. Neuroimage Clin. 9, 233–243.
Holwerda, T.J., Deeg, D.J., Beekman, A.T., van Tilburg, T.G., Stek, M.L., Jonker, C.,
Schoevers, R.A., 2014. Feelings of loneliness, but not social isolation, predict dementia onset: results from the Amsterdam Study of the Elderly (AMSTEL). J. Neurol.
Neurosurg. Psychiatry 85, 135–142.
Honda, Y., Meguro, K., Meguro, M., Akanuma, K., 2013. Social withdrawal of persons
with vascular dementia associated with disturbance of basic daily activities, apathy,
and impaired social judgment. Care Manag. J. 14, 108–113.
Hooley, J.M., Gruber, S.A., Scott, L.A., Hiller, J.B., Yurgelun-Todd, D.A., 2005. Activation
in dorsolateral prefrontal cortex in response to maternal criticism and praise in recovered depressed and healthy control participants. Biol. Psychiatry 57, 809–812.
Hostinar, C.E., Sullivan, R.M., Gunnar, M.R., 2014. Psychobiological mechanisms underlying the social buﬀering of the hypothalamic-pituitary-adrenocortical axis: a
review of animal models and human studies across development. Psychol. Bull. 140,
256–282.
Howes, O.D., Murray, R.M., 2014. Schizophrenia: an integrated sociodevelopmentalcognitive model. Lancet 383, 1677–1687.
Hsu, D.T., Sanford, B.J., Meyers, K.K., Love, T.M., Hazlett, K.E., Wang, H., Ni, L., Walker,
S.J., Mickey, B.J., Korycinski, S.T., Koeppe, R.A., Crocker, J.K., Langenecker, S.A.,
Zubieta, J.K., 2013. Response of the mu-opioid system to social rejection and acceptance. Mol. Psychiatry 18, 1211–1217.
Hsu, D.T., Sanford, B.J., Meyers, K.K., Love, T.M., Hazlett, K.E., Walker, S.J., Mickey, B.J.,
Koeppe, R.A., Langenecker, S.A., Zubieta, J.K., 2015. It still hurts: altered endogenous
opioid activity in the brain during social rejection and acceptance in major depressive
disorder. Mol. Psychiatry 20, 193–200.
Hyatt, C.J., Calhoun, V.D., Pearlson, G.D., Assaf, M., 2015. Speciﬁc default mode subnetworks support mentalizing as revealed through opposing network recruitment by
social and semantic FMRI tasks. Hum. Brain Mapp. 36, 3047–3063.
Ibanez, A., Manes, F., 2012. Contextual social cognition and the behavioral variant of
frontotemporal dementia. Neurology 78, 1354–1362.
Ilin, Y., Richter-Levin, G., 2009. Enriched environment experience overcomes learning
deﬁcits and depressive-like behavior induced by juvenile stress. PLoS One 4, e4329.
Inagaki, T.K., Ray, L.A., Irwin, M.R., Way, B.M., Eisenberger, N.I., 2016. Opioids and
social bonding: naltrexone reduces feelings of social connection. Soc. Cogn. Aﬀect.
Neurosci. 11, 728–735.
Inoue, Y., Yamada, K., Kanba, S., 2006. Deﬁcit in theory of mind is a risk for relapse of
major depression. J. Aﬀect. Disord. 95, 125–127.
Insel, T.R., 2010. The challenge of translation in social neuroscience: a review of oxytocin, vasopressin, and aﬃliative behavior. Neuron 65, 768–779.
Ishunina, T.A., Swaab, D.F., 2002. Neurohypophyseal peptides in aging and Alzheimer’s
disease. Ageing Res. Rev. 1, 537–558.
Ismail, Z., Smith, E.E., Geda, Y., Sultzer, D., Brodaty, H., Smith, G., Aguera-Ortiz, L.,
Sweet, R., Miller, D., Lyketsos, C.G., 2016. Neuropsychiatric symptoms as early
manifestations of emergent dementia: provisional diagnostic criteria for mild behavioral impairment. Alzheimers Dement. 12, 195–202.
Izuma, K., Saito, D.N., Sadato, N., 2008. Processing of social and monetary rewards in the
human striatum. Neuron 58, 284–294.
Jahshan, C., Cadenhead, K.S., Rissling, A.J., Kirihara, K., Braﬀ, D.L., Light, G.A., 2012.
Automatic sensory information processing abnormalities across the illness course of
schizophrenia. Psychol. Med. 42, 85–97.
Jani, M., Kasparek, T., 2017. Emotion recognition and theory of mind in schizophrenia: a
meta-analysis of neuroimaging studies. World J. Biol. Psychiatry 1–11.
Janowski, V., Camerer, C., Rangel, A., 2013. Empathic choice involves vmPFC value
signals that are modulated by social processing implemented in IPL. Soc. Cogn.
Aﬀect. Neurosci. 8, 201–208.
Javitt, D.C., 2009. Sensory processing in schizophrenia: neither simple nor intact.
Schizophr. Bull. 35, 1059–1064.
Jeung, H., Herpertz, S.C., 2014. Impairments of interpersonal functioning: empathy and
intimacy in borderline personality disorder. Psychopathology 47, 220–234.
Jiang, S., Yan, C., Qiao, Z., Yao, H., Qiu, X., Yang, X., Fang, D., Yang, Y., Zhang, L., Wang,
L., 2017. Mismatch negativity as a potential neurobiological marker of early-stage
Alzheimer disease and vascular dementia. Neurosci. Lett. 647, 26–31.
Job, M.O., Tang, A., Hall, F.S., Sora, I., Uhl, G.R., Bergeson, S.E., Gonzales, R.A., 2007. Mu
(mu) opioid receptor regulation of ethanol-induced dopamine response in the ventral
striatum: evidence of genotype speciﬁc sexual dimorphic epistasis. Biol. Psychiatry
62, 627–634.
Jobst, A., Sabass, L., Palagyi, A., Bauriedl-Schmidt, C., Mauer, M.C., Sarubin, N.,
Buchheim, A., Renneberg, B., Falkai, P., Zill, P., Padberg, F., 2015. Eﬀects of social
exclusion on emotions and oxytocin and cortisol levels in patients with chronic depression. J. Psychiatr. Res. 60, 170–177.
Jocham, G., Hunt, L.T., Near, J., Behrens, T.E., 2012. A mechanism for value-guided
choice based on the excitation-inhibition balance in prefrontal cortex. Nat. Neurosci.
15, 960–961.
Johnson, K.V., Dunbar, R.I., 2016. Pain tolerance predicts human social network size. Sci.

Fusar-Poli, P., Smieskova, R., Kempton, M.J., Ho, B.C., Andreasen, N.C., Borgwardt, S.,
2013. Progressive brain changes in schizophrenia related to antipsychotic treatment?
A meta-analysis of longitudinal MRI studies. Neurosci. Biobehav. Rev. 37,
1680–1691.
Germine, L.T., Garrido, L., Bruce, L., Hooker, C., 2011. Social anhedonia is associated
with neural abnormalities during face emotion processing. Neuroimage 58, 935–945.
Ghashghaei, H.T., Barbas, H., 2002. Pathways for emotion: interactions of prefrontal and
anterior temporal pathways in the amygdala of the rhesus monkey. Neuroscience
115, 1261–1279.
Gilbert, P., McEwan, K., Bellew, R., Mills, A., Gale, C., 2009. The dark side of competition:
how competitive behaviour and striving to avoid inferiority are linked to depression,
anxiety, stress and self-harm. Psychol. Psychother. 82, 123–136.
Gobbini, M.I., Haxby, J.V., 2006. Neural response to the visual familiarity of faces. Brain
Res. Bull. 71, 76–82.
Golden, S.A., 2014. The Role of the Nucleus Accumbens in Stress and Aggression-Related
Disorders. Icahn School of Medicine, Mount Sinai.
Gollan, J.K., McCloskey, M., Hoxha, D., Coccaro, E.F., 2010. How do depressed and
healthy adults interpret nuanced facial expressions? J. Abnorm. Psychol. 119,
804–810.
Gow, A.J., Mortensen, E.L., 2016. Social resources and cognitive ageing across 30 years:
the Glostrup 1914 Cohort. Age Ageing 45, 480–486.
Gradin, V.B., Perez, A., Macfarlane, J.A., Cavin, I., Waiter, G., Tone, E.B., Dritschel, B.,
Maiche, A., Steele, J.D., 2016. Neural correlates of social exchanges during the
Prisoner’s Dilemma game in depression. Psychol. Med. 46, 1289–1300.
Green, M.F., Penn, D.L., Bentall, R., Carpenter, W.T., Gaebel, W., Gur, R.C., Kring, A.M.,
Park, S., Silverstein, S.M., Heinssen, R., 2008. Social cognition in schizophrenia: an
NIMH workshop on deﬁnitions, assessment, and research opportunities. Schizophr.
Bull. 34, 1211–1220.
Green, M.F., Horan, W.P., Lee, J., 2015. Social cognition in schizophrenia. Nat. Rev.
Neurosci. 16, 620–631.
Greenland-White, S.E., Ragland, J.D., Niendam, T.A., Ferrer, E., Carter, C.S., 2017.
Episodic memory functions in ﬁrst episode psychosis and clinical high risk individuals. Schizophr. Res. 188 (October), 151–157.
Groenewold, N.A., Opmeer, E.M., de Jonge, P., Aleman, A., Costafreda, S.G., 2013.
Emotional valence modulates brain functional abnormalities in depression: evidence
from a meta-analysis of fMRI studies. Neurosci. Biobehav. Rev. 37, 152–163.
Groppe, S.E., Gossen, A., Rademacher, L., Hahn, A., Westphal, L., Grunder, G.,
Spreckelmeyer, K.N., 2013. Oxytocin inﬂuences processing of socially relevant cues
in the ventral tegmental area of the human brain. Biol. Psychiatry 74, 172–179.
Guastella, A.J., Mitchell, P.B., Dadds, M.R., 2008. Oxytocin increases gaze to the eye
region of human faces. Biol. Psychiatry 63, 3–5.
Gunaydin, L.A., Deisseroth, K., 2014. Dopaminergic dynamics contributing to social behavior. Cold Spring Harb. Symp. Quant. Biol. 79, 221–227.
Gunaydin, L.A., Grosenick, L., Finkelstein, J.C., Kauvar, I.V., Fenno, L.E., Adhikari, A.,
Lammel, S., Mirzabekov, J.J., Airan, R.D., Zalocusky, K.A., Tye, K.M., Anikeeva, P.,
Malenka, R.C., Deisseroth, K., 2014. Natural neural projection dynamics underlying
social behavior. Cell 157, 1535–1551.
Gur, R.C., Gur, R.E., 2016. Social cognition as an RDoC domain. Am. J. Med. Genet. B”
Neuropsychiatr. Genet. 171B, 132–141.
Guroglu, B., van den Bos, W., Rombouts, S.A., Crone, E.A., 2010. Unfair? It depends:
neural correlates of fairness in social context. Soc. Cogn. Aﬀect. Neurosci. 5,
414–423.
Hampton, W.H., Unger, A., Von Der Heide, R.J., Olson, I.R., 2016. Neural connections
foster social connections: a diﬀusion-weighted imaging study of social networks. Soc.
Cogn. Aﬀect. Neurosci. 11, 721–727.
Hardy, J., Adolfsson, R., Alafuzoﬀ, I., Bucht, G., Marcusson, J., Nyberg, P., Perdahl, E.,
Wester, P., Winblad, B., 1985. Transmitter deﬁcits in Alzheimer’s disease.
Neurochem. Int. 7, 545–563.
Hare, T.A., Camerer, C.F., Knoepﬂe, D.T., Rangel, A., 2010. Value computations in ventral
medial prefrontal cortex during charitable decision making incorporate input from
regions involved in social cognition. J. Neurosci. 30, 583–590.
Hariri, A.R., Bookheimer, S.Y., Mazziotta, J.C., 2000. Modulating emotional responses:
eﬀects of a neocortical network on the limbic system. Neuroreport 11, 43–48.
Hariri, A.R., Mattay, V.S., Tessitore, A., Kolachana, B., Fera, F., Goldman, D., Egan, M.F.,
Weinberger, D.R., 2002. Serotonin transporter genetic variation and the response of
the human amygdala. Science 297, 400–403.
Haro, J.M., Kahle-Wrobleski, K., Bruno, G., Belger, M., Dell’Agnello, G., Dodel, R., Jones,
R.W., Reed, C.C., Vellas, B., Wimo, A., Argimon, J.M., 2014. Analysis of burden in
caregivers of people with Alzheimer’s disease using self-report and supervision hours.
J. Nutr. Health Aging 18, 677–684.
Havins, W.N., Massman, P.J., Doody, R., 2012. Factor structure of the Geriatric
Depression Scale and relationships with cognition and function in Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 34, 360–372.
Haxby, J.V., Hoﬀman, E.A., Gobbini, M.I., 2000. The distributed human neural system for
face perception. Trends Cogn. Sci. 4, 223–233.
Healey, K.M., Bartholomeusz, C.F., Penn, D.L., 2016. Deﬁcits in social cognition in ﬁrst
episode psychosis: a review of the literature. Clin. Psychol. Rev. 50, 108–137.
Heinrichs, M., Baumgartner, T., Kirschbaum, C., Ehlert, U., 2003. Social support and
oxytocin interact to suppress cortisol and subjective responses to psychosocial stress.
Biol. Psychiatry 54, 1389–1398.
Herry, C., Bach, D.R., Esposito, F., Di Salle, F., Perrig, W.J., Scheﬄer, K., Luthi, A.,
Seifritz, E., 2007. Processing of temporal unpredictability in human and animal
amygdala. J. Neurosci. 27, 5958–5966.
Hillebrandt, H., Dumontheil, I., Blakemore, S.J., Roiser, J.P., 2013. Dynamic causal
modelling of eﬀective connectivity during perspective taking in a communicative
task. Neuroimage 76, 116–124.

20

Neuroscience and Biobehavioral Reviews xxx (xxxx) xxx–xxx

S. Porcelli et al.

terminalis emerges as key to psychiatric disorders. Mol. Psychiatry 21, 450–463.
Lee, J.S., Jung, S., Park, I.H., Kim, J.J., 2015a. Neural basis of Anhedonia and amotivation
in patients with schizophrenia: the role of reward system. Curr. Neuropharmacol. 13,
750–759.
Lee, T.Y., Hong, S.B., Shin, N.Y., Kwon, J.S., 2015b. Social cognitive functioning in
prodromal psychosis: a meta-analysis. Schizophr. Res. 164, 28–34.
Lehman, A.F., Ward, N.C., Linn, L.S., 1982. Chronic mental patients: the quality of life
issue. Am. J. Psychiatry 139, 1271–1276.
Lehmann, M.L., Brachman, R.A., Martinowich, K., Schloesser, R.J., Herkenham, M., 2013.
Glucocorticoids orchestrate divergent eﬀects on mood through adult neurogenesis. J.
Neurosci. 33, 2961–2972.
Leitner, Y., 2014. The co-occurrence of autism and attention deﬁcit hyperactivity disorder
in children—what do we know? Front. Hum. Neurosci. 8, 268.
Lencz, T., Smith, C.W., McLaughlin, D., Auther, A., Nakayama, E., Hovey, L., Cornblatt,
B.A., 2006. Generalized and speciﬁc neurocognitive deﬁcits in prodromal schizophrenia. Biol. Psychiatry 59, 863–871.
Leong, J.K., Pestilli, F., Wu, C.C., Samanez-Larkin, G.R., Knutson, B., 2016. White-matter
tract connecting anterior insula to nucleus accumbens correlates with reduced preference for positively skewed gambles. Neuron 89, 63–69.
Lewandowski, K.E., Whitton, A.E., Pizzagalli, D.A., Norris, L.A., Ongur, D., Hall, M.H.,
2016. Reward learning, Neurocognition, social cognition, and symptomatology in
psychosis. Front. Psychiatry 7, 100.
Li, T.M., Wong, P.W., 2015. Youth social withdrawal behavior (hikikomori): a systematic
review of qualitative and quantitative studies. Aust. N. Z. J. Psychiatry 49, 595–609.
Li, W., Mai, X., Liu, C., 2014. The default mode network and social understanding of
others: what do brain connectivity studies tell us. Front. Hum. Neurosci. 8, 74.
Liberman, M.D., 2013. Social: Why Our Brains Are Wired to Connect, 1st edition. Crown
Publishing Group.
Lieberman, M.D., 2007. Social cognitive neuroscience: a review of core processes. Annu.
Rev. Psychol. 58, 259–289.
Light, G.A., Braﬀ, D.L., 2005. Mismatch negativity deﬁcits are associated with poor
functioning in schizophrenia patients. Arch. Gen. Psychiatry 62, 127–136.
Liu, R.T., Kraines, M.A., Massing-Schaﬀer, M., Alloy, L.B., 2014. Rejection sensitivity and
depression: mediation by stress generation. Psychiatry 77, 86–97.
Lobo, M.K., Covington 3rd, H.E., Chaudhury, D., Friedman, A.K., Sun, H., Damez-Werno,
D., Dietz, D.M., Zaman, S., Koo, J.W., Kennedy, P.J., Mouzon, E., Mogri, M., Neve,
R.L., Deisseroth, K., Han, M.H., Nestler, E.J., 2010. Cell type-speciﬁc loss of BDNF
signaling mimics optogenetic control of cocaine reward. Science 330, 385–390.
Lopez, N.L., Vazquez, D.M., Olson, S.L., 2004. An integrative approach to the neurophysiological substrates of social withdrawal and aggression. Dev. Psychopathol. 16,
69–93.
Lopez-Anton, R., Santabarbara, J., De-la-Camara, C., Gracia-Garcia, P., Lobo, E., Marcos,
G., Pirez, G., Saz, P., Haro, J.M., Rodriguez-Manas, L., Modrego, P.J., Dewey, M.E.,
Lobo, A., 2015. Mild cognitive impairment diagnosed with the new DSM-5 criteria:
prevalence and associations with non-cognitive psychopathology. Acta Psychiatr.
Scand. 131, 29–39.
Loseth, G.E., Ellingsen, D.M., Leknes, S., 2014. State-dependent mu-opioid modulation of
social motivation. Front. Behav. Neurosci. 8, 430.
Luo, M., Li, Y., Zhong, W., 2016. Do dorsal raphe 5-HT neurons encode “beneﬁcialness”?
Neurobiol. Learn. Mem. 135, 40–49.
Lyketsos, C.G., Lopez, O., Jones, B., Fitzpatrick, A.L., Breitner, J., DeKosky, S., 2002.
Prevalence of neuropsychiatric symptoms in dementia and mild cognitive impairment: results from the cardiovascular health study. JAMA 288, 1475–1483.
Ma, Y., Shamay-Tsoory, S., Han, S., Zink, C.F., 2016. Oxytocin and social adaptation:
insights from neuroimaging studies of healthy and clinical populations. Trends Cogn.
Sci. 20, 133–145.
Macdonald, G., Leary, M.R., 2005. Why does social exclusion hurt? The relationship
between social and physical pain. Psychol. Bull. 131, 202–223.
MacDonald 3rd, A.W., Cohen, J.D., Stenger, V.A., Carter, C.S., 2000. Dissociating the role
of the dorsolateral prefrontal and anterior cingulate cortex in cognitive control.
Science 288, 1835–1838.
Macoveanu, J., 2014. Serotonergic modulation of reward and punishment: evidence from
pharmacological fMRI studies. Brain Res. 1556, 19–27.
Mar, R.A., 2011. The neural bases of social cognition and story comprehension. Annu.
Rev. Psychol. 62, 103–134.
Marlin, B.J., Mitre, M., D’Amour, J.A., Chao, M.V., Froemke, R.C., 2015. Oxytocin enables
maternal behaviour by balancing cortical inhibition. Nature 520, 499–504.
Marsh, A.A., 2016. Understanding amygdala responsiveness to fearful expressions
through the lens of psychopathy and altruism. J. Neurosci. Res. 94, 513–525.
Martorana, A., Koch, G., 2014. "Is dopamine involved in Alzheimer’s disease?". Front.
Aging Neurosci. 6, 252.
Masten, C.L., Eisenberger, N.I., Borofsky, L.A., Pfeifer, J.H., McNealy, K., Mazziotta, J.C.,
Dapretto, M., 2009. Neural correlates of social exclusion during adolescence: understanding the distress of peer rejection. Soc. Cogn. Aﬀect. Neurosci. 4, 143–157.
McDonald, A.J., Muller, J.F., Mascagni, F., 2011. Postsynaptic targets of GABAergic basal
forebrain projections to the basolateral amygdala. Neuroscience 183, 144–159.
McKibbin, C.L., Brekke, J.S., Sires, D., Jeste, D.V., Patterson, T.L., 2004. Direct assessment
of functional abilities: relevance to persons with schizophrenia. Schizophr. Res. 72,
53–67.
McQuade, J.D., Murray-Close, D., Shoulberg, E.K., Hoza, B., 2013. Working memory and
social functioning in children. J. Exp. Child Psychol. 115, 422–435.
McQuaid, R.J., McInnis, O.A., Abizaid, A., Anisman, H., 2014. Making room for oxytocin
in understanding depression. Neurosci. Biobehav. Rev. 45, 305–322.
Meltzer, C.C., Smith, G., DeKosky, S.T., Pollock, B.G., Mathis, C.A., Moore, R.Y., Kupfer,
D.J., Reynolds 3rd, C.F., 1998. Serotonin in aging, late-life depression, and
Alzheimer’s disease: the emerging role of functional imaging.

Rep. 6, 25267.
Jones, P., Rodgers, B., Murray, R., Marmot, M., 1994. Child development risk factors for
adult schizophrenia in the British 1946 birth cohort. Lancet 344, 1398–1402.
Jost, B.C., Grossberg, G.T., 1996. The evolution of psychiatric symptoms in Alzheimer’s
disease: a natural history study. J. Am. Geriatr. Soc. 44, 1078–1081.
Kalbe, E., Schlegel, M., Sack, A.T., Nowak, D.A., Dafotakis, M., Bangard, C., Brand, M.,
Shamay-Tsoory, S., Onur, O.A., Kessler, J., 2010. Dissociating cognitive from aﬀective theory of mind: a TMS study. Cortex 46, 769–780.
Kaldewaij, R., Koch, S.B., Volman, I., Toni, I., Roelofs, K., 2017. On the control of social
approach-avoidance behavior: neural and endocrine mechanisms. Curr. Top. Behav.
Neurosci. 30, 275–293.
Kales, H.C., Gitlin, L.N., Lyketsos, C.G., 2015. Assessment and management of behavioral
and psychological symptoms of dementia. BMJ 350, h369.
Kalin, M., Kaplan, S., Gould, F., Pinkham, A.E., Penn, D.L., Harvey, P.D., 2015. Social
cognition, social competence, negative symptoms and social outcomes: inter-relationships in people with schizophrenia. J. Psychiatr. Res. 68, 254–260.
Kamilar-Britt, P., Bedi, G., 2015. The prosocial eﬀects of 3,4-methylenedioxymethamphetamine (MDMA): controlled studies in humans and laboratory animals.
Neurosci. Biobehav. Rev. 57, 433–446.
Kanat, M., Heinrichs, M., Domes, G., 2014. Oxytocin and the social brain: neural mechanisms and perspectives in human research. Brain Res. 1580, 160–171.
Karelina, K., Stuller, K.A., Jarrett, B., Zhang, N., Wells, J., Norman, G.J., DeVries, A.C.,
2011. Oxytocin mediates social neuroprotection after cerebral ischemia. Stroke 42,
3606–3611.
Kas, M.J., Penninx, B., Sommer, B., Serretti, A., Arango, C., Marston, H., 2017. A quantitative approach to neuropsychiatry: the why and the how. Neurosci. Biobehav. Rev.
12 (December) pii: S0149-7634(17)30534-1.
Kennedy, D.P., Adolphs, R., 2012. The social brain in psychiatric and neurological disorders. Trends Cogn. Sci. 16, 559–572.
Kerestes, R., Chase, H.W., Phillips, M.L., Ladouceur, C.D., Eickhoﬀ, S.B., 2017.
Multimodal evaluation of the amygdala’s functional connectivity. Neuroimage 148,
219–229.
Keskinen, E., Marttila, A., Marttila, R., Jones, P.B., Murray, G.K., Moilanen, K., KoivumaaHonkanen, H., Maki, P., Isohanni, M., Jaaskelainen, E., Miettunen, J., 2015.
Interaction between parental psychosis and early motor development and the risk of
schizophrenia in a general population birth cohort. Eur. Psychiatry 30, 719–727.
King, S.B., Lezak, K.R., O’Reilly, M., Toufexis, D.J., Falls, W.A., Braas, K., May, V.,
Hammack, S.E., 2017. The eﬀects of prior stress on anxiety-like responding to IntraBNST pituitary adenylate cyclase activating polypeptide in male and female rats.
Neuropsychopharmacology 42, 1679–1687.
Kohler, C.G., Bilker, W., Hagendoorn, M., Gur, R.E., Gur, R.C., 2000. Emotion recognition
deﬁcit in schizophrenia: association with symptomatology and cognition. Biol.
Psychiatry 48, 127–136.
Koob, G.F., Volkow, N.D., 2016. Neurobiology of addiction: a neurocircuitry analysis.
Lancet Psychiatry 3, 760–773.
Koscik, T.R., Tranel, D., 2011. The human amygdala is necessary for developing and
expressing normal interpersonal trust. Neuropsychologia 49, 602–611.
Krajbich, I., Adolphs, R., Tranel, D., Denburg, N.L., Camerer, C.F., 2009. Economic games
quantify diminished sense of guilt in patients with damage to the prefrontal cortex. J.
Neurosci. 29, 2188–2192.
Kronbichler, L., Tschernegg, M., Martin, A.I., Schurz, M., Kronbichler, M., 2017.
Abnormal brain activation during theory of mind tasks in schizophrenia: a metaanalysis. Schizophr. Bull. 43, 1240–1250.
Kumfor, F., Irish, M., Leyton, C., Miller, L., Lah, S., Devenney, E., Hodges, J.R., Piguet, O.,
2014. Tracking the progression of social cognition in neurodegenerative disorders. J.
Neurol. Neurosurg. Psychiatry 85, 1076–1083.
Kunda, Z., 1999. Social Cognition: Making Sense of People. MIT Press, Cambridge.
Kupferberg, A., Bicks, L., Hasler, G., 2016a. Social functioning in major depressive disorder. Neurosci. Biobehav. Rev. 69, 313–332.
Kupferberg, A., Hager, O.M., Fischbacher, U., Brandle, L.S., Haynes, M., Hasler, G.,
2016b. Testing the social competition hypothesis of depression using a simple economic game. BJPsych Open 2, 163–169.
Lai, M.K., Tsang, S.W., Francis, P.T., Keene, J., Hope, T., Esiri, M.M., Spence, I., Chen,
C.P., 2002. Postmortem serotoninergic correlates of cognitive decline in Alzheimer’s
disease. Neuroreport 13, 1175–1178.
Laisney, M., Bon, L., Guiziou, C., Daluzeau, N., Eustache, F., Desgranges, B., 2013.
Cognitive and aﬀective theory of mind in mild to moderate Alzheimer’s disease. J.
Neuropsychol. 7, 107–120.
Lanctot, K.L., Aguera-Ortiz, L., Brodaty, H., Francis, P.T., Geda, Y.E., Ismail, Z., Marshall,
G.A., Mortby, M.E., Onyike, C.U., Padala, P.R., Politis, A.M., Rosenberg, P.B., Siegel,
E., Sultzer, D.L., Abraham, E.H., 2017. Apathy associated with neurocognitive disorders: recent progress and future directions. Alzheimers Dement. 13, 84–100.
Landes, A.M., Sperry, S.D., Strauss, M.E., Geldmacher, D.S., 2001. Apathy in Alzheimer’s
disease. J. Am. Geriatr. Soc. 49, 1700–1707.
Lange, C., Deutschenbaur, L., Borgwardt, S., Lang, U.E., Walter, M., Huber, C.G., 2017a.
Experimentally induced psychosocial stress in schizophrenia spectrum disorders: a
systematic review. Schizophr. Res. 182, 4–12.
Lange, C., Huber, C.G., Frohlich, D., Borgwardt, S., Lang, U.E., Walter, M., 2017b.
Modulation of HPA axis response to social stress in schizophrenia by childhood
trauma. Psychoneuroendocrinology 82, 126–132.
Laurent, H.K., Ablow, J.C., 2012. A cry in the dark: depressed mothers show reduced
neural activation to their own infant’s cry. Soc. Cogn. Aﬀect. Neurosci. 7, 125–134.
Lavoie, M.A., Vistoli, D., Sutliﬀ, S., Jackson, P.L., Achim, A.M., 2016. Social representations and contextual adjustments as two distinct components of the Theory
of Mind brain network: evidence from the REMICS task. Cortex 81, 176–191.
Lebow, M.A., Chen, A., 2016. Overshadowed by the amygdala: the bed nucleus of the stria

21

Neuroscience and Biobehavioral Reviews xxx (xxxx) xxx–xxx

S. Porcelli et al.

A.R., Bullmore, E.T., Brewer, W., Soulsby, B., Desmond, P., McGuire, P.K., 2003.
Neuroanatomical abnormalities before and after onset of psychosis: a cross-sectional
and longitudinal MRI comparison. Lancet 361, 281–288.
Park, K.M., Kim, J.J., Ku, J., Kim, S.Y., Lee, H.R., Kim, S.I., Yoon, K.J., 2009. Neural basis
of attributional style in schizophrenia. Neurosci. Lett. 459, 35–40.
Parker, C.A., Gunn, R.N., Rabiner, E.A., Slifstein, M., Comley, R., Salinas, C., Johnson,
C.N., Jakobsen, S., Houle, S., Laruelle, M., Cunningham, V.J., Martarello, L., 2012.
Radiosynthesis and characterization of 11C-GSK215083 as a PET radioligand for the
5-HT6 receptor. J. Nucl. Med. 53, 295–303.
Patin, A., Hurlemann, R., 2015. Social cognition. Handb. Exp. Pharmacol. 228, 271–303.
Paus, T., 2001. Primate anterior cingulate cortex: where motor control, drive and cognition interface. Nat. Rev. Neurosci. 2, 417–424.
Pedersen, A., Koelkebeck, K., Brandt, M., Wee, M., Kueppers, K.A., Kugel, H., Kohl, W.,
Bauer, J., Ohrmann, P., 2012. Theory of mind in patients with schizophrenia: is
mentalizing delayed? Schizophr. Res. 137, 224–229.
Peng, D.H., Shen, T., Zhang, J., Huang, J., Liu, J., Liu, S.Y., Jiang, K.D., Xu, Y.F., Fang,
Y.R., 2012. Abnormal functional connectivity with mood regulating circuit in unmedicated individual with major depression: a resting-state functional magnetic resonance study. Chin. Med. J. (Engl.) 125, 3701–3706.
Perez, S.E., Lazarov, O., Koprich, J.B., Chen, E.Y., Rodriguez-Menendez, V., Lipton, J.W.,
Sisodia, S.S., Mufson, E.J., 2005. Nigrostriatal dysfunction in familial Alzheimer’s
disease-linked APPswe/PS1DeltaE9 transgenic mice. J. Neurosci. 25, 10220–10229.
Perez-Edgar, K., Bar-Haim, Y., McDermott, J.M., Chronis-Tuscano, A., Pine, D.S., Fox,
N.A., 2010a. Attention biases to threat and behavioral inhibition in early childhood
shape adolescent social withdrawal. Emotion 10, 349–357.
Perez-Edgar, K., McDermott, J.N., Korelitz, K., Degnan, K.A., Curby, T.W., Pine, D.S., Fox,
N.A., 2010b. Patterns of sustained attention in infancy shape the developmental
trajectory of social behavior from toddlerhood through adolescence. Dev. Psychol.
46, 1723–1730.
Pernigo, S., Gambina, G., Valbusa, V., Condoleo, M.T., Broggio, E., Beltramello, A.,
Moretto, G., Moro, V., 2015. Behavioral and neural correlates of visual emotion
discrimination and empathy in mild cognitive impairment. Behav. Brain Res. 294,
111–122.
Phelps, E.A., Delgado, M.R., Nearing, K.I., LeDoux, J.E., 2004. Extinction learning in
humans: role of the amygdala and vmPFC. Neuron 43, 897–905.
Phillips, M.L., Drevets, W.C., Rauch, S.L., Lane, R., 2003. Neurobiology of emotion perception II: implications for major psychiatric disorders. Biol. Psychiatry 54, 515–528.
Pincus, D., Kose, S., Arana, A., Johnson, K., Morgan, P.S., Borckardt, J., Herbsman, T.,
Hardaway, F., George, M.S., Panksepp, J., Nahas, Z., 2010. Inverse eﬀects of oxytocin
on attributing mental activity to others in depressed and healthy subjects: a doubleblind placebo controlled FMRI study. Front. Psychiatry 1, 134.
Pinkham, A.E., 2014. Social cognition in schizophrenia. J. Clin. Psychiatry 75 (Suppl. 2),
14–19.
Pitcher, D., Walsh, V., Duchaine, B., 2011. The role of the occipital face area in the
cortical face perception network. Exp. Brain Res. 209, 481–493.
Plana, I., Lavoie, M.A., Battaglia, M., Achim, A.M., 2014. A meta-analysis and scoping
review of social cognition performance in social phobia, posttraumatic stress disorder
and other anxiety disorders. J. Anxiety Disord. 28, 169–177.
Poletti, M., Enrici, I., Adenzato, M., 2012. Cognitive and aﬀective Theory of Mind in
neurodegenerative diseases: neuropsychological, neuroanatomical and neurochemical levels. Neurosci. Biobehav. Rev. 36, 2147–2164.
Prakash, A., Kalra, J., Mani, V., Ramasamy, K., Majeed, A.B., 2015. Pharmacological
approaches for Alzheimer’s disease: neurotransmitter as drug targets. Expert Rev.
Neurother. 15, 53–71.
Price, J.S., Gardner Jr., R., Erickson, M., 2004. Can depression, anxiety and somatization
be understood as appeasement displays? J. Aﬀect. Disord. 79, 1–11.
Proulx, C.D., Hikosaka, O., Malinow, R., 2014. Reward processing by the lateral habenula
in normal and depressive behaviors. Nat. Neurosci. 17, 1146–1152.
Pulcu, E., Elliott, R., 2015. Neural origins of psychosocial functioning impairments in
major depression. Lancet Psychiatry 2, 835–843.
Rademacher, L., Krach, S., Kohls, G., Irmak, A., Grunder, G., Spreckelmeyer, K.N., 2010.
Dissociation of neural networks for anticipation and consumption of monetary and
social rewards. Neuroimage 49, 3276–3285.
Reddy, L., Kanwisher, N., 2007. Category selectivity in the ventral visual pathway confers
robustness to clutter and diverted attention. Curr. Biol. 17, 2067–2072.
Reichman, W.E., Negron, A., 2001. Negative symptoms in the elderly patient with dementia. Int. J. Geriatr. Psychiatry 16 (Suppl. 1), S7–11.
Reichman, W.E., Coyne, A.C., Amirneni, S., Molino Jr., B., Egan, S., 1996. Negative
symptoms in Alzheimer’s disease. Am. J. Psychiatry 153, 424–426.
Reppermund, S., Zihl, J., Lucae, S., Horstmann, S., Kloiber, S., Holsboer, F., Ising, M.,
2007. Persistent cognitive impairment in depression: the role of psychopathology and
altered hypothalamic-pituitary-adrenocortical (HPA) system regulation. Biol.
Psychiatry 62, 400–406.
Rey, G., Jouvent, R., Dubal, S., 2009. Schizotypy, depression, and anxiety in physical and
social anhedonia. J. Clin. Psychol. 65, 695–708.
Rhebergen, D., Beekman, A.T., de Graaf, R., Nolen, W.A., Spijker, J., Hoogendijk, W.J.,
Penninx, B.W., 2010. Trajectories of recovery of social and physical functioning in
major depression, dysthymic disorder and double depression: a 3-year follow-up. J.
Aﬀect. Disord. 124, 148–156.
Rilling, J.K., King-Casas, B., Sanfey, A.G., 2008. The neurobiology of social decisionmaking. Curr. Opin. Neurobiol. 18, 159–165.
Rizvi, S.J., Cyriac, A., Grima, E., Tan, M., Lin, P., Gallaugher, L.A., McIntyre, R.S.,
Kennedy, S.H., 2015. Depression and employment status in primary and tertiary care
settings. Can. J. Psychiatry 60, 14–22.
Rizzolatti, G., Craighero, L., 2004. The mirror-neuron system. Annu. Rev. Neurosci. 27,
169–192.

Neuropsychopharmacology 18, 407–430.
Menon, V., 2011. Large-scale brain networks and psychopathology: a unifying triple
network model. Trends Cogn. Sci. 15, 483–506.
Mercedes Perez-Rodriguez, M., Mahon, K., Russo, M., Ungar, A.K., Burdick, K.E., 2015.
Oxytocin and social cognition in aﬀective and psychotic disorders. Eur.
Neuropsychopharmacol. 25, 265–282.
Mesholam-Gately, R.I., Giuliano, A.J., Goﬀ, K.P., Faraone, S.V., Seidman, L.J., 2009.
Neurocognition in ﬁrst-episode schizophrenia: a meta-analytic review.
Neuropsychology 23, 315–336.
Meyer, M.L., Lieberman, M.D., 2012. Social working memory: neurocognitive networks
and directions for future research. Front. Psychol. 3, 571.
Meyer, M.L., Spunt, R.P., Berkman, E.T., Taylor, S.E., Lieberman, M.D., 2012. Evidence
for social working memory from a parametric functional MRI study. Proc. Natl. Acad.
Sci. U. S. A. 109, 1883–1888.
Meyer-Lindenberg, A., Domes, G., Kirsch, P., Heinrichs, M., 2011. Oxytocin and vasopressin in the human brain: social neuropeptides for translational medicine. Nat. Rev.
Neurosci. 12, 524–538.
Mikics, E., Toth, M., Varju, P., Gereben, B., Liposits, Z., Ashaber, M., Halasz, J., Barna, I.,
Farkas, I., Haller, J., 2008. Lasting changes in social behavior and amygdala function
following traumatic experience induced by a single series of foot-shocks.
Psychoneuroendocrinology 33, 1198–1210.
Minger, S.L., Esiri, M.M., McDonald, B., Keene, J., Carter, J., Hope, T., Francis, P.T., 2000.
Cholinergic deﬁcits contribute to behavioral disturbance in patients with dementia.
Neurology 55, 1460–1467.
Mitchell, I.J., Gillespie, S.M., Abu-Akel, A., 2015. Similar eﬀects of intranasal oxytocin
administration and acute alcohol consumption on socio-cognitions, emotions and
behaviour: implications for the mechanisms of action. Neurosci. Biobehav. Rev. 55,
98–106.
Mogg, K., Field, M., Bradley, B.P., 2005. Attentional and approach biases for smoking
cues in smokers: an investigation of competing theoretical views of addiction.
Psychopharmacology (Berl.) 180, 333–341.
Moll, J., de Oliveira-Souza, R., Moll, F.T., Ignacio, F.A., Bramati, I.E., Caparelli-Daquer,
E.M., Eslinger, P.J., 2005. The moral aﬃliations of disgust: a functional MRI study.
Cogn. Behav. Neurol. 18, 68–78.
Moll, J., Krueger, F., Zahn, R., Pardini, M., de Oliveira-Souza, R., Grafman, J., 2006.
Human fronto-mesolimbic networks guide decisions about charitable donation. Proc.
Natl. Acad. Sci. U. S. A. 103, 15623–15628.
Monk, C.S., Nelson, E.E., McClure, E.B., Mogg, K., Bradley, B.P., Leibenluft, E., Blair, R.J.,
Chen, G., Charney, D.S., Ernst, M., Pine, D.S., 2006. Ventrolateral prefrontal cortex
activation and attentional bias in response to angry faces in adolescents with generalized anxiety disorder. Am. J. Psychiatry 163, 1091–1097.
Monk, C.S., Telzer, E.H., Mogg, K., Bradley, B.P., Mai, X., Louro, H.M., Chen, G., McClureTone, E.B., Ernst, M., Pine, D.S., 2008. Amygdala and ventrolateral prefrontal cortex
activation to masked angry faces in children and adolescents with generalized anxiety
disorder. Arch. Gen. Psychiatry 65, 568–576.
Moore, S.R., Depue, R.A., 2016. Neurobehavioral foundation of environmental reactivity.
Psychol. Bull. 142, 107–164.
Morawetz, C., Kellermann, T., Kogler, L., Radke, S., Blechert, J., Derntl, B., 2016. Intrinsic
functional connectivity underlying successful emotion regulation of angry faces. Soc.
Cogn. Aﬀect. Neurosci. 11, 1980–1991.
Mori, T., Shimada, H., Shinotoh, H., Hirano, S., Eguchi, Y., Yamada, M., Fukuhara, R.,
Tanimukai, S., Zhang, M.R., Kuwabara, S., Ueno, S., Suhara, T., 2014. Apathy correlates with prefrontal amyloid beta deposition in Alzheimer’s disease. J. Neurol.
Neurosurg. Psychiatry 85, 449–455.
NICE, 2014. Psychosis and schizophrenia in adults: prevention and management. Clinical
Guideline [CG178]. . https://www.nice.org.uk/guidance/cg178.
Naranjo, C., Kornreich, C., Campanella, S., Noel, X., Vandriette, Y., Gillain, B., de
Longueville, X., Delatte, B., Verbanck, P., Constant, E., 2011. Major depression is
associated with impaired processing of emotion in music as well as in facial and vocal
stimuli. J. Aﬀect. Disord. 128, 243–251.
Navailles, S., De Deurwaerdere, P., 2011. Presynaptic control of serotonin on striatal
dopamine function. Psychopharmacology (Berl.) 213, 213–242.
Newman, S.W., 1999. The medial extended amygdala in male reproductive behavior. A
node in the mammalian social behavior network. Ann. N. Y. Acad. Sci. 877, 242–257.
Nummenmaa, L., Calder, A.J., 2009. Neural mechanisms of social attention. Trends Cogn.
Sci. 13, 135–143.
Nummenmaa, L., Manninen, S., Tuominen, L., Hirvonen, J., Kalliokoski, K.K., Nuutila, P.,
Jaaskelainen, I.P., Hari, R., Dunbar, R.I., Sams, M., 2015. Adult attachment style is
associated with cerebral mu-opioid receptor availability in humans. Hum. Brain
Mapp. 36, 3621–3628.
Nummenmaa, L., Tuominen, L., Dunbar, R., Hirvonen, J., Manninen, S., Arponen, E.,
Machin, A., Hari, R., Jaaskelainen, I.P., Sams, M., 2016. Social touch modulates
endogenous mu-opioid system activity in humans. Neuroimage 138, 242–247.
Nusslock, R., Alloy, L.B., 2017. Reward processing and mood-related symptoms: an RDoC
and translational neuroscience perspective. J. Aﬀect. Disord.
O’Connell, L.A., Hofmann, H.A., 2011. The vertebrate mesolimbic reward system and
social behavior network: a comparative synthesis. J. Comp. Neurol. 519, 3599–3639.
O’Neil, E.B., Hutchison, R.M., McLean, D.A., Kohler, S., 2014. Resting-state fMRI reveals
functional connectivity between face-selective perirhinal cortex and the fusiform face
area related to face inversion. Neuroimage 92, 349–355.
Ochsner, K.N., Bunge, S.A., Gross, J.J., Gabrieli, J.D., 2002. Rethinking feelings: an FMRI
study of the cognitive regulation of emotion. J. Cogn. Neurosci. 14, 1215–1229.
Ordonana, J.R., Bartels, M., Boomsma, D.I., Cella, D., Mosing, M., Oliveira, J.R., Patrick,
D.L., Veenhoven, R., Wagner, G.G., Sprangers, M.A., 2013. Biological pathways and
genetic mechanisms involved in social functioning. Qual. Life Res. 22, 1189–1200.
Pantelis, C., Velakoulis, D., McGorry, P.D., Wood, S.J., Suckling, J., Phillips, L.J., Yung,

22

Neuroscience and Biobehavioral Reviews xxx (xxxx) xxx–xxx

S. Porcelli et al.

schizophrenia. Am. J. Psychiatry 163, 448–454.
Sescousse, G., Redoute, J., Dreher, J.C., 2010. The architecture of reward value coding in
the human orbitofrontal cortex. J. Neurosci. 30, 13095–13104.
Shamay-Tsoory, S.G., Abu-Akel, A., 2016. The social salience hypothesis of oxytocin. Biol.
Psychiatry 79, 194–202.
Shamay-Tsoory, S.G., Aharon-Peretz, J., 2007. Dissociable prefrontal networks for cognitive and aﬀective theory of mind: a lesion study. Neuropsychologia 45, 3054–3067.
Shamay-Tsoory, S.G., Tomer, R., Berger, B.D., Aharon-Peretz, J., 2003. Characterization
of empathy deﬁcits following prefrontal brain damage: the role of the right ventromedial prefrontal cortex. J. Cogn. Neurosci. 15, 324–337.
Shany-Ur, T., Rankin, K.P., 2011. Personality and social cognition in neurodegenerative
disease. Curr. Opin. Neurol. 24, 550–555.
Shinagawa, S., Babu, A., Sturm, V., Shany-Ur, T., Toofanian Ross, P., Zackey, D.,
Poorzand, P., Grossman, S., Miller, B.L., Rankin, K.P., 2015. Neural basis of motivational approach and withdrawal behaviors in neurodegenerative disease. Brain
Behav. 5, e00350.
Simpson, E.H., Waltz, J.A., Kellendonk, C., Balsam, P.D., 2012. Schizophrenia in translation: dissecting motivation in schizophrenia and rodents. Schizophr. Bull. 38,
1111–1117.
Singer, N., Sommer, M., Dohnel, K., Zankert, S., Wust, S., Kudielka, B.M., 2017. Acute
psychosocial stress and everyday moral decision-making in young healthy men: the
impact of cortisol. Horm. Behav. 93, 72–81.
Skuse, D.H., Gallagher, L., 2009. Dopaminergic-neuropeptide interactions in the social
brain. Trends Cogn. Sci. 13, 27–35.
Skuse, D.H., Gallagher, L., 2011. Genetic inﬂuences on social cognition. Pediatr. Res. 69,
85R–91R.
Smith, D.V., Hayden, B.Y., Truong, T.K., Song, A.W., Platt, M.L., Huettel, S.A., 2010.
Distinct value signals in anterior and posterior ventromedial prefrontal cortex. J.
Neurosci. 30, 2490–2495.
Smith, D.V., Clithero, J.A., Boltuck, S.E., Huettel, S.A., 2014a. Functional connectivity
with ventromedial prefrontal cortex reﬂects subjective value for social rewards. Soc.
Cogn. Aﬀect. Neurosci. 9, 2017–2025.
Smith, M.J., Horan, W.P., Cobia, D.J., Karpouzian, T.M., Fox, J.M., Reilly, J.L., Breiter,
H.C., 2014b. Performance-based empathy mediates the inﬂuence of working memory
on social competence in schizophrenia. Schizophr. Bull. 40, 824–834.
Sollberger, M., Stanley, C.M., Wilson, S.M., Gyurak, A., Beckman, V., Growdon, M., Jang,
J., Weiner, M.W., Miller, B.L., Rankin, K.P., 2009. Neural basis of interpersonal traits
in neurodegenerative diseases. Neuropsychologia 47, 2812–2827.
Sommer, I.E., Bearden, C.E., van Dellen, E., Breetvelt, E.J., Duijﬀ, S.N., Maijer, K., van
Amelsvoort, T., de Haan, L., Gur, R.E., Arango, C., Diaz-Caneja, C.M., Vinkers, C.H.,
Vorstman, J.A., 2016. Early interventions in risk groups for schizophrenia: what are
we waiting for? NPJ Schizophr. 2, 16003.
Song, M.J., Choi, H.I., Jang, S.K., Lee, S.H., Ikezawa, S., Choi, K.H., 2015. Theory of mind
in Koreans with schizophrenia: a meta-analysis. Psychiatry Res. 229, 420–425.
Spezio, M.L., Huang, P.Y., Castelli, F., Adolphs, R., 2007. Amygdala damage impairs eye
contact during conversations with real people. J. Neurosci. 27, 3994–3997.
Spreckelmeyer, K.N., Krach, S., Kohls, G., Rademacher, L., Irmak, A., Konrad, K., Kircher,
T., Grunder, G., 2009. Anticipation of monetary and social reward diﬀerently activates mesolimbic brain structures in men and women. Soc. Cogn. Aﬀect. Neurosci. 4,
158–165.
Spunt, R.P., Lieberman, M.D., 2013. The busy social brain: evidence for automaticity and
control in the neural systems supporting social cognition and action understanding.
Psychol. Sci. 24, 80–86.
Spunt, R.P., Falk, E.B., Lieberman, M.D., 2010. Dissociable neural systems support retrieval of how and why action knowledge. Psychol. Sci. 21, 1593–1598.
Spunt, R.P., Satpute, A.B., Lieberman, M.D., 2011. Identifying the what, why, and how of
an observed action: an fMRI study of mentalizing and mechanizing during action
observation. J. Cogn. Neurosci. 23, 63–74.
Stan, A.D., Schirda, C.V., Bertocci, M.A., Bebko, G.M., Kronhaus, D.M., Aslam, H.A.,
LaBarbara, E.J., Tanase, C., Lockovich, J.C., Pollock, M.H., Stiﬄer, R.S., Phillips,
M.L., 2014. Glutamate and GABA contributions to medial prefrontal cortical activity
to emotion: implications for mood disorders. Psychiatry Res. 223, 253–260.
Stella, F., Radanovic, M., Balthazar, M.L., Canineu, P.R., de Souza, L.C., Forlenza, O.V.,
2014. Neuropsychiatric symptoms in the prodromal stages of dementia. Curr. Opin.
Psychiatry 27, 230–235.
Stuhrmann, A., Suslow, T., Dannlowski, U., 2011. Facial emotion processing in major
depression: a systematic review of neuroimaging ﬁndings. Biol. Mood Anxiety Disord.
1, 10.
Sui, J., Humphreys, G., 2016. Introduction to special issue: social attention in mind and
brain. Cogn. Neurosci. 7, 1–4.
Svob Strac, D., Pivac, N., Muck-Seler, D., 2016. The serotonergic system and cognitive
function. Transl. Neurosci. 7, 35–49.
Takahashi, H., Takano, H., Camerer, C.F., Ideno, T., Okubo, S., Matsui, H., Tamari, Y.,
Takemura, K., Arakawa, R., Kodaka, F., Yamada, M., Eguchi, Y., Murai, T., Okubo, Y.,
Kato, M., Ito, H., Suhara, T., 2012. Honesty mediates the relationship between serotonin and reaction to unfairness. Proc. Natl. Acad. Sci. U. S. A. 109, 4281–4284.
Tales, A., Haworth, J., Wilcock, G., Newton, P., Butler, S., 2008. Visual mismatch negativity highlights abnormal pre-attentive visual processing in mild cognitive impairment and Alzheimer’s disease. Neuropsychologia 46, 1224–1232.
Telzer, E.H., 2016. Dopaminergic reward sensitivity can promote adolescent health: a
new perspective on the mechanism of ventral striatum activation. Dev. Cogn.
Neurosci. 17, 57–67.
Theleritis, C., Politis, A., Siarkos, K., Lyketsos, C.G., 2014. A review of neuroimaging
ﬁndings of apathy in Alzheimer’s disease. Int. Psychogeriatr. 26, 195–207.
Tops, M., Koole, S.L., IJzerman, H., Buisman-Pijlman, F.T., 2014. Why social attachment
and oxytocin protect against addiction and stress: insights from the dynamics

Rizzolatti, G., Sinigaglia, C., 2016. The mirror mechanism: a basic principle of brain
function. Nat. Rev. Neurosci. 17, 757–765.
Robinson, O.J., Overstreet, C., Allen, P.S., Letkiewicz, A., Vytal, K., Pine, D.S., Grillon, C.,
2013. The role of serotonin in the neurocircuitry of negative aﬀective bias: serotonergic modulation of the dorsal medial prefrontal-amygdala’ aversive ampliﬁcation’ circuit. Neuroimage 78, 217–223.
Rocca, P., Galderisi, S., Rossi, A., Bertolino, A., Rucci, P., Gibertoni, D., Montemagni, C.,
Sigaudo, M., Mucci, A., Bucci, P., Acciavatti, T., Aguglia, E., Amore, M., Bellomo, A.,
De Ronchi, D., Dell’Osso, L., Di Fabio, F., Girardi, P., Goracci, A., Marchesi, C.,
Monteleone, P., Niolu, C., Pinna, F., Roncone, R., Sacchetti, E., Santonastaso, P.,
Zeppegno, P., Maj, M., 2016. Social cognition in people with schizophrenia: a clusteranalytic approach. Psychol. Med. 46, 2717–2729.
Roiser, J.P., Sahakian, B.J., 2013. Hot and cold cognition in depression. CNS Spectr. 18,
139–149.
Rosenberg, P.B., 2016. Loneliness as a marker of brain amyloid burden and preclinical
alzheimer disease. JAMA Psychiatry 73, 1237–1238.
Rosenfeld, A.J., Lieberman, J.A., Jarskog, L.F., 2011. Oxytocin, dopamine, and the
amygdala: a neurofunctional model of social cognitive deﬁcits in schizophrenia.
Schizophr. Bull. 37, 1077–1087.
Rossi, A., Galderisi, S., Rocca, P., Bertolino, A., Mucci, A., Rucci, P., Gibertoni, D.,
Aguglia, E., Amore, M., Andriola, I., Bellomo, A., Biondi, M., Callista, G., Comparelli,
A., Dell’Osso, L., Di Giannantonio, M., Fagiolini, A., Marchesi, C., Monteleone, P.,
Montemagni, C., Niolu, C., Piegari, G., Pinna, F., Roncone, R., Stratta, P., Tenconi, E.,
Vita, A., Zeppegno, P., Maj, M., Mancini, M., Nettis, M.A., Rizzo, G., Porcelli, S.,
Deste, G., Galluzzo, A., Gheda, L., Carpiniello, B., Ghiani, A., Lai, A., Cannavò, D.,
Minutolo, G., Signorelli, M.S., Acciavatti, T., Alessandrini, M., Vellante, F., Cantisani,
A., Altamura, M., Padalino, F.A., Pagano, T., Belvedere Murri, M., Calcagno, P.,
Corso, A., D’Onofrio, S., Marucci, C., Santarelli, V., Bianchini, V., Giusti, L.,
Malavolta, M., Bucci, P., Chieﬃ, M., de Simone, S., Merlotti, E., Rocco, M.,
Vignapiano, A., Tomasetti, C., Feggi, A., Gattoni, E., Gramaglia, C., Cremonese, C.,
Collantoni, E., Gallicchio, D., de Panﬁlis, C., Ossola, P., Tonna, M., Carmassi, C., Gesi,
C., Rutigliano, G., Brugnoli, R., Corigliano, V., de Carolis, A., Di Fabio, F., Mirigliani
Torti, A.M.C., Di Lorenzo, G., Siracusano, A., Troisi, A., Bartoli, L., Corrivetti, G.,
Diasco, F., Bolognesi, S., Borghini, E., Goracci, A., Frieri, T., Mingrone, C., Sigaudo,
M., 2016. The relationships of personal resources with symptom severity and psychosocial functioning in persons with schizophrenia: results from the Italian Network
for Research on Psychoses study. Eur. Arch. Psychiatry Clin. Neurosci. 1–10.
Ruedi-Bettschen, D., Zhang, W., Russig, H., Ferger, B., Weston, A., Pedersen, E.M., Feldon,
J., Pryce, C.R., 2006. Early deprivation leads to altered behavioural, autonomic and
endocrine responses to environmental challenge in adult Fischer rats. Eur. J.
Neurosci. 24, 2879–2893.
Sandstrom, A., Peterson, J., Sandstrom, E., Lundberg, M., Nystrom, I.L., Nyberg, L.,
Olsson, T., 2011. Cognitive deﬁcits in relation to personality type and hypothalamicpituitary-adrenal (HPA) axis dysfunction in women with stress-related exhaustion.
Scand. J. Psychol. 52, 71–82.
Savla, G.N., Vella, L., Armstrong, C.C., Penn, D.L., Twamley, E.W., 2013. Deﬁcits in domains of social cognition in schizophrenia: a meta-analysis of the empirical evidence.
Schizophr. Bull. 39, 979–992.
Saygin, Z.M., Osher, D.E., Augustinack, J., Fischl, B., Gabrieli, J.D., 2011. Connectivitybased segmentation of human amygdala nuclei using probabilistic tractography.
Neuroimage 56, 1353–1361.
Saz, P., Lopez-Anton, R., Dewey, M.E., Ventura, T., Martin, A., Marcos, G., De La Camara,
C., Quintanilla, M.A., Quetglas, B., Bel, M., Barrera, A., Lobo, A., 2009. Prevalence
and implications of psychopathological non-cognitive symptoms in dementia. Acta
Psychiatr. Scand. 119, 107–116.
Scheele, D., Mihov, Y., Schwederski, O., Maier, W., Hurlemann, R., 2013. A negative
emotional and economic judgment bias in major depression. Eur. Arch. Psychiatry
Clin. Neurosci. 263, 675–683.
Schlaﬀke, L., Lissek, S., Lenz, M., Juckel, G., Schultz, T., Tegenthoﬀ, M., Schmidt-Wilcke,
T., Brune, M., 2015. Shared and nonshared neural networks of cognitive and aﬀective
theory-of-mind: a neuroimaging study using cartoon picture stories. Hum. Brain
Mapp. 36, 29–39.
Scholz, J., Triantafyllou, C., Whitﬁeld-Gabrieli, S., Brown, E.N., Saxe, R., 2009. Distinct
regions of right temporo-parietal junction are selective for theory of mind and exogenous attention. PLoS One 4, e4869.
Schurz, M., Radua, J., Aichhorn, M., Richlan, F., Perner, J., 2014. Fractionating theory of
mind: a meta-analysis of functional brain imaging studies. Neurosci. Biobehav. Rev.
42, 9–34.
Scott-Van Zeeland, A.A., Dapretto, M., Ghahremani, D.G., Poldrack, R.A., Bookheimer,
S.Y., 2010. Reward processing in autism. Autism Res. 3, 53–67.
Seeley, W.W., Menon, V., Schatzberg, A.F., Keller, J., Glover, G.H., Kenna, H., Reiss, A.L.,
Greicius, M.D., 2007. Dissociable intrinsic connectivity networks for salience processing and executive control. J. Neurosci. 27, 2349–2356.
Seiglie, M.P., Smith, K.L., Blasio, A., Cottone, P., Sabino, V., 2015. Pituitary adenylate
cyclase-activating polypeptide induces a depressive-like phenotype in rats.
Psychopharmacology (Berl.) 232, 3821–3831.
Seillier, A., Martinez, A.A., Giuﬀrida, A., 2013. Phencyclidine-induced social withdrawal
results from deﬁcient stimulation of cannabinoid CB(1) receptors: implications for
schizophrenia. Neuropsychopharmacology 38, 1816–1824.
Semendeferi, K., Armstrong, E., Schleicher, A., Zilles, K., Van Hoesen, G.W., 2001.
Prefrontal cortex in humans and apes: a comparative study of area 10. Am. J. Phys.
Anthropol. 114, 224–241.
Semendeferi, K., Lu, A., Schenker, N., Damasio, H., 2002. Humans and great apes share a
large frontal cortex. Nat. Neurosci. 5, 272–276.
Sergi, M.J., Rassovsky, Y., Nuechterlein, K.H., Green, M.F., 2006. Social perception as a
mediator of the inﬂuence of early visual processing on functional status in

23

Neuroscience and Biobehavioral Reviews xxx (xxxx) xxx–xxx

S. Porcelli et al.

WHO, 2008. The Global Burden of Disease: 2004 Update. World Health Organization.
http://www.who.int/healthinfo/global_burden_disease/2004_report_update/en/.
Wallace, T.L., Ballard, T.M., Glavis-Bloom, C., 2015. Animal paradigms to assess cognition with translation to humans. Handb. Exp. Pharmacol. 228, 27–57.
Wang, X., Song, Y., Zhen, Z., Liu, J., 2016. Functional integration of the posterior superior
temporal sulcus correlates with facial expression recognition. Hum. Brain Mapp. 37,
1930–1940.
Wang, D., Yan, X., Li, M., Ma, Y., 2017. Neural substrates underlying the eﬀects of oxytocin: a quantitative meta-analysis of pharmaco-imaging studies. Soc. Cogn. Aﬀect.
Neurosci. 12, 1565–1573.
Whalen, P.J., 2007. The uncertainty of it all. Trends Cogn. Sci. 11, 499–500.
Whiteford, H.A., Ferrari, A.J., Degenhardt, L., Feigin, V., Vos, T., 2015. The global burden
of mental, neurological and substance use disorders: an analysis from the Global
Burden of Disease Study 2010. PLoS One 10, e0116820.
Wilson, C.A., Koenig, J.I., 2014. Social interaction and social withdrawal in rodents as
readouts for investigating the negative symptoms of schizophrenia. Eur.
Neuropsychopharmacol. 24, 759–773.
Wittchen, H.U., Jacobi, F., Rehm, J., Gustavsson, A., Svensson, M., Jonsson, B., Olesen, J.,
Allgulander, C., Alonso, J., Faravelli, C., Fratiglioni, L., Jennum, P., Lieb, R.,
Maercker, A., van Os, J., Preisig, M., Salvador-Carulla, L., Simon, R., Steinhausen,
H.C., 2011. The size and burden of mental disorders and other disorders of the brain
in Europe 2010. Eur. Neuropsychopharmacol. 21, 655–679.
Wolkenstein, L., Schonenberg, M., Schirm, E., Hautzinger, M., 2011. I can see what you
feel, but I can’t deal with it: impaired theory of mind in depression. J. Aﬀect. Disord.
132, 104–111.
Woodberry, K.A., Giuliano, A.J., Seidman, L.J., 2008. Premorbid IQ in schizophrenia: a
meta-analytic review. Am. J. Psychiatry 165, 579–587.
Wook Koo, J., Labonte, B., Engmann, O., Calipari, E.S., Juarez, B., Lorsch, Z., Walsh, J.J.,
Friedman, A.K., Yorgason, J.T., Han, M.H., Nestler, E.J., 2016. Essential role of mesolimbic brain-derived neurotrophic factor in chronic social stress-induced depressive
behaviors. Biol. Psychiatry 80, 469–478.
Wright, N.D., Symmonds, M., Fleming, S.M., Dolan, R.J., 2011. Neural segregation of
objective and contextual aspects of fairness. J. Neurosci. 31, 5244–5252.
Wu, X., Wu, J., Xia, S., Li, B., Dong, J., 2013. Icaritin opposes the development of social
aversion after defeat stress via increases of GR mRNA and BDNF mRNA in mice.
Behav. Brain Res. 256, 602–608.
Yager, L.M., Garcia, A.F., Wunsch, A.M., Ferguson, S.M., 2015. The ins and outs of the
striatum: role in drug addiction. Neuroscience 301, 529–541.
Yeo, B.T., Krienen, F.M., Sepulcre, J., Sabuncu, M.R., Lashkari, D., Hollinshead, M.,
Roﬀman, J.L., Smoller, J.W., Zollei, L., Polimeni, J.R., Fischl, B., Liu, H., Buckner,
R.L., 2011. The organization of the human cerebral cortex estimated by intrinsic
functional connectivity. J. Neurophysiol. 106, 1125–1165.
Yizhar, O., Fenno, L.E., Prigge, M., Schneider, F., Davidson, T.J., O’Shea, D.J., Sohal, V.S.,
Goshen, I., Finkelstein, J., Paz, J.T., Stehfest, K., Fudim, R., Ramakrishnan, C.,
Huguenard, J.R., Hegemann, P., Deisseroth, K., 2011. Neocortical excitation/inhibition balance in information processing and social dysfunction. Nature 477, 171–178.
Young, L.J., Wang, Z., 2004. The neurobiology of pair bonding. Nat. Neurosci. 7,
1048–1054.
Zaki, J., Hennigan, K., Weber, J., Ochsner, K.N., 2010. Social cognitive conﬂict resolution:
contributions of domain-general and domain-speciﬁc neural systems. J. Neurosci. 30,
8481–8488.
Zhang, W.Q., Smolik, C.M., Barba-Escobedo, P.A., Gamez, M., Sanchez, J.J., Javors, M.A.,
Daws, L.C., Gould, G.G., 2015. Acute dietary tryptophan manipulation diﬀerentially
alters social behavior, brain serotonin and plasma corticosterone in three inbred
mouse strains. Neuropharmacology 90, 1–8.
Zhong, B.L., Chen, S.L., Tu, X., Conwell, Y., 2017. Loneliness and cognitive function in
older adults: ﬁndings from the chinese longitudinal healthy longevity survey. J.
Gerontol. B: Psychol. Sci. Soc. Sci. 72, 120–128.
Zhou, Y., Li, S., Dunn, J., Li, H., Qin, W., Zhu, M., Rao, L.L., Song, M., Yu, C., Jiang, T.,
2014. The neural correlates of risk propensity in males and females using resting-state
fMRI. Front. Behav. Neurosci. 8, 2.
Zhu, Q., Zhang, J., Luo, Y.L., Dilks, D.D., Liu, J., 2011. Resting-state neural activity across
face-selective cortical regions is behaviorally relevant. J. Neurosci. 31, 10323–10330.

between ventral and dorsal corticostriatal systems. Pharmacol. Biochem. Behav. 119,
39–48.
Torralva, T., Gleichgerrcht, E., Lischinsky, A., Roca, M., Manes, F., 2013. "Ecological" and
highly demanding executive tasks detect real-life deﬁcits in high-functioning adult
ADHD patients. J. Atten. Disord. 17, 11–19.
Tremeau, F., 2006. A review of emotion deﬁcits in schizophrenia. Dialogues Clin.
Neurosci. 8, 59–70.
Tremeau, F., Antonius, D., Malaspina, D., Goﬀ, D.C., Javitt, D.C., 2016. Loneliness in
schizophrenia and its possible correlates. An exploratory study. Psychiatry Res. 246,
211–217.
Trotta, A., Murray, R.M., MacCabe, J.H., 2015. Do premorbid and post-onset cognitive
functioning diﬀer between schizophrenia and bipolar disorder? A systematic review
and meta-analysis. Psychol. Med. 45, 381–394.
Turetsky, B.I., Bilker, W.B., Siegel, S.J., Kohler, C.G., Gur, R.E., 2009. Proﬁle of auditory
information-processing deﬁcits in schizophrenia. Psychiatry Res. 165, 27–37.
UK Department for Work and Pensions, 2013. Annual Report & Accounts 2012-13 (For
the Year Ended 31 March 2013). UK. The Stationery Oﬃce Limited on behalf of the
Controller of Her Majesty’s Stationery Oﬃce. http://www.gov.uk/.
Umbricht, D., Krljes, S., 2005. Mismatch negativity in schizophrenia: a meta-analysis.
Schizophr. Res. 76, 1–23.
van Donkersgoed, R.J., Wunderink, L., Nieboer, R., Aleman, A., Pijnenborg, G.H., 2015.
Social cognition in individuals at ultra-high risk for psychosis: a meta-analysis. PLoS
One 10, e0141075.
van Erp, T.G., Hibar, D.P., Rasmussen, J.M., Glahn, D.C., Pearlson, G.D., Andreassen,
O.A., Agartz, I., Westlye, L.T., Haukvik, U.K., Dale, A.M., Melle, I., Hartberg, C.B.,
Gruber, O., Kraemer, B., Zilles, D., Donohoe, G., Kelly, S., McDonald, C., Morris,
D.W., Cannon, D.M., Corvin, A., Machielsen, M.W., Koenders, L., de Haan, L.,
Veltman, D.J., Satterthwaite, T.D., Wolf, D.H., Gur, R.C., Gur, R.E., Potkin, S.G.,
Mathalon, D.H., Mueller, B.A., Preda, A., Macciardi, F., Ehrlich, S., Walton, E., Hass,
J., Calhoun, V.D., Bockholt, H.J., Sponheim, S.R., Shoemaker, J.M., van Haren, N.E.,
Pol, H.E., Ophoﬀ, R.A., Kahn, R.S., Roiz-Santianez, R., Crespo-Facorro, B., Wang, L.,
Alpert, K.I., Jonsson, E.G., Dimitrova, R., Bois, C., Whalley, H.C., McIntosh, A.M.,
Lawrie, S.M., Hashimoto, R., Thompson, P.M., Turner, J.A., 2016. Subcortical brain
volume abnormalities in 2028 individuals with schizophrenia and 2540 healthy
controls via the ENIGMA consortium. Mol. Psychiatry 21, 585.
van Os, J., 2009. A salience dysregulation syndrome. Br. J. Psychiatry 194, 101–103.
Van Overwalle, F., 2009. Social cognition and the brain: a meta-analysis. Hum. Brain
Mapp. 30, 829–858.
Van Overwalle, F., Vandekerckhove, M., 2013. Implicit and explicit social mentalizing:
dual processes driven by a shared neural network. Front. Hum. Neurosci. 7, 560.
Vauth, R., Rusch, N., Wirtz, M., Corrigan, P.W., 2004. Does social cognition inﬂuence the
relation between neurocognitive deﬁcits and vocational functioning in schizophrenia? Psychiatry Res. 128, 155–165.
Ventura, J., Wood, R.C., Jimenez, A.M., Hellemann, G.S., 2013. Neurocognition and
symptoms identify links between facial recognition and emotion processing in schizophrenia: meta-analytic ﬁndings. Schizophr. Res. 151, 78–84.
Vialou, V., Bagot, R.C., Cahill, M.E., Ferguson, D., Robison, A.J., Dietz, D.M., Fallon, B.,
Mazei-Robison, M., Ku, S.M., Harrigan, E., Winstanley, C.A., Joshi, T., Feng, J.,
Berton, O., Nestler, E.J., 2014. Prefrontal cortical circuit for depression- and anxietyrelated behaviors mediated by cholecystokinin: role of DeltaFosB. J. Neurosci. 34,
3878–3887.
Vita, A., De Peri, L., Silenzi, C., Dieci, M., 2006. Brain morphology in ﬁrst-episode schizophrenia: a meta-analysis of quantitative magnetic resonance imaging studies.
Schizophr. Res. 82, 75–88.
Vita, A., De Peri, L., Deste, G., Sacchetti, E., 2012. Progressive loss of cortical gray matter
in schizophrenia: a meta-analysis and meta-regression of longitudinal MRI studies.
Transl. Psychiatry 2, e190.
Vlamings, P.H., Jonkman, L.M., van Daalen, E., van der Gaag, R.J., Kemner, C., 2010.
Basic abnormalities in visual processing aﬀect face processing at an early age in
autism spectrum disorder. Biol. Psychiatry 68, 1107–1113.
Vuilleumier, P., Richardson, M.P., Armony, J.L., Driver, J., Dolan, R.J., 2004. Distant
inﬂuences of amygdala lesion on visual cortical activation during emotional face
processing. Nat. Neurosci. 7, 1271–1278.

24

