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ARTICLE INFO ABSTRACT

Social cognition refers to the psychological processes involved in the perception, encoding, storage, retrieval,
and regulation of information about others and ourselves. This process is essential for survival and reproduction
in complex social environments. Recent evidence suggests that impairments in social cognition frequently occur
in schizophrenia, mainly contributing to poor functional outcomes, including the inability to engage in mean-
ingful work and maintain satisfying interpersonal relationships. With the ambiguous definition of social cog-
nition, the neurobiology underlying impaired social cognition remains unknown, and the effectiveness of cur-
rently available intervention strategies in schizophrenia remain limited. Considering the advances and
challenges of translational research for schizophrenia, social cognition has been considered a high-priority do-
main for treatment development. Here, we describe the current state of the framework, clinical concerns, and
intervention approaches for social cognition in schizophrenia. Next, we introduce translatable rodent models
associated with schizophrenia that allow the evaluation of different components of social behaviors, providing
deeper insights into the neural substrates of social cognition in schizophrenia. Our review presents a valuable
perspective that indicates the necessity of building bridges between basic and clinical science researchers for the
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development of novel therapeutic approaches in impaired social cognition in schizophrenia.

1. Introduction

Schizophrenia is a complex psychiatric disorder characterized by
disruptions in various domains, including perception, emotions, and
cognition. Since the introduction of the first antipsychotics, they have
been widely used to manage positive symptoms, such as hallucinations,
delusions, and disorganized behavior. However, recent clinical evi-
dence has suggested that cognitive dysfunction is the core feature of the
illness and an important domain with respect to treatment in schizo-
phrenia for the following reasons (Kahn and Keefe, 2013). First, it has
been reported that cognitive impairments are highly prevalent in
schizophrenia; 75%-85% of patients with schizophrenia exhibit poor
cognitive performance, and family members who have not developed
schizophrenia also show mild cognitive dysfunction (Keefe and Fenton,
2007; Reichenberg et al., 2006), suggesting that cognitive impairments
are attributable to genetic liability for the illness (Fromer et al., 2016;
Hilker et al., 2018; Kavanagh et al., 2015). Second, it has been reported
that certain domains of cognitive function decline before the onset of
psychotic symptoms and that cognitive dysfunction progressively de-
teriorates during the course of the disease (Reichenberg et al., 2010).
Finally, it is considered that the degree of cognitive dysfunction, rather

than the psychotic symptoms, reflects the long-term functional out-
comes of patients (Green, 2006).

Cognition can be further divided into neurocognition and social
cognition due to differences in roles (van Hooren et al., 2008). His-
torically, impairments in neurocognitive functions characterized by
task processing, such as attention, memory, and executive functioning,
have been studied in schizophrenia in relation to functional outcomes,
such as community outcomes, social problem solving, and psychosocial
skill acquisition (Green et al., 2000; Tolman and Kurtz, 2012; Ventura
et al., 2009). However, social cognition has recently gained consider-
able interest as the ultimate goal of schizophrenia treatment. In general,
social cognition refers to how people detect, process, and utilize social
information, which provides individuals with the capacity to under-
stand the social world and interact successfully with others (Adolphs,
2001; Penn et al., 1996). Therefore, in patients with schizophrenia,
impairments in social cognition appear to affect social, educational, and
occupational functioning and the attainment of meaningful inter-
personal relationships (Green et al., 2008). Notably, recent studies
using structural equation modeling and path analysis have shown that
social cognition explains more functional outcome variance than neu-
rocognition (Bowie et al., 2006; Brekke et al., 2007; Fett et al., 2011;
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Kee et al., 2003; Sergi et al., 2007; Vauth et al., 2004), suggesting that
treatment of impairments in social cognition can be a high priority to
promote functional change in patients with schizophrenia. Accordingly,
several researchers have recently discussed and evaluated the use of
pharmacotherapy or psychosocial therapy in patients with schizo-
phrenia in order to improve not only neurocognition but also social
cognition, which is associated with functional outcomes (Brekke et al.,
2007; Buonocore et al., 2018; Couture et al., 2006; Matsuda et al.,
2018; Vingerhoets et al., 2013). Despite the medical importance of this
domain, development of interventional strategies remains limited due
to the inconsistent definitions and complex biological bases of social
cognition. Therefore, investigation of neurobiological mechanisms un-
derlying social cognitive impairments and the development of appro-
priate quantitation methods and therapeutic treatments for social cog-
nitive dysfunction have been the focus of basic and clinical research. In
this review, we describe social cognition and schizophrenia, the degree
of impaired social cognition in schizophrenia, and the current inter-
ventional approaches for impaired social cognition in schizophrenia,
highlighting how social cognition became a focus of public health
concern and a priority topic within treatment development in schizo-
phrenia. In addition, for the identification and development of ther-
apeutic approaches, it is essential to not only elucidate the neurobio-
logical basis of impairments in social cognition, but also develop
translatable brain markers relevant to social cognition in humans and in
rodents (Okano et al., 2015). Therefore, we have reviewed information
on behavioral abnormalities relevant to social cognition and the po-
tential molecular basis underlying impaired social cognition in rodent
models. Since impairments in social cognition are intricately affected by
genetic and environmental factors during brain development (Abel
et al., 2003; Azar et al., 2017; Fluharty et al., 2018; Germine et al.,
2016; Moieni and Eisenberger, 2018; Pin et al., 2009; Riglin et al.,
2017), studies using translatable rodent models to track social cognitive
deficits can provide valuable insights for future translational research
that will ultimately inform the construction of targeted interventions,
which might reduce the severity of, or alter the trajectory of impaired
social cognition in schizophrenia.

2. Social cognition in schizophrenia

Social cognition is defined as “a cognitive process that is funda-
mental to interpersonal relationships, including the human ability to
understand the intentions and characters of others (Adolphs, 2001).”
Patients with schizophrenia have been consistently reported to show
impairments in social cognition (Couture et al., 2006), and advances in
the early identification of individuals who are at either a clinical or
genetic risk of developing schizophrenia have shown that these im-
pairments are present even in the prodromal phase of the illness (Devoe
et al., 2018; Pinkham, 2014). Importantly, it has been suggested that
these impairments may largely affect social functioning and functional
outcomes, such as interpersonal relationships, employment/school at-
tendance, or independent living (Sergi et al., 2007). However, recent
advance in this area remains limited because of ambiguous and in-
consistent terminology, and the difference in measurement approaches.
Thus, at the National Institute of Mental Health workshop in 2006
(Green et al., 2008), social cognition in schizophrenia was proposed to
be grouped into five subdomains, as a prioritized research area:

(1) Theory of mind: The theory of mind (ToM) is the ability to infer the
mental states of others and to understand that others have beliefs
that are different from one’s own (Baron-Cohen et al., 2001). This
includes the ability to understand the intentions and beliefs of
others, idioms, figurative language, and sarcasm (Caillies and Le
Sourn-Bissaoui, 2013; Happe, 1993; Whyte et al., 2014). Deficits in
ToM may lead to misreading or failure to read emotions, intentions,
or cues from others, resulting in the difficulties in social commu-
nication and limited expression of empathy toward others. ToM
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deficits may also result in one approaching a social situation with
assumptions that may not be accurate (Senju, 2012). Therefore, it
has been stated that impairment in ToM is suggested to be at the
core of many behaviors associated with autism spectrum disorder
(ASD) (Korkmaz, 2011). It is thought that abnormalities in this
process can account for the development of clinical symptoms of
schizophrenia (Brune, 2005; Leitman et al., 2006).

(2) Social perception: Social perception is the ability to understand and
assess social rules, roles, and context by using verbal or nonverbal
cues in order to make inferences about a social situation (Penn
et al., 2002). Social perception may allow one to facilitate inter-
actions with people in social settings or establish relationships. It
may also involve making critical appraisals, such as judgements of
trustworthiness in other people. Therefore, abnormalities in social
perception were reported to be strongly associated with social
functioning in schizophrenia (Sergi et al., 2006).

(3) Social knowledge: Social knowledge is the awareness of rules, roles,
and goals that characterize interpersonal relationships in social si-
tuations or in society (Corrigan et al., 1992; Subotnik et al., 2006).
Thus, social perception and social knowledge are often considered
together under the domain of social perception; successful social
knowledge requires awareness of what cues occur typically in
specific social situations (i.e., social perception) and how one is
supposed to respond to them (Green et al., 2008). Social knowledge
is viewed as an initial step and prerequisite for adequate social
competence (Bellack et al., 1994), and thus has been targeted at the
first stage of intervention to acquire sociability (Hansen et al.,
1985).

(4) Attributional bias: Causal attribution is considered a cognitive fra-

mework that humans utilize for inferring or judging the reasons for

others’ behaviors or social phenomena. Human behavior can be
generally attributed to two types of factors: internal factors such as
their own abilities and intentions, and external factors such as si-
tuations and contingency (Kelley, 1973). In brief, an attributional
bias refers to a bias in attributing a cause to either an internal factor

or an external factor. Subjects with schizophrenia tend to show a

stronger bias towards external-personal style when explaining ne-

gative events, and toward internal-personal style when explaining

positive events (Bentall et al., 1991).

Emotional processing: Emotional processing is to perceive, control,

and use emotions (Rachman, 1980). An influential model of emo-

tional processing defines emotional intelligence as an asset of four
elements (Kohler et al., 2000), including identifying emotions, fa-
cilitating emotions, understanding emotions, and managing emo-
tions. This model includes affect perception that is frequently as-
sessed in schizophrenia (Mayer et al., 2001; Salem et al., 1996).

5

—

3. Neural basis of social cognition in schizophrenia

Previous studies have suggested that social cognition and neuro-
cognition are largely distinct at the behavioral and neural circuit levels
(Green et al., 2015). While the amygdala has been historically em-
phasized as an important structure that contributes to social behavior
(Kluver and Bucy, 1997), Brothers et al. described the human brain
network that processes social information as the “social brain (Brothers,
1999).” Thereafter, several studies have determined the neural basis of
the social brain using neuropsychological assessments in brain lesion
studies and neurophysiological and neuroimaging analyses in healthy
controls as well as patients with psychiatric illness. Indeed, multiple
brain areas, responsible for the neural activities constituting every
subdomain of social cognition, have been reported to be of interest
(Green et al., 2015). In fact, various ToM tasks have been studied, in-
cluding story and cartoon comprehension in social situations. Several
brain regions have been consistently suggested as the neural basis of
ToM, included the medial prefrontal cortex (PFC), superior temporal
sulcus (STS), temporal poles, and the precuneus and temporoparietal
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junctions (TPJ) (Amodio and Frith, 2006; Brunet-Gouet and Decety,
2006; Schurz et al., 2014). Previous lesion studies have suggested that
the medial PFC and STS appear to play central roles in social perception
and social knowledge (Hornak et al., 1996; Koenigs et al., 2007;
Pelphrey and Carter, 2008). The ability to recognize emotions from a
facial expression or to recognize emotional facial expressions is thought
to be mainly associated with the fusiform gyrus (FG), amygdala, STS,
PFC and anterior cingulate cortex (Fujiwara et al., 2015; Morris et al.,
1998; Motzkin et al., 2015; Ochsner et al., 2012; Quirk and Beer, 2006;
Whalen et al., 1998). Since facial expression is often used to commu-
nicate emotion, the aforementioned regions are also linked to emotion
processing (Gur et al., 2002b; Pinkham, 2014). Finally, it has been
demonstrated that the TPJ, precentral gyrus, precuneus, ventrolateral
PFC, dorsomedial PFC, and insular cortex may at least in part be in-
volved in attributional biases (Blackwood et al., 2003; Blackwood et al.,
2000; Cabanis et al., 2013; Seidel et al., 2010). As a matter of course, it
should be noted that social cognition is formed not only by the action of
the specific local site in the brain, but also by the extensive and complex
network activity in the brain.

In parallel with investigating the neural basis for social cognition,
several structural and functional imaging studies have provided
knowledge of the relationship between impaired social cognition and
brain abnormalities in schizophrenia (Bellani and Brambilla, 2008;
Pinkham et al., 2008a; Viviano et al., 2018). However, results con-
cerning amygdala function appeared complex, and current work in-
dicated that patients with schizophrenia reveal an increased amygdala
response to neutral, rather than emotional stimuli (Anticevic et al.,
2012) and that amygdala function may differ across disease states of
schizophrenia (Fahim et al., 2005; Gur et al., 2007; Li et al., 2010;
Russell et al., 2007; Williams et al., 2004). Findings concerning the STS
have also produced mixed results, with some noting no differences
(Brunet et al., 2003; Li et al., 2010; Pinkham et al., 2008b) in activa-
tion, while at least one other group has found increased activation re-
lative to controls (Mier et al., 2010). Furthermore, neuroimaging stu-
dies during ToM tasks have been extensively performed using patients
with schizophrenia; however, investigations on schizophrenia are in-
consistent and revealed decreased and increased activation in ToM-re-
lated brain regions (Andreasen et al., 2008; Benedetti et al., 2009;
Brune et al., 2008; Brunet et al., 2003; Lee et al., 2011a; Pedersen et al.,
2012; Walter et al., 2009). Therefore, meta-analytic approaches could
provide an essential support in understanding the neural basis for ab-
normalities in ToM and other subdomains in schizophrenia (Jani and
Kasparek, 2017; Kronbichler et al., 2017; Li et al., 2010; Sugranyes
et al., 2011; Taylor et al., 2012). Alternatively, the diversity of neu-
roimaging findings might be, at least in part, associated with the rela-
tively small-sized, heterogeneous patient groups or with the different
tasks assessing social cognitive domains across the individual studies
(Kronbichler et al., 2017). A future study using larger samples with
improved psychological assessments would be required to characterize
specific brain circuitry and networks associated with impaired social
cognitive functioning in schizophrenia.

4. Assessment and degree of social cognition in schizophrenia

Social cognition is a relatively new subfield in the treatment of
schizophrenia; thus, appropriate methods for the assessment of this
function are limited. For example, the Facial Emotion Identification
Test (Kerr and Neale, 1993), Facial Emotion Discrimination Test (Kerr
and Neale, 1993), and Penn Emotion Recognition Test (ER-40) (Gur
et al., 2002a) have been administered to assess difficulty in recognizing
facial emotion in patients with schizophrenia. Within these batteries,
the ER-40 is widely used in several clinical settings (Barbato et al.,
2015; Gur et al., 2006; Gur et al., 2002¢; Pinkham et al., 2018; Rose
et al., 2015; Ruocco et al., 2014) and has been nominated as one of the
promising candidates for measuring emotion identification and re-
sponse in schizophrenia (Carter et al., 2009). In addition, the Social
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Cognition Screening Questionnaire (SCSQ) was developed to measure
multiple domains of social cognition and differentiate performance in
these domains from non-social cognition. The SCSQ, which can measure
non-social domains of verbal memory and schematic inference, as well
as the social cognitive domains of ToM, metacognition, and hostile
attributional biases, have been suggested to provide comprehensive and
efficient measurements of social cognition in schizophrenia (Kanie
et al., 2014; Roberts et al., 2011). In recent years, the MATRICS Con-
sensus Cognitive Battery has been widely used to investigate the effects
of antipsychotic drugs and psychosocial therapies in social cognition
(Vingerhoets et al., 2013) because this battery includes the assessment
of neurocognition and social cognition (Green et al., 2005).

The magnitude of impairment of social cognition in schizophrenia
has been assessed elsewhere in clinical settings. Savla et al. conducted a
meta-analysis based on peer-reviewed studies to compare the effect size
(ES) across multiple domains of social cognition between schizophrenia
patients and healthy controls (Savla et al., 2013). The mean effect for
ToM was large (Hedges’ g [ES(g)]=0.96). The mean effect for social
perception was also large ([ES(g)]1=1.04), and the impairment was
more severe in hospitalized patients than in outpatients. The mean ef-
fect for social knowledge was moderate ([ES(g)] =0.54) and there were
insufficient effects on attributional biases between the two groups. Fi-
nally, the mean effect of emotional processing was large ([ES(g)]
=0.88), with a longer duration of the disease associated with a more
severe impairment. Heterogeneity in effect sizes between studies within
the domains was not accounted for by age, sex, education, or language
in the schizophrenia samples. On the other hand, Lee et al. conducted
the meta-analysis based on databases as well, comparing the same
domains of social cognition between the patients with prodromal psy-
chosis and healthy controls (Lee et al., 2015), indicating that the overall
ES of social cognition was medium ([ES(g)]=-0.48). For the sub-
categories, the ES for attributional biases was the largest ([ES(g)]
=-0.78), followed by emotional processing ([ES(g)]=-0.45), ToM ([ES
(g)]1= -0.43), and social perception ([ES(g)]=-0.38). Previous studies
have extensively focused on ToM and emotional perception, but the
aforementioned studies may be interesting because impairments in
social cognition are present in patients with schizophrenia and are
apparent in the prodromal psychosis group. In addition, the ESs for
social perception and emotional processing are relatively large in pa-
tients with schizophrenia while the ESs might vary depending on the
subcategory of social cognition across disease trajectories of schizo-
phrenia. Previous studies suggest that social cognition is considered to
have important and identifiable developmental trajectories (Frith and
Frith, 2007; Lincoln et al., 2017). Since it is reported that social cog-
nition appears to be influenced by interaction with genetic factors
(Lavoie et al., 2013) and social experiences (Gabinio et al., 2018), fu-
ture long-term longitudinal studies on the course of social cognition
changes between patients with the prodromal psychosis, who later
convert to schizophrenia or not, may give a new insight into preemptive
or presumptive therapy.

5. Clinical interventions for impaired social cognition in
schizophrenia

The goal of treatment for schizophrenia is not only to improve
psychotic symptoms, but also to restore viability and social functioning.
Therefore, a patient is expected to live a satisfying independent life, to
have a job, and to recover social functioning necessary and sufficient to
build human relationships in a local community. In other words, it is
considered necessary to improve not only neurocognition, but also so-
cial cognition, which leads to improvement of social functioning. In
recent years, several researchers have attempted pharmacological in-
terventions and psychosocial therapeutic interventions for impairments
in social cognition.
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Table 1
Representative social cognitive rehabilitation programs
Targeted domain Program name Abbreviation Outcome
Targeted programs for social cognition
Affect recognition Training of affect recognition TAR *(Habel et al., 2010)
Social recognition Social cognition enhancement training SCET *(Choi and Kwon, 2006)
ToM Instrumental enrichment program IEP *(Roncone et al., 2004)
ToM Emotion and ToM imitation training ETIT *(Mazza et al., 2010)
Metacognition Metacognitive training MCT *(Moritz et al., 2013)
Comprehensive programs for social cognition
Comprehensive Social cognition and interaction training SCIT *(Combs et al., 2007; Roberts and Penn, 2009)
Social cognitive skill training SCST *(Horan et al., 2011)
Integrated programs for social-neurocognition
Integrated Integrated psychological therapy IPT *(Roder et al., 2011)
Neurocognition enhancement therapy NET *(Bell et al., 2001)
Cognitive enhancement therapy CET *(Eack et al., 2009)
Integrated Neurocognitive Therapy INT *(Mueller et al., 2015)

Abbreviations: ToM, theory of mind.
5.1. Pharmacological interventions in clinics

In order to improve social cognition affecting social functional
outcomes, the effects of currently available antipsychotic drugs (espe-
cially, atypical antipsychotic drugs) and new therapeutic drugs on so-
cial cognition have been examined in several clinical trials (Kucharska-
Pietura and Mortimer, 2013). Mizrahi et al. reported that ToM was
improved 2 weeks after the administration of clozapine, risperidone,
olanzapine, or loxapine (Mizrahi et al., 2007). Sumiyoshi et al. reported
that the score of social cognition was improved with the administration
of perospirone (Sumiyoshi et al., 2009), and Behere et al. reported that
the evaluation task performance in emotion recognition was improved
with the administration of risperidone (Behere et al., 2009). Further-
more, Kucharska-Pietura et al. reported that the improvement effect on
social cognition is expected to be higher with clozapine than with other
atypical antipsychotic drugs (Kucharska-Pietura and Mortimer, 2013).
While the mechanism of antipsychotic effects for social cognition re-
mains unknown, catecholamine neurotransmitters, such as serotonin
and dopamine, may be involved in the improvement of social cognition.
For example, it has been suggested that atypical antipsychotics have a
strong affinity for 5-HT2 receptors via the disinhibitory effect of ser-
otonin antagonism on dopamine release in the PFC, likely contributing
to improvement in emotional perception and social functioning (Kapur
and Remington, 2001). Antipsychotics also affect dopamine regulation
in the mesocorticolimbic system, which suggests the potential effect for
regulating the amygdala as an emotional manager (Salgado-Pineda
et al., 2005). However, there are some negative opinions on the effects
of currently-available antipsychotic drugs on social cognition, partly
because the bias in clinical trials, such as the number of test samples
and lack of long-term assessment, has been indicated. Further in-
vestigation using larger samples is required to validate previous find-
ings.

It is expected that cognitive dysfunction involves abnormal activity
of the GABA neurons of the PFC (Kimoto et al., 2014), and Buchanan
et al. have been investigating the potential of a GABA neuroactive drug
for the improvement of social cognition (Buchanan et al., 2011).
However, they have reported no improvement in the endpoints of social
cognition when MK-0777, a partial agonist of GABAa2/a3, was ad-
ministered in addition to an antipsychotic drug. This may suggest that
improvement in GABA signaling alone cannot provide adequate im-
provement in social cognition. Finally, the most promising candidate
with a clinical potential to improve social cognition is a neuropeptide,
since preclinical and clinical evidence have identified various neuro-
peptides, also termed ‘social neuropeptides’, which could modulate
social behaviors regulated by social brain networks (Meyer-Lindenberg
et al., 2011). Neuropeptides, which are widely expressed in the brain,

not only directly function as neurotransmitters, but also function as
neuromodulators by regulating dopamine, glutamate, serotonin, and
GABA neurotransmissions. Indeed, oxytocin, vasopressin, and the cor-
ticotropin-releasing factor family have been extensively investigated,
and their potential roles relevant to social cognition by using pharma-
cological and genetic manipulations in rodents has been determined
(LaCrosse and Olive, 2013). In contrast, studies of neuropeptide ex-
pression levels in schizophrenia have yielded mixed results, with some
studies indicating altered levels and others finding no differences
compared with controls (Caceda et al., 2007). Studies utilizing nasal
administration of oxytocin to patients with schizophrenia have pro-
vided inconsistent results with respect to the improvement in social
cognition (Jarskog et al., 2017; Pedersen et al., 2011). Therefore, on-
going research into the biological relationship between oxytocin and
social cognitive deficits in schizophrenia is warranted to determine
future clinical uses of neuropeptides on social functional outcomes of
patients with schizophrenia.

5.2. Psychosocial therapeutic intervention in clinics

Numerous studies have evaluated the efficacy of psychosocial
therapeutic investigations for impairments in social cognition.
Currently, clinicians tend to develop psychosocial training programs
that can remediate cognitive functions with better functional outcome
in schizophrenia, based on the idea that cognitive deficits in schizo-
phrenia are not permanent disabilities (Green and Harvey, 2014).
Hence, cognitive remediation therapy has been developed as a rela-
tively new intervention approach that aims to enhance cognitive pro-
cesses (attention, memory, executive function, social cognition, or
metacognition) with the goal of durability and generalization (Wykes
and Spaulding, 2011). As shown in Table 1, currently available psy-
chotherapeutic programs for social cognition may be classified as three
theoretical foundations. The first program type, called targeted pro-
grams, is more specific. Each one targets a specific domain of social
cognition, such as ToM or emotional recognition. The second type is
comprehensive programs, which try to consider all components of so-
cial cognition that are impaired in schizophrenia. Finally, integrated
programs are the earliest intervention type and are based on the idea
that the acquisition of basic cognitive skills increases relational com-
petency. Considering social cognition and neurocognition as in-
dependent domains in schizophrenia, there are also comprehensive
programs dealing with both neurocognitive functions and social func-
tions. For example, Iwata et al. have reported that cognitive remedia-
tion therapy using a computer software program, Cogpack (Japanese
version), yields higher significant improvement in cognitive function
and social functioning in a cognitive remediation group than in a usual
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treatment group (Iwata et al., 2017). Furthermore, Kurtz and Ri-
chardson performed a meta-analysis to examine the effects of pre-
viously conducted social-cognitive training programs, geared toward
one or more areas of social cognition and which measured at least one
category of social cognition (Kurtz and Richardson, 2012). They found
that social-cognitive training programs provided the moderate-large
effect on emotional processing and the small-moderate effect in ToM,
whereas effects on social perception and attributional bias were not
significant. Another meta-analysis has indicated a similar tendency, and
raised awareness of the potential experimental design concerns of
previous studies, including measure heterogeneity, modest metho-
dology, and short follow-up periods (Grant et al., 2017). Collectively,
current social cognitive rehabilitation does appear to have certain
beneficial effects, although future studies using larger cohorts are re-
quired to determine how each patient should be treated, and how to
identify the appropriate assessment methods and program contents that
should be formulated for individual, distinctive impairments in social
cognition.

6. Translatable rodent models of social cognition associated with
schizophrenia

The development of rodent models that can comprehensively de-
monstrate schizophrenia-like behavior may prove highly informative
and help delineate neurobiological mechanisms and identify novel
therapeutic targets for impaired social cognition in schizophrenia.
However, modeling of the symptoms of schizophrenia in rodents, par-
ticularly those associated with social cognition, may be a challenge
owing to the poor understanding of the etiology and pathophysiology of
the illness, and because these involve highly sophisticated domains in
humans. No single behavioral paradigm in rodents collate the multi-
dimensional nature of social cognition, but it is thought that common
fundamental functions exists, while they are achieved in species-spe-
cific ways. Based on such, the Cognitive Neuroscience Treatment
Research to Improve Cognition in Schizophrenia initiative has re-
commended behavioral tasks, based on various cognitive domains, in-
cluding social cognitive constructs based upon several criteria (e.g.;
construct validity, cross-species homology, translatability, reliability,
and reproducibility) (Millan and Bales, 2013). Recently, evidence has
suggested a translatable perspective of social cognition and measurable
social behaviors that play an essential role in rodents and humans
(Bicks et al., 2015). For example, social recognition is a part of
knowledge of self and others, and is an important construct for other
forms of social cognition, such as empathy and moral decision-making.
The ability to recognize the facial emotions of others is reported to be
impaired in patients with schizophrenia (Edwards et al., 2002; Kohler
et al., 2010). Empathy, which is in part associated with ToM, is also
compromised in schizophrenia, leading to difficulties in social com-
munication (Lee et al., 2011b). In addition, deficits in social cognition
may be associated with disengagement from social interaction, re-
sulting in reduced motivation to engage in social relationships (Brune
et al., 2007; Green et al., 2008; Sergi et al., 2007). Impairments in social
cognition may also lead to high levels of social anxiety and facilitate the
co-occurrence of depressive symptoms through social withdrawal and
reduced social motivation (Achim et al., 2013; Corcoran et al., 2011;
Green et al., 2008; Lincoln et al., 2011; Nakagami et al., 2010).

Accordingly, to bridge the translational gap in social cognition be-
tween rodent model-based studies and clinical application, the ability
of social cognition may be frequently assessed using categorical modes
of social behaviors such as sociability, social recognition, social moti-
vation, or empathy in rodent models, although these categories of social
cognition may not necessarily be mutually exclusive. In rodents,
sociability is typically assessed by placing a pair of unfamiliar rodents
in an area with an observer measuring the amount of time for which the
animals were engaged with each another. Social recognition, also
termed as social novelty discrimination, relies on the ability of the
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experimental rodent to recognize a conspecific as familiar, indicated by
either a reduction of social interaction with the familiar conspecific or
preference for socially interacting with a novel conspecific. Social
motivation is characterized by the motivation of an animal to approach,
explore, and interact with a social target. These social behaviors can be
frequently measured with behavioral tasks using the “three chamber
test” (Moy et al, 2004), “habituation/dishabituation paradigm”
(Dantzer et al.,, 1987) and “conditioned place preference test”
(Tzschentke, 2007). Furthermore, quantifying social empathy is a re-
latively new idea with respect to rodents. In one procedure (Chen et al.,
2009), experimental mice observed distressed conspecifics in a condi-
tioned fear situation and thereafter showed significant changes in heart
rate or increased freezing corresponding to the behavior of conspecifics
and environmental cues. Comprehensive reviews of the behavioral
paradigms can be found in the literature (Bicks et al., 2015; Debiec and
Olsson, 2017).

Schizophrenia symptom modeling relies on pharmacological, en-
vironmental, and genetic manipulations of preclinical models, in part
because exposure to a range of environmental factors in early life, as
well as genetic components are suggested to increase the risk for schi-
zophrenia. Although no single animal model precisely represents the
complexity, subtlety, and multidimensionality of impaired social cog-
nition in patients with schizophrenia, it is essential to investigate how
each component biologically associates with the impaired social cog-
nition commonly observed in schizophrenia. The animal models de-
scribed here are the currently available models, engineered to identify
the behavioral phenotypes and neural bases implicated in the cognitive
impairments of schizophrenia (see below and Fig. 1).

6.1. Psychotomimetic effects on social cognition relevant to schizophrenia

Several psychotomimetic agents have been used to model aspects of
schizophrenia in animals and in human. Among these agents, phency-
clidine (PCP) or dizocilpine (MK-801) are non-competitive NMDA re-
ceptor antagonists that elicit psychotic behaviors as well as mimic
several negative and cognitive symptoms associated with the disease
(Javitt and Zukin, 1991; Luisada and Brown, 1976). Therefore, ad-
ministration (usually sub-chronic) of PCP or MK-801 to adult rodents
has been argued to provide valid pharmacological models for the as-
sessment of social behavior with possible relevance to schizophrenia
(Mohn et al., 1999; Neill et al., 2014). For example, exposure to PCP
during early and late development has been found to reliably produce
long-lasting deficits in sociality in rodents, even when experimental
conditions favor social exploration by limiting the effects of anxiogenic
response (Gururajan et al., 2010; Sams-Dodd, 1995). In other studies,
sub-chronic treatment with PCP in adult rats was shown to decrease
social motivation, as measured using a conditioned place-preference
test (Schwabe et al., 2006). Repeated administration with PCP to ju-
venile rats was also shown to induce impairments in social recognition,
exhibiting reduced exploration of a novel juvenile in adult male rats
(Harich et al., 2007). With respect to the effect of medications, studies
on antipsychotics in rodent models of NMDA antagonism have yielded
inconsistent results, with some indicating a reversal and others finding
no effect on social deficits (Wilson and Koenig, 2014). In addition, the
administration of antipsychotics has not indicated any long-term effects
of treatment in rodent models of NMDA antagonism. At a cellular level,
empirical evidence has indicated that the systemic administration of
NMDAR antagonists to rodents increases excitatory neuronal activity
while reducing the firing of putative inhibitory neuron in the prefrontal
cortex (Homayoun and Moghaddam, 2007). Nevertheless, the mole-
cular mechanisms underlying NMDA hypofunction in schizophrenia
remain controversial. Future studies such as those characterizing the
effect of NMDA receptor antagonisms at the pre-synaptic and post-sy-
naptic levels may provide valuable insight for understanding the neu-
robiological basis and developing therapeutic agents for cognitive im-
pairments in schizophrenia (Pafundo et al., 2018).
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Fig. 1. Schematic representation of the timing of risk factors for social cognition and schizophrenia, and the corresponding rodent models. Exposure to risk factors for
social cognition and schizophrenia is detailed from conception through adolescence, and the corresponding rodent models associated with schizophrenia are in-
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6.2. Environmental effects on social cognition relevant to schizophrenia

Maternal infection is well defined by epidemiological studies as a
risk factor for neurodevelopmental disorders such as schizophrenia and
ASD (Depino, 2013; Hagberg et al., 2012). Several genome-wide asso-
ciation studies have identified variants in genes involved in immune
and inflammatory signaling pathways that are associated with schizo-
phrenia (Jia et al., 2010; Schizophrenia Psychiatric Genome-Wide
Association Study (GWAS) Consortium, 2011; Schizophrenia Working
Group of the Psychiatric Genomics Consortium, 2014; Sekar et al.,
2016; Shi et al.,, 2009). In addition, exposure to infections during
pregnancy, including evidence of maternal response to infection such as
higher serum levels of proinflammatory cytokines (Brown et al., 2004;
Rodrigues-Amorim et al., 2017) and inflammatory biomarkers (Canetta
et al., 2014; Fond et al., 2018), have shown to be associated with higher
rates of schizophrenia in offspring. Accordingly, mouse offspring ex-
posed to maternal immune activation (MIA), which is elicited by poly-
riboinosinic-polyribocytidylic acid (Poly-I:C) or lipopolysaccharide
(LPS), can reproduce the behavioral, structural, and biochemical ab-
normalities in schizophrenia (Makinodan et al., 2008; Markham and
Koenig, 2011; Scola and Duong, 2017), suggesting that the MIA model
triggered by infection is useful in the investigation of the pathophy-
siology of schizophrenia (Meyer et al., 2005). For instance, adminis-
tration of Poly-I:C in later pregnancy exhibited deficits in social re-
cognition and anhedonic behavior in both male and female offspring,
with alterations in basal neurotransmitter levels (Bitanihirwe et al.,
2010). Another study found that prenatal exposure to LPS early in
pregnancy is linked with a significant reduction in affiliative/motiva-
tional social interaction in male rats (Kirsten et al., 2010). Furthermore,
offspring of pregnant rats administrated Poly-I:C in later pregnancy
showed alterations in a communicative behavior as measured using
ultrasonic vocalizations (Yee et al., 2012), while offspring of pregnant
rats administrated Poly-I:C early in pregnancy showed small changes in
emotional contagion, a component of the empathy domain (Gonzalez-
Liencres et al., 2016). These data suggest that MIA induces different
phenotypes depending on the time of the exposure. In addition, future
studies determining the molecular pathways that mediate the resulting
neuropathology and abnormal behaviors in MIA rodent models would
serve as targets for development of new therapeutics.

During postnatal development, sustained early life stress, such as
social isolation rearing or living in densely populated cities, has been
implicated as risk factors for psychiatric illnesses such as schizophrenia
(Cacioppo and Hawkley, 2009; Krabbendam and van Os, 2005; Mizrahi,
2016). Childhood traumatic experiences such as physical neglect and
emotional abuse were also associated with functional and social im-
pairment in adult patients with schizophrenia (Gallagher 3rd and Jones,
2016; Gil et al., 2009). In addition, social withdrawal or asocial ten-
dencies are widely accepted as clinical manifestations of patients with
schizophrenia (Sarkar et al., 2015). Accordingly, the post-weaning so-
cial isolation models in rodents have been extensively examined, ex-
hibiting behavioral abnormalities with some potential relevance for
schizophrenia (Robbins, 2016). Furthermore, it has been suggested that
the knowledge of the critical time window that is most vulnerable to
inducing social isolation is important to clarify the effect of social iso-
lation on social behavior, as previous studies have produced incon-
sistent results regarding social behavior in isolation-rearing models
(Meng et al., 2010). For example, Makinodan et al. reported that mice
isolated for 2 weeks immediately after weaning developed deficits in
sociability and working memory, and hypomyelination in the deep
layers of the prefrontal cortex (Makinodan et al., 2012). These altera-
tions were also characterized by reduced excitatory synaptic inputs to a
subtype of pyramidal cells in the deep layers, which preferentially
connect with subcortical regions (Yamamuro et al., 2018). These data
suggest that isolation rearing during the critical period of brain devel-
opment may result in an immature prefrontal network of the brain. This
pathological basis may at least in part be attributable to deficits in
activity-dependent structural plasticity (Ueno et al., 2017; Van den
Heuvel and Pasterkamp, 2008; West and Greenberg, 2011), supporting
the notion that disease-related alterations in activity-dependent gene
expression could contribute to cognitive impairments in schizophrenia
(Kimoto et al., 2014; Kimoto et al., 2015). Since exposure to environ-
mental enrichment is known to positively influence brain plasticity and
cognition (Mohammed et al., 2002; van Praag et al., 2000), identifying
the molecular substrates of neurobehavioral outcomes, along with
highlighting a potential window of opportunity for therapeutic inter-
vention, could support the translatability of rodent models and its po-
tential utility.



S. Kimoto, et al.

6.3. Genetic effects on social cognition relevant to schizophrenia

6.3.1. 22q11 deletion

The 22q11 microdeletion syndrome is the most common copy
number variant associated with schizophrenia and accounts for up to
1%-2% of cases (Karayiorgou et al., 2010). It has been well docu-
mented that individuals with 22q11DS have poorer social skills (Kiley-
Brabeck and Sobin, 2006) and functioning compared to their typically
developing peers (Swillen et al., 1999), with morphological brain
changes (Mihailov et al., 2017). Norkett et al. reported that patients
with 22q11DS had impaired emotion processing and ToM relative to
their typically developing peers, while some findings were in part at-
tributable to neurocognitive and intellectual disabilities (Norkett et al.,
2017). There is a close homology between human chromosome 22 and
portions of mouse chromosome 16, which provides an opportunity to
create etiologically valid mutant rodent models (Karayiorgou et al.,
2010; Meechan et al., 2015) for studying the 22q11DS deletion. Indeed,
several groups have engineered various multigene or single-gene dele-
tion models with respect to this locus and have reported biochemical,
anatomical, and behavioral abnormalities relevant to the pathology of
schizophrenia and ASD (Kimoto et al., 2012; Lattanzi et al., 2018;
Mukai et al., 2008; Paylor et al., 2006; Toritsuka et al., 2013). In par-
ticular, septin5 (Sept5), a 22q11.2 locus gene, may play a crucial role in
social cognition because Sept5 deficiency in mice has been reported to
show impairments in affiliative/motivational social interaction in-
cluding other behavioral abnormalities (Suzuki et al., 2009). Further-
more, mice overexpressing Sept5 selectively in the amygdala and hip-
pocampus showed elevated levels of active affiliative/motivational
social interaction and vice versa (Harper et al., 2012). Since previous
neuroimaging studies revealed the volume changes in hippocampus and
amygdala, or impaired activation in amygdala in patients with
22q11DS (Andersson et al., 2008; Eliez et al., 2001; Flahault et al.,
2012; Kates et al., 2006), these data suggest the 22q11.2 gene in these
brain regions plays a crucial role in sociability.

6.3.2. Neuregulin 1-ErbB4 signaling

Neuregulin 1 (NRG1), which encodes multiple alternative tran-
scripts that are classified as types I-VI, belongs to the neuregulin family
of proteins, sharing a common epidermal growth factor-like domain.
Interaction of these domains with membrane-associated tyrosine ki-
nases (ErbB receptors) activates intracellular signaling pathways im-
plicated in important neurodevelopmental processes (Mei and Nave,
2014). Previous studies have shown that NRG1 and its receptor, ERBB4,
are associated with genetic susceptibility for schizophrenia (Corfas
et al., 2004; Mei and Xiong, 2008). NRG1 gene polymorphism was also
reported to be significantly associated with sociality in neurodevelop-
mental disorders (Yoo et al., 2015). Functionally, NRG1-ErbB4 sig-
naling plays a crucial role in the ontogeny of schizophrenia, and a
finding that has been supported by the identification of altered ex-
pression levels of NRG1 and ErbB4 in patients with schizophrenia
(Chung et al., 2016; Hashimoto et al., 2004; Joshi et al., 2014; Law
et al., 2007; Silberberg et al., 2006). Consistent with the results of
human studies, several groups have generated gene overexpression/
deletion models of NRG1 or ErbB4 in a broad or cell-type specific
manner, and they have determined the biochemical, anatomical, elec-
trophysiological, and behavioral abnormalities in rodents relevant to
the pathology of schizophrenia. With respect to social cognition, for
example, mice selectively overexpressing human NRGI1-type IV in
neurons exhibit schizophrenia-like behaviors, including impaired social
recognition (Papaleo et al., 2016). Deletion of ErbB4 in parvalbumin
interneurons (PV-Ins) in mice also show schizophrenia-like behaviors
including disrupted social behavior accompanied by lower PV-INs ac-
tivity (Del Pino et al., 2013). Previous studies have suggested that lower
activity of PV-Ins in post-mortem brains has been frequently observed
in patients with schizophrenia (Glausier et al., 2014; Lewis et al., 2012),
and that loss of PV-Ins function could cause alterations in social
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behavior in rodents (Brown et al., 2015). Since NRG1-ErbB4 signaling
plays a key role in structural and functional plasticity of glutamatergic
synapses and regulates GABAergic transmission (Chung et al., 2017;
Wen et al., 2010), impairments in social cognition may at least in part
be attributable to the altered balance of cortical excitatory-inhibitory
neurotransmission (Gao and Penzes, 2015).

6.3.3. Disrupted in schizophrenia 1

Two overlapping and opposite strand genes on chromosome 1,
DISC1 and DISC2, are specifically disrupted by a balanced (1,11)(q42.1;
q14.3) translocation, in a large Scottish pedigree, resulting in a cohort
with several major mental illnesses such as schizophrenia, bipolar af-
fective disorder, and recurrent major depression (Brandon and Sawa,
2011). DISC1 is widely expressed in the central nervous system
(Schurov et al., 2004), and it has been shown to be involved in several
neurodevelopmental processes such as progenitor cell proliferation
(Mao et al., 2009), radial migration (Tomita et al., 2011), dendritic
arborization (Duan et al., 2007; Kamiya et al., 2006), and synapse
formation (Duan et al., 2007). Studies of various DISC1 mutant models
(i.e., haploinsufficiency, point mutation, and transgenic models) have
identified both molecular and multiple behavioral abnormalities in-
cluding social cognition relevant to psychiatric illness. For example, an
inducible DISC1 C-terminal fragment transgenic model exhibited ab-
normal spatial working memory, and reduced sociability, as well as
decreased hippocampal dendritic complexity (Li et al., 2007). Inducible
expression of mutant hDISC1 also produced sex-specific behavioral al-
terations in social behavior and spatial memory (Pletnikov et al., 2008;
Shevelkin et al., 2017). Mice with the DISC1 Gln31Leu polymorphism
showed deficits in social motivation as measured using social-condi-
tioned place-preference, with reduced levels of catecholamines in the
nucleus accumbens (Lipina et al., 2013). Mice with dominant-negative
DISC1 exhibited deficits in cognition, sociability, and motivation ac-
companied by decreased PV-Ins activity possibly through increased
prefrontal oxidative stress (Johnson et al., 2013). Finally, mouse models
considering gene-environmental interactions (i.e., MIA (Abazyan et al.,
2010; Ibi et al., 2010)), A9-THC (Ballinger et al., 2015), social stress
exposures (Niwa et al., 2013) to DISC1 mutant), or gene-gene interac-
tions (co-disruption of DISC1 and NRG1 (Seshadri et al., 2015)) have
provided valuable opportunities for understanding the complexity un-
derlying the pathology of psychiatric illnesses (Cash-Padgett and Jaaro-
Peled, 2013). Overall, DISC1 dysregulation appears to be linked to
multiple mental conditions rather than to schizophrenia specifically
(Tomoda et al., 2016).

6.3.4. Others

Many genetic rodent models have been engineered to investigate
neurobiological function, including social cognitive function, linked to
psychiatric illnesses. Recent studies have indicated loss of function of
synaptic adhesion molecules (i.e., neuroligin genes), or scaffolding
proteins (i.e., Shank genes) in the postsynaptic density, which appear to
contribute to conspicuous deficits in social behavior, particularly in the
context of ASD research (Cao and Tabuchi, 2017; Mackowiak et al.,
2014; Monteiro and Feng, 2017; Uchino and Waga, 2015). For example,
mice with the R451C-substitution in neuroligin-3 (NL3) showed social
motivation deficits (Tabuchi et al., 2007), which were most likely due
to loss of PV-Ins function in the medial PFC (Cao et al., 2018). In ad-
dition, mice with mutations or deletions in various exons of Shank3
have been reported to show abnormalities in social behavior such as
sociability, social motivation, and social communication (Bozdagi et al.,
2010; Jiang and Ehlers, 2013). In humans, genetic variants in NL3 and
shank3 have been recurrently identified in patients with ASD (Durand
et al., 2007; Jamain et al., 2003; Leblond et al., 2014) as well as schi-
zophrenia (Gauthier et al., 2010). Indeed, it has become clear that
schizophrenia shares some common risk alleles and global gene ex-
pression patterns with ASD and other psychiatric disorders (Cross-
Disorder Group of the Psychiatric Genomics Consortium et al., 2013;
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Gandal et al., 2018; International Schizophrenia Consortium et al.,
2009). In contrast, both clinical schizophrenia and ASD were shown to
share some genetic influence with impairments in social communica-
tion but reveal distinct developmental profiles in their genetic links (St
Pourcain et al., 2018). Accordingly, two lines of shank3 mutant mice
associated with schizophrenia and ASD were reported to display both
shared and distinct defects in synaptic function and social behavior
(Zhou et al., 2016). Therefore, future detailed analysis identifying the
subtle phenotypic differences from such mutations would help to un-
derstand synaptic development and function associated with social
cognition. Optogenetic (Yizhar, 2012) and chemogenetic (Whissell
et al.,, 2016) manipulations of gene expression in rodents (Pisansky
et al., 2017; Shemesh et al., 2016) might also provide greater insights
into the biological mechanisms underlying phenotypic diversity and the
complexity of cognition at the cellular and circuit levels of resolution,
contributing valuable information all along the drug discovery pipeline,
from target identification to clinical trials.

7. Conclusion

Social cognition is becoming accepted as a reasonable treatment
target for schizophrenia, because impairments in social cognition ap-
pear to influence the long-term outcome of patients with schizophrenia.
Although several approaches using pharmacological and psychosocial
interventions have been attempted in clinical practice, the effectiveness
and tolerability of such treatments remain unclear. Future studies
identifying the timing of individual-level intervention and developing a
novel approach may be required to ameliorate impairments in social
cognition in schizophrenia. To this end, much work is still needed to
build the translational bridges among interdisciplinary research teams
in understanding mechanisms and measures of social cognition.
Multidimensional studies with cross-species comparisons, delineating
abnormalities at the molecular, cellular, and circuit levels may prove
useful for understanding the neurobiological substrates that are in-
volved in impaired social cognition, providing valuable insights to de-
velop potential therapeutic treatment for impairments of social cogni-
tion in schizophrenia.
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