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“Men ought to know that from the brain, and from the brain only, arise our pleasures, joys,
laughter and jests, as well as our sorrows, pains, griefs and tears. Through it, in particular, we
think, see, hear, and distinguish the ugly from the beautiful, the bad from the good, the pleasant
from the unpleasant, in some cases using custom as a test, in others perceiving them from their

utility. It is the same thing which makes us mad or delirious, inspires us with dread or fear,

whether by night or by day, brings sleeplessness, inopportune mistakes, aimless anxieties,
absent-mindedness, and acts that are contrary to habit. These things that we suffer all come
from the brain, when it is not healthy, but becomes abnormally hot, cold, moist, or dry, or suffers
any other unnatural affection to which it was not accustomed. Madness comes from its

moistness.”’

Hippocrates
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Reading the Mind in the Eyes Test
Single-cell based RNA
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Prephase

Interactions with conspecifics exert a crucial role in every form of life. From the trees that
thanks to their intricate root interactions exchange vital signals to animals that build up
groups to have advantages in terms of survival. Just like the intricate root system, neurons
create a sophisticated network finely tuning social cognitive processes and as a result an

even bigger network, that is social interactions.

This complex network of socio-cognitive processes involves specific regions of the brain
known as the social brain. These areas are subjected to deep changes during life and
especially during adolescence, a vulnerable time-window characterized by several

hormonal and behavioral shift.

Social brain areas were found frequently altered in individuals affected by
neuropsychiatric disorders such as schizophrenia, autism spectrum disorder (ASD) and
major depressive disorder (MDD). Core symptoms of mental disorders include social
cognitive deficits that deeply affect those individuals and their family well-being. One
social cognitive domain frequently affected is emotion recognition, which enables us to

understand and respond properly to the affective state of others.

The development of these disorders is primarily linked to genetic factors, although
environmental factors should not be overlooked. Extensive genomic studies identified
several genetic alterations involving proteins implicated in the regulation of synaptic

neurotransmission taking part in the onset of these disorders.

These genetic variations converge on a key molecular player in synaptic plasticity known
as Arc gene. The Arc gene is an activity-dependent immediate early gene that plays a
central role in the brain's response to the environment. Previous studies documented its
involvement in various conditions such as schizophrenia, ASD and AD, disorders
characterized by central social cognitive impairments. Unfortunately, the current
treatments being employed fail to adequately address these deficiencies. In light of these
circumstances, the objectives of this thesis are as follows: - 1) To identify a potential marker
associated with social cognitive deficits by specifically examining the direct involvement

of the Arc gene in social memory and emotion recognition during two distinct
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developmental stages, namely adolescence and adulthood; - 11) To assess the potential
efficacy of ketamine, given its capacity to modulate Arc and synaptic plasticity, as a
treatment for social cognitive deficits resulting from partial deletion of Arc; - iii) To
evaluate the role of the retrosplenial cortex (RSC), a component of the default mode
network (DMN) recently linked to emotion recognition, in the effectiveness of ketamine

as a treatment for the social-cognitive deficits.



Chapter I

General introduction



From birth everyone is daily subjected to a huge amount of cues; most of them are social.
As we grow, we firstly learn to perceive them and later on the fundamental ability of
discriminate and process them in order to generate a proper outcome. As a consequence,
we establish social connections in our environment, a fundamental factor for everyone's
well-being. Social behavior is an innate behavior highly conserved through vertebrates [2-
4]. A crucial stage in the development of social behavior is adolescence, which is marked
by hormonal and environmental changes as well as structural and functional maturation of
the brain. In particular, the prefrontal cortex (PFC) continues to undergo maturation until
adulthood, making it the last brain region to reach full development. Social connection is
essential for cooperation, affiliation, parental care, mating, play, pair bonding, efc [5, 6].
All these behaviors are the final output of several cognitive processes that are recognized
as social cognition [7-11] These abilities include the capacity to perceive, encode, store,
retrieve, and regulate information concerning both others and ourselves allowing us to
comprehend and infer other’s intentions, actions, and emotions, consequently influencing
our behavioral patterns and emotional responses- Each of these domains is finely regulated
by a network of brain regions commonly referred to as the social brain, which comprise
the medial PFC (mPFC), the anterior cingulate cortex (ACC), the inferior frontal gyrus,
the posterior superior temporal sulcus (pSTS), the temporo-parietal junction (TPJ), the
amygdala, and anterior insula. Alterations and dysfunctions that involve these brain areas
frequently underlie the onset of neuropsychiatric disorders, such as schizophrenia and ASD

[5, 6].

Social cognitive deficits have long been linked to ASD. However, it should be considered
that these deficits are not exclusive to this disorder, as they appear to be a core cognitive
phenotype of many neurological, psychiatric, developmental and also rare developmental
disorders [12]. This was recently supported by a study that specifically investigated
emotion recognition and theory of mind (ToM) in over 20 clinical conditions [13]. Given
that social impairments are common across various disorders, it is essential to integrate
social cognitive measures alongside existing neurocognitive measures. Moreover, these
deficits present a transdiagnostic concern, potentially serving as a neurological

abnormality biomarker that holds both clinical and functional significance.
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Neuropsychiatric conditions such as schizophrenia, MDD, and ASD are characterized by
social cognitive impairments as a central symptom. The social domains most affected in
individuals with these mental disorders encompass social perception, emotion recognition,

and mentalizing [14-19].

These impairments hinder individuals from effectively engaging in social interactions,
leading to a sense of detachment and resulting in significant consequences not only for the
affected individuals and their families' well-being but also from an economic standpoint
[20]. Despite their significant impact, social cognitive deficits have been overlooked

compared to other cognitive impairments throughout the years.

Over the past decade, our understanding of social cognition and the social brain has seen
significant advancements [21, 22]. Researchers have made notable progress in unravelling
the mechanisms that underlie how we perceive, interpret, and respond to social
information. This progress has been greatly facilitated by the development of sophisticated
preclinical models that allow us to probe neural circuits at a more detailed level, as well as
by neuroimaging technologies that provide unprecedented insights into the brain's activity
in real time [23-25]. However, despite these advancements, many aspects of this complex
cognitive process remain unclear. The intricate interplay between different neural
networks, the influence of cultural and environmental factors, and the developmental
trajectory of social cognition across the lifespan are still not fully understood resulting in
treatments that are unable to face these specific deficits. These areas present significant
challenges and opportunities for future research. To truly comprehend the complexities of
social cognition, further investigation is needed. This includes exploring the underlying
neural mechanisms that drive social behaviors, understanding how cultural and
environmental contexts shape social cognition, and examining how these processes
develop and change across the lifespan [26]. Addressing these questions will not only
enhance our understanding of the social brain but also has the potential to unveil new target
genes and implicated brain regions for more effective interventions and therapies for social

cognitive deficits.
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What is social cognition?

Every individual is constantly exposed to a multitude of internal and external stimuli on a
daily basis. Lately, this phenomenon has intensified, particularly with the advent of the
internet and social media leading to a growing concern regarding the potential adverse

effects on mental health and overall well-being [27].

The quality of life is inevitably influenced by the ability to properly perceive, recognize
and process these stimuli in order to generate an adequate response. The vast majority of
those stimuli are social. Before man’s first appearance on Earth social interactions have
proved to be essential. Social behavior is an innate component highly conserved through
animals, adopted to increase an animal’s fitness and ensure the conservation of the species.
Social groups encompass various types of organisms such as wolves and fish. There are
then eusocial species that live in colonies such as some bees and wasps, ants, and two
species among mammal (the naked mole rat and the Damaraland mole rat) [28, 29]. This
behavior emerges soon after birth, in humans and primates around 14 months, and growing
up we became able to finely regulate it to use it to our advantage [2-4, 7, 8, 10, 11]. The
significance of centrality in daily existence is prominently demonstrated by the
circumstances in which a social cognitive impairment leads to an array of unfavorable
consequences, such as mental and physical deficiencies, functional disability,
unemployment, and a generally diminished quality of life [2, 8]. This is particularly
evident in the context of mental disorders, where social impairments play a central role

[30, 31].

Social connection is fundamental for various aspects of human and animal behavior such
as cooperation, parental care, mating, play, pair bonding, etc. These behaviors are the final
output of advanced cognitive processes that represent subdomains that can be grouped as

social cognition.

Social cognition has been defined by the National Institute of Mental Health as the “mental
operations that underlie social interactions, including perceiving, interpreting, and
generating responses to the intentions, dispositions, and behaviors of others.” [32]. The

concepts of social cognition date back to the early 20" century with the work of the
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American philosopher and sociologist George Herbert Mead on the importance of social
interactions in the development of a sense of “self” and in the comprehension of others
(George Herbert Mead, Stanford Encyclopedia of Philosophy). Similarly, the research of
the psychologist and biologist Jean Piaget, father of genetic epistemology, on individual
cognition contributed to our understanding of how individuals comprehend the
perspectives and intentions of others [33]. Subsequently, Fritz Heider with his Attribution
Theory fundamentally explores how individuals interpret and assign causes to behaviors
and events in social contexts. This theory emphasizes the human tendency to seek
explanations for actions, which is crucial for understanding interpersonal relationships and
social dynamics [34]. Albert Bandura is widely recognized for his contributions to the field
of social cognitive theory and the concept of self-efficacy. Specifically, Bandura placed
great emphasis on the crucial role of observational learning and modeling in behavior
development, asserting that much of human learning is fundamentally rooted in social
interactions [35]. Their work has profoundly influenced various fields, including research,
education, public health, and clinical practice. Although behavioral scientists had
extensively investigated these cognitive functions, neuroscientists had previously
overlooked them [50]. Over time, the study of social cognition has been enriched by
insights from neuroscience and developmental psychology as well as by integrating new

methodological approaches.

Social cognition encompasses a wide range of cognitive processes, including perceiving,
encoding, processing, storing, retrieving and decision-making, which are essential for
understanding and interpreting others' thoughts, intentions, affective states, and actions,
and generating appropriate behaviors accordingly. Individuals perceive social stimuli in
real-time by interpreting the behaviors of others. This process involves the decryption of
these stimuli, which are then processed and transduced through one or more sensory
pathways. The resulting neural signals are subsequently integrated with memories of past
experiences and future predictions. This integration allows for the generation of
contextually appropriate responses [36]. These subdomains have been classified over the
years within the field of social perception, social understanding or ToM and decision-

making [37].
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A fundamental requirement for social cognition and social perception is the capacity to
differentiate between objects and individuals [38]. The exemplary instance that
exemplifies this is the neural processing of human faces, which yields comprehensive
information about both dynamic aspects of others, such as emotions and intentions, and
unchanging traits, such as identity [39]. Although facial expressions represent one of the
most powerful mode of emotional communication, the latter can also encompass bodily
movements, vocal cues and eye gaze [40-45]. The success of social interactions depends
on our capacity to comprehend and interpret the thoughts and intentions of individuals.
This entails decoding their cognitive states, including beliefs, desires, intentions, goals,
experiences, sensations, and emotions. The development of a ToM plays a pivotal role in
this process, as it enables us to acknowledge that individuals possess distinct mental states,
information, and motivations compared to our own [46]. To evaluate our aptitude in
comprehending the thoughts of others, tasks are employed to determine whether we can
effectively represent their mental states, attribute them to ourselves or others, and
subsequently employ this understanding to predict and comprehend their behavior [47-
49]. Understanding the reasons behind the behavior of others is pivotal in making
appropriate decisions within social contexts. These decisions are frequently made within
intricate and in development environments, both through direct interactions and indirect
interactions with others. In order to optimize our decision-making, it is important to take
into account the decisions that have already been made by others, provided that we are
aware of them, or to predict the choices that others will make if they align with our own
preferences. Moreover, it is essential to recognize the potential consequences that our
decisions may have on both ourselves and others. Each of these processes is finely

regulated by a network of brain areas known as the social brain.
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The social brain

A formal definition of social cognition and social brain was initially established in 1900
by neuroscientist Leslie Brothers [50]. Brothers's research, mainly based on Karmiloft-
Smith's studies, focused on the distinct brain regions implicated in specific social
processes, including facial recognition and ToM, the ability to attribute a certain mental
state to oneself and to others [51, 52]. The hypothesis that there are distinct domains for
social cognition was experimentally confirmed by Karmiloff-Smith [53], through a study
involving brain-damaged children who exhibited deficits in areas such as face recognition
and language. Various social cognitive impairments were observed in conditions such as
Down syndrome and William syndrome. These findings led to the proposition that these
processes are governed by distinct subdomains and different regions of the brain. Later,
Sarah Newmann introduced the concept of “social behavior network™ which refers to the
highly interconnected brain regions that support and coordinate social behavior in
mammals (Fig.1) [54]. The regions that constitute the social brain include the medial
prefrontal cortex (mPFC), anterior cingulate cortex (ACC), inferior frontal gyrus, posterior
superior temporal sulcus (pSTS), temporo-parietal junction (TPJ), the amygdala, and the
anterior insula [22, 55, 56].

ACC IFG IPS 3|

Figure 1. Brain regions recognized as social brain. Image from [56]
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Different systems operate concurrently during social interactions. First, it is necessary to
properly attribute significance to social and sensory stimuli. The affective system,
comprising the amygdala, hypothalamus, striatum, nucleus accumbens, ventrolateral
prefrontal cortex (VIPFC), ventral anterior cingulate, and the anterior insula, assumes a
crucial role in this cognitive process. Subsequently, the assessment of the context and
meaning of these stimuli hold importance. The cognitive-regulatory system, encompassing
areas of the orbitofrontal, dorsomedial, and ventral prefrontal cortex, is involved in
regulating this aspect. Lastly, the mentalizing system is accountable for attributing specific

states to oneself and others. This system encompasses the mPFC, the TPJ, and the STS.

Multiple studies have presented a fragmented view of the social brain, encompassing both
its cognitive and behavioral aspects throughout the years. The cognitive dimension of the
social brain involves the neocortical brain structures responsible for supervising complex
cognitive functions. Key components within this realm include perception and ToM, which
hold significant importance. In contrast, the social behavior network mainly consists of
subcortical regions (such as the limbic forebrain and midbrain structures) that have been
evolutionarily preserved, governing fundamental social functions [22, 57]. It is imperative
to emphasize that these two systems works in conjunction, with each being reliant on the
other. Consequently, viewing them as distinct entities rather than an integrated system is

illogical [58].

Nevertheless, for a better investigation, social cognition has been divided in several
subdomains each serving different functions and that diversely involves the regions of the
social brain. Social cognition encompasses various subdomains that are crucial for
comprehending human relationships and social interactions. Collectively, these
subdomains contribute to the intricate processes involved in social cognition, with
implications for wvarious neurological, psychiatric, and developmental disorders,
underscoring their importance in everyday social interactions and overall cognitive

functioning [37].

Over the last two decades, a growing body of evidences has found overlaps between social
brain areas and the DMN, a set of brain regions that show increased activation during
wakeful rest, self-thoughts and introspection [59, 60]. These areas show frequently

abnormal activity and impaired inhibitory/excitatory balance in mental disorders [61-63].
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In particular, during certain social task, both the social brain and specific area of DMN
are activated, confirming its involvement in various domains of cognitive and social
processing [59, 64, 65]. Notably, the RSC, has recently been identified as part of a circuit
that contributes to normal emotion recognition ability in mice. Emotion recognition

represent a crucial social cognitive domain during the initial stages of social interaction.
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Emotion recognition

Emotion recognition refers to the capacity to perceive and identify the affective states and
potential intentions of others based on nonverbal cues. Research has shown that
individuals require about only 100 ms to perceive and interpret social stimuli in order to
generate appropriate responses [66]. Much of this information is available from
interpreting facial expressions and acoustic cues. Recognizing social cues coming from
others and consequently understanding their emotional states is deemed crucial for

successful social interactions and for overall well-being [67].

This fundamental ability develops early in life; it starts around 5 years old and reached
adult levels by 11 years [68-70]. Impairments in this ability are commonly observed in the
early stages of wvarious neurodegenerative, neurodevelopmental, neuropsychiatric
conditions [71-74]. As recently observed, such impairments have also been noted in case
of ischemic stroke [75-78]. Notably, these deficits serve as core symptoms in conditions
such as ASD and schizophrenia [72, 79-82]. Unfortunately, despite the potential of
psychosocial interventions, the currently available therapeutic interventions often fall short
in effectively targeting and addressing the intricate nature of social cognitive deficits [83].
This inadequacy can result in individuals experiencing pronounced social withdrawal,
which further exacerbates their condition and hinders overall social functioning. The need
for more specialized and comprehensive treatment approaches is therefore crucial to

mitigate these challenges and improve the quality of life for affected individuals.

Given the crucial role of emotion recognition, social neuroscientists have conducted
numerous studies trying to uncover the neural mechanism underlying face and emotion
recognition [3, 84-86]. In human studies, evaluating emotion recognition skills can be
achieved through one of the most commonly used tasks for assessing social cognition: the
emotion recognition task. This task involves the identification of different facial
expressions presented in static photographs or dynamic reproductions. One frequently
used set of expressions is known as Ekman's faces, which depict actors exhibiting the six
basic emotions: happiness, sadness, fear, surprise, disgust, and anger [87]. Associating this
task with fMRI techniques has proven to be a valuable tool. Despite some contrasting

findings, it has been observed that processing facial cues involves the STS and the inferior
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occipital gyrus [84, 88, 89]. Moreover, recent studies have demonstrated the participation
of the amygdala in not only fear and threat processing, but also the recognition of surprised
and happy facial expressions [90-92]. It was observed that the amygdala may play a crucial
role in detecting and processing socially salient cues [93-96]. Additionally, over the course
of several years, numerous studies employing brain lesions and neuroimaging techniques
have indicated the significant involvement of the mPFC in socio-cognitive functions, with

a particular focus on emotion recognition [97, 98].

Other brain regions involved in emotion recognition ability include the frontal lobe,
responsible for higher emotional control, the occipital lobe, essential for visual processing,
and the parietal lobe, contributing to cognitive activities related to emotional valence. In
general, a network of brain regions collaborates in emotion recognition, highlighting the
complexity and interconnected nature of emotional processing in the brain [99, 100]. It is
plausible that within these regions, there exist specific differences at the circuit and genetic
level that impact different aspects of emotion recognition and processing. A better
understanding of the brain regions and connective pathways implicated in the perception
and processing of emotions would facilitate the development of more appropriate
treatment strategies. Unfortunately, our current capacity to conduct such an analysis in

human studies is limited.

Nevertheless, it has been extensively documented that these brain regions undergo
significant structural and functional changes throughout an individual's lifespan, with
adolescence being a particularly critical period. It is during this developmental stage that
deficits in these abilities often become noticeable, serving as early indicators of

neuropsychiatric disorders.
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Adolescence

Adolescence is a sensitive period in the establishment of social behavior. This stage of
development, between 10 and 24 years old, is characterized by great changes. Specifically,
these changes regard the structural and functional brain maturation but are also physical,
hormonal, environmental, social and emotional [107, 108]. It is during this period that our
ability to learn increases as well as our emotions and reactions to other emotions become
more complex [107]. While face processing begins at the age of 7, it is throughout
adolescence, particularly late adolescence, that there is a refinement of social information
processing due to new socially relevant cues [109-112]. Peers become a larger part of

young people's lives, consequently relations and interactions dramatically change [113].

Both the physical and behavioral manifestations of adolescence were observed across
mammalian species, enabling rodent models to study adolescent development [114, 115].
In rodents, adolescence is typically defined as the postnatal period from weaning (PND
21) to adulthood (PND 60). In more detail, the period can be divided into three age
intervals: early adolescence (PND 21 — 34), middle adolescence (PND 34 — 46), and late
adolescence (PND 46 — 59) [116, 117].

As previously stated, this phase is characterized by notable structural and functional
modifications of the brain, including alterations in cortical volumes [118]. Specifically, it
is observed a decrease in cortical grey matter and an increase in white matter volume and
density, with the largest decrease observed in the parietal lobe [119]. However, evidence
suggests that the decrease in grey matter is not unilateral across the brain. The regions
mainly affected by this decrease are the bilateral insular cortex, the ACC, left para-
hippocampal gyrus, left middle frontal gyrus, postcentral gyrus, and thalamus [120]. This
decrease may be driven by pruning, a mechanism that starts in childhood and leads to a
more efficient brain circuitry through the elimination of unnecessary connections [121]. In
fact, there is a significant reshaping through pruning that ends with the anterior part of the
brain, specifically the PFC which is functionally involved in the executive control of
behavior and decision-making processes [122, 123]. Specifically, the PFC continues to

undergo maturation until adulthood, making it the last brain region to reach full
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development [124]. Disruptions in normal developmental pruning processes have long

been implicated in the pathogenesis of schizophrenia [125].

Other important modifications regard the glutamatergic, GABAergic and dopaminergic
neurotransmitter systems [124, 126]. Regarding the dopaminergic system previous studies
have demonstrated an overall increase of DA and dopaminergic innervation in the PFC
during development, followed by a decline in adulthood [127-130]. Post-mortem
observations in humans have also reported increased levels of DA in the striatum until
adolescence, after which they either decrease or remain stable [131]. Thus, it appears that
adolescence in rodents is characterized by a subcortical increase in DA compared to
childhood and adulthood. Conversely, DA availability in the cortex is lower during
adolescence compared to adulthood [132]. Furthermore, a peak in DIR and D2R
expression has been observed between PND28 and PND42 in the caudate and putamen
[133, 134]. Additionally, it has been found that only during late adolescence (PND 50)
there is a strong excitatory action D2R-mediated onto GABAergic activity in the PFC
(Tseng et al., 2006; Tseng and O'Donnell, 2007). In summary, the existing evidence
suggests that both primates and rodents experience increased availability of DA during
adolescence, which enhance overall functionality. Furthermore, research indicates that
adolescents show higher levels of glutamate in the dorsal ACC, a crucial hub involved in
emotion processing and empathy, compared to adults [135, 136]. Additionally, during this
period it was observed increased GABA in PFC as well [137].

In summary, adolescence is a period characterized by significant changes, particularly in
terms of social behavior. As a result, as well as the postnatal phase, this is marked by
heightened vulnerability. During adolescence, stressors such as social stress and cannabis
use can impact the functioning of microglial cells, which in turn can have consequences
for the proper development of neural circuits and the balance between excitatory and
inhibitory signals in the brain. This stage of life is commonly associated with the onset of
various neurological and psychiatric disorders, including epilepsy, neurodegenerative
diseases, neuromuscular dysfunction, as well as anxiety, impulse-control issues, substance
abuse, schizophrenia, and mood disorders. It is worth noting that the peak age of onset for

all mental health conditions is typically around 14.5 years [138, 139].
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Some studies examined fundamental brain development processes in both rodents and
humans, to delineate a comparable time course of postnatal brain development across
species. In general, the same changes regard both rodents and humans making rodents a
good tool to better understand brain development and networks critically involved in the

establishment of neurodevelopmental and neuropsychiatric disturbances.
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Neuropsychiatric disorders and social deficits

Mental disorders are considered one of the top ten causes of disability worldwide.
According to the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) in
2019, it is estimated that approximately 970 million individuals are affected by these
disorders, with no evidence of a decrease since 1990 [140]. The persistent nature of these
disorders is concerning as they increase the risk of other health outcomes, such as suicide
[141]. Epidemiological research indicates that the COVID-19 pandemic in 2020 has
created an environment in which various factors contributing to poor mental health
outcomes have been exacerbated. This, in turn, has potentially led to an increase in
common mental disorders such as MDD, anxiety disorders, PTSD, schizophrenia and
neurodevelopmental disorders [142].
Despite the observed increase in mental disorder treatment since 1990, particularly in high-
income countries, it has been noted that those efforts have fallen short for a significant
portion of patients. The current level of treatment is still insufficient to meet the minimum
standards or reach those individuals in the population who are most in need. In order to
alleviate the burden of mental disorders, there is a need to expand the implementation of
effective prevention and treatment programs with established efficacy. This should be

done to cover a larger portion of the population for a longer duration [140].

The rise in mental disorders and the inadequate provision of treatment have a direct impact
on the economy as well. A recent study revealed that mental illness in the U.S. incurs an
annual cost of approximately $282 billion [20]. Mental disorders generate costs not only
in terms of medical care and hospitalization but also in terms of income and productivity
losses due to disability, which can result in absenteeism and presenteeism. It results in a
rise in economic instability and poverty which serves as a vulnerability factor for the

development of these disorders, perpetuating a vicious cycle.

As well as mental disorders, neurodegenerative disorders such as AD, Huntington and
Parkinson disease represent one of the common causes of disability and death affecting
millions of people worldwide 38018250. Neurodegenerative disorders are characterized

by the progressive loss of synapses and neuronal cells in the central nervous system (CNS)
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[143]. Neurological and mental disorders frequently share the same altered signaling
pathways, neurotransmitters and genes, but most important they often share severe social
cognitive deficits. Nearly all neurological disorders that impact the functioning of the brain
possess the capacity to disrupt social cognitive function. Neuropsychiatric,
neurodevelopmental, and neurodegenerative disorders, as well as traumatic brain injury or
stroke, manifest deficits in social cognition as a central characteristic [144]. These
impairments have a significant impact on the quality of life and mental health of the
individuals affected, as well as on their families. They prevent them from establishing and
maintaining social relationships and networks, which in turn lead to unemployment and

social withdrawal [145].

Since these impairments are often an early indicator of subsequent pathologies, it would
be beneficial to conduct a comprehensive social cognitive assessment for a wide range of
neurological conditions. There is a growing body of evidence suggesting that social
cognitive performance could be utilized as an effective screening tool for individuals with
neurodegenerative conditions. Reports indicate that the presence of social cognitive
deficits in individuals with pre-manifest Huntington's disease may signify a notably higher
likelihood of developing motor symptoms within the subsequent 5 years [146].
Additionally, the screening of social cognitive functions has the potential to enhance the
early differentiation between various types of cortical dementias. This implies that
assessments of social cognitive abilities might be beneficial for pinpointing individuals in
the initial stages of, or at risk of developing, behavioral-variant frontotemporal dementia

as opposed to AD, especially in patients with mild cognitive impairment [147, 148].

The importance of social cognition has been officially recognized in the fifth edition of the
Diagnostic and Statistical Manual for Mental Disorders (DSM-5). It is regarded as one of
the six essential neurocognitive domains (American Psychiatric Association. Diagnostic
and Statistical Manual of Mental Disorders Fifth Edition (American Psychiatric
Publishing, 2013). Despite this evidence and its recognition in the DSM-5, social cognitive
deficits are often overlooked compared to other aspects of cognition such as memory,
processing speed, and executive function [149, 150]. These deficits relate to different

subdomains of social cognition such as social perception, emotion recognition and ToM.
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The detection of social stimuli is deeply ingrained within memory systems to rapidly
categorize stimuli as significant, leveraging prior experiences. Information processing in
this network occurs rapidly and automatically, and it is accountable for maintaining
vigilance towards potentially significant stimuli [151]. In performing this role, it is
probable that the network interacts with the salience network that detects the importance
of both internal and external events, thereby triggering the activation of other brain circuits
and higher-order cognitive controls [152]. Failures in social perception often result in
difficulties in recognizing and responding to basic social and emotional cues. This includes
challenges in interpreting facial expressions, body language, eye contact and voices.
Impairments in social behavior are often a direct consequence of failures in social
perception. It was recently proposed emotion discrimination impairment as a causal factor
for the onset and the maintenance of mood disorders. This specific deficit indeed
represents a core symptom of schizophrenia, ASD, AD and MDD [81, 153-157].

Schizophrenia is a neuropsychiatric disorder that affects approximately 20 million
individuals worldwide, and it is associated with a heritability rate of 80% [158-161]. This
disorder is characterized by significant impairments in social interaction and related
abnormalities. Individuals with schizophrenia exhibit deficits in both high and basic level
social inferences, mainly affecting emotion recognition through face and voice perception
and ToM, which contribute to the development of paranoid symptoms and social

withdrawal [18, 162].

Various tasks have been designed and implemented to assess these deficits such as the
false-belief task, the Awareness of Social Inference Test (TASIT) and the Reading the Mind
in the Eyes Test (RMET) since individuals with schizophrenia demonstrate greater
difficulty compared to healthy controls in utilizing eye gaze cues to understand another

person's thoughts or emotions [163-166].

Altered emotional reactions are prevalent among individuals with ASD, who demonstrate
a diminished capacity for emotional empathy and deficits in communications and facial
and gestures comprehension as observed by functional neuroimaging, eye tracking and
electrophysiological studies on affected children and adults [15-17, 19, 167]. It was shown

that even infants as young as 12 months old, who show less distress in response to certain
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stimuli, may later be diagnosed with autism [168]. Assessing abnormalities in affective
empathic responses among individuals with ASD typically involve a series of
questionnaires that directly ask about an individual's ability to feel warmth, concern, or
compassion for others, such as the Empathic Concern subscale of the Interpersonal
Reactivity Inventory (IRI-EC) and the Multifaceted Empathy Test (MET) [169].

The same challenges regarding affective empathy are likewise observed in additional
conditions correlated with brain damage, encompassing traumatic brain injury, dementia,
and diverse personality disorders [170]. For instance, individuals diagnosed with
narcissistic personality disorder demonstrate impaired emotional empathic responses,
indicating a deficiency in affective empathy [171]. Moreover, individuals with
psychopathic personality disorders show specific impairments in the neural mechanisms

associated with experiencing others' emotions [172].

Another common disease that is associated with deficits in a particular domains of social
cognition is AD. Specifically, deficits have been identified in the interpretation of cues
related to emotional states, such as facial expressions [173, 174]. Social perception failures
often manifest as difficulties in identifying the emotions of others, and there are several
measures available to assess this ability through the presentation of high-intensity facial
expressions in static photographs. The most extensively used test even in this condition is
the Ekman Faces, for which it has been recently developed and thoroughly validated a
corresponding behavioral paradigm to specifically investigate emotion recognition in
rodents [175].

Social-cognitive deficits also affect individuals diagnosed with PTSD, especially in the
domain of emotional information processing. Specifically, these individuals demonstrate
impairments in accurately decoding various emotions, such as sadness and fear, which

subsequently lead to abnormal behavioral responses [176-178].

MDD’s main disturbances include social reward, pain processes, as well as mentalizing.
Consequently, these deficits leads to other observed complications, including decreased
interest in social interactions, heightened sensitivity to peer rejection, decreased

cooperativeness, competition avoidance, and alterations in social decision-making [179].
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Patients with MDD also exhibited impaired emotion recognition [180]. The brain regions
involved in processing stimuli, such as the amygdala, insula, para-hippocampal gyrus,
fusiform face area, and putamen demonstrated hyperactivity in response to negative
stimuli and hypoactivity in response to positive stimuli [181]. Furthermore, the abnormal
activation of these regions likely indicates a malfunction in higher-order neural networks
involved in perception, affiliation, and aversion. Additionally, abnormal patterns of
activation were observed in the ventral PFC and dorsolateral PFC while processing faces
[182].

Most of the brain regions that exhibit abnormalities resulting in the reported disturbances
are components of the social brain. Specifically, it has been observed the involvement of
the OFC, the ACC, and the temporoparietal junction. The latter, plays a central role in
integrating social, attentional, memory, and language processing streams to construct a
social context for behavior [183-185]. Abnormalities and alterations of these areas can be
the result of a disrupted pruning during adolescence. Accordingly, recent research
conducted on samples of adults with schizophrenia has confirmed postmortem findings of
lower levels of presynaptic protein markers, such as SV2A. This is thought to reflect an
overall lack of synaptic terminals due to excessive pruning [186].
Moreover, cortical gray matter reductions in schizophrenia have been hypothesized to
result from either early insults, such as reduced synaptogenesis during early life, or late
insults, such as exaggerated pruning during adolescence, or a combination of both [187].
Moreover, disturbances in neurotransmitters, specifically serotonin, GABA, and
dopamine, have been implicated in social cognitive impairment. This connection aligns
with the Yerkes-Dodson law, which postulates that a moderate level of these
neurotransmitters is necessary for optimal functioning. Additionally, neuropeptides such
as oxytocin and vasopressin exert a crucial influence on social cognition and behavior,
with elevated peripheral levels correlating with more favorable social behavior [188].
Furthermore, variations in the genes responsible for the production of these "social"
neuropeptides have been associated with disparities in social behavior, empathy, pro-social
tendencies, characteristics resembling autism, as well as heritable conditions like autism.
Notably, intranasal administration of these neuropeptides has demonstrated the ability to

Impact emotion recognition, mentalizing, and prosocial behavior [189-192].
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The etiology of these disorders includes both genetic and environmental contributions.
Environmental factors such as poverty, urban living, childhood adversity, or cannabis use
during adolescence exert a non-negligible contribution capable of increasing the risk of
mental disorders [193-195]. Nevertheless, genetic alterations represent the primary factor
that significantly enhances the vulnerability to developing such disorders. Over the past

decades, a huge amount of studies have explored the genetic contribution.

Studying these biological substrates in mammals, such as rodents and nonhuman primates,
has the potential to greatly enhance our comprehension of social dysfunctions, thus paving
the way for more accurate and efficacious therapeutic interventions. In support of this, it
was observed that emotion recognition ability is shared among social species such as
nonhuman primates, horses, dogs, sheep and recently also rodents [9, 101-103]. Primates
have exhibited a remarkable capacity not only to discern the emotions of their conspecifics
but also to classify their emotional states and predict their forthcoming behavior [104,
105]. Additionally, investigations employing electrophysiological studies on monkeys
have unveiled parallelisms in the neural regions involved in the processing of facial
expressions linked to emotions, between human and non-human primates. Using animal
models can serve as a valuable approach to further explore the mechanisms and social
brain regions that regulate the abilities mentioned, which are frequently impaired in
various disorders. Moreover, animal models may be considered for examining the
function, contribution, pharmacological response and interactions of genes associated with
an elevated risk of developing mental disorders allowing the exploration of potential

treatments that have not yet been thoroughly examined [72, 106].
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Animal models of mental disorders

Animal models play a crucial role in the study of mental disorders, providing valuable
insights into the investigation of the pathological mechanisms implicated in disease
progression and the effect of potential therapeutic interventions. Existing research suggests
that these models have the ability to faithfully replicate human psychiatric symptoms or
conditions, thereby facilitating the exploration of behavioral, neurobiological, and genetic

factors associated with disorders like depression and anxiety [196].

The insufficiency of effective pharmacological treatments for psychiatric disorders
highlights the limited comprehension surrounding their causes and mechanisms.
Consequently, there is a pressing need to establish robust models that can provide insights
into the neurobiology that underlies these disorders and facilitate the identification of
biomarkers for diagnostic purposes and the advancement of novel therapeutic approaches.
For instance, the initial discovery of chlorpromazine and clozapine, which were the first
effective drugs for complex psychiatric conditions like schizophrenia, was achieved
through the observation of the behavioral changes in experimental animals following drug
administration. Over the past few decades, many CNS drugs have been approved based on

a phenotypic screening approach using animal models [197].

The initial animal models employed for the study of mental disorders were established by
inducing lesions or administering acute drug dosages. These investigations played a
pivotal role in the initial exploration of pathological conditions. For instance, the
examination of substances such as amphetamine and other dopaminergic agents yielded
invaluable findings concerning the involvement of DA in schizophrenia [198, 199].
Preclinical studies have experienced a great advantage after the advent, in the 1980s, of
recombinant DNA technologies [200, 201]. In fact, genetically modified rodent models
serve as valuable tools for investigating the genetic and molecular mechanisms underlying

psychiatric disorders.

Recently, the utilization of single-cell based RNA sequencing (scRNA-seq) has yielded a
more precise comprehension of the molecular and biological determinants underpinning
diverse psychiatric disorders [202]. Classical transgenic rodent models play a crucial role

in advancing our understanding of the consequences associated with the loss of function
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or downregulation of specific genes in psychiatric disorders. Moreover, the emergence of
the tissue-specific Cre-loxP system has allowed researchers to investigate the effects of
gene deletion and overexpression in a more precise and temporally controlled manner
across different regions. More recently, the clustered regularly interspaced short
palindromic repeats/CRISPR-associated protein 9 (CRISPR/Cas9) system has been
recognized as a powerful tool, empowering scientists to precisely edit the genome

generating highly customized organism [203].

The utilization of preclinical models in biomedical research enables a rapid observation
and assessment of different stages of disease progression, which cannot be achieved with
the same efficiency and precision in human subjects. Furthermore, these models enable
researchers to conduct invasive investigations that reveal critical structural and molecular
modifications that occur throughout the entire trajectory of the disorder, thereby enhancing
our understanding of its pathophysiology. Moreover, preclinical model play a crucial role
in the identification of novel pharmacological targets, which is essential for the
development of more effective therapeutic interventions with the goal of enhancing patient

outcomes in future clinical settings [204].

To assess the efficacy of animal models, it is important to consider validity and reliability
criteria [205]. The first criterion is face validity, which entails ensuring that an animal
model closely resembles the corresponding human behavior. Researchers studying animal
models of human psychiatric disorders are increasingly focusing on endophenotypes -
measurable characteristics or traits that underlie behavioral symptoms. Endophenotypes,
although not immediately observable, can provide insights into the underlying
neurobiology, such as the identification of specific genes. However, a limitation of
endophenotypes is their lack of specificity, as certain impairments may be shared by
multiple disorders (e.g., impaired PPI). The second criterion is predictive validity, which
requires that an animal model allows researchers to make predictions regarding the human
phenotype. For instance, the assessment of amphetamine-induced behavior to study the
effectiveness of antipsychotics is based on the increased dopamine levels induced by
amphetamine, which mimics the human condition. The third criterion is etiological
validity, which refers to the ability to determine that a specific observed behavior is driven
by mechanisms similar to those involved in human behavior. Finally, genetic validity is
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the criterion that focuses on the shared genetic component behind the risk of developing a

disease in both humans and rodents.

Rodents have been identified as an ideal preclinical model for investigating social
cognition. Similar to numerous other mammals, they are social beings that participate in
intricate interactions and establish robust social hierarchies that are shaped by their
surroundings. A recent study has demonstrated, for the first time, that mice exhibit
discernible facial expressions when exposed to different sensory stimuli, a phenomenon
that can be discerned by observers who are not familiar with the animals [206]. Research
has demonstrated that rodents possess the capacity to perceive and respond to the emotions
exhibited by conspecific. They exhibit empathetic behaviors, such as "vicarious freezing,"
whereby they freeze in reaction to observing another distressed rodent [207]. This
phenomenon is commonly referred to as emotional contagion, in which emotional
responses become synchronized among individuals. Moreover, studies have indicated that
rodents can detect changes in the emotional states of their peers, even in the absence of
direct involvement in emotional contagion. They display behaviors including heightened
social approach and allogrooming. Taken together, these findings underscore the rodents'
capacity to perceive and react to the emotional states of their counterparts in a range of
manners. This comprehension can prove invaluable in investigating genetic contributions

and potential remedies for deficits in social cognition.
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The Arc gene

Genomic-wide association studies (GWAS) and large-scale genomic investigations have
identified hundreds of common genetic variants that confer a higher risk of developing
neuropsychiatric pathologies. It was observed that the majority the common risk variants
belong to a set of genes involved in synaptic transmission, cytoskeletal development, and
histone methylation [208]. Several mutations refer to proteins of the postsynaptic density
complex interacting with the Activity Regulated Cytoskeleton Associated Protein (Arc)
[209-211].

Arc is an immediate early gene (IEG) highly conserved in vertebrates that plays a critical
role in the modulation of experience-dependent synaptic plasticity, learning and memory
[212, 213]. Arc gene is expressed selectively in Ca2+/calmodulin-dependent kinase II
alpha (CaMKIIa)-expressing neurons in the neocortex, hippocampus (HPC), and striatum
at dendritic level and in the nucleus [214, 215]. In addition, it has been observed that is
directly regulated by CaMKII, an essential component for plasticity and memory

formation [216].

Arc expression is activated in response to silent stimuli, sensory experience, spatial
exploration, learning and its mRNA is rapidly transported to dendrites where it is locally
translated targeting recently activated synapses [213, 217-221]. Based on that is considered

a reliable marker for plasticity change in the brain [217].

The Arc gene governs various cellular mechanisms that are fundamental to the processes
of learning and memory formation [213]. These mechanisms depend on its localization in
the cell and its interaction partners [222]. The molecular mechanism behind learning e
memory involves the modulation of neural synapses through different form of synaptic
plasticity, mainly Hebbian and homeostatic synaptic plasticity [223]. Surprisingly, several
studies have demonstrated that Arc is required for both, regulating synaptic structure,

transmission and strength [224].

Preclinical studies have been documented that the expression of Arc is crucial for long-
term memory, thus providing robust evidence for its significant contribution to late-phase

LTP, while potentially assuming a role in early-phase LTP [225, 226]. The underlying
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mechanism of this phenomenon can be elucidated by the notion that LTP induces actin
polymerization and stabilization, resulting in heightened spine numbers. Consequently,
Arc localizes itself to the actin cytoskeleton and specifically promotes the formation of
dendritic spines [224, 227-229]. Furthermore, Arc expression not only regulates synaptic
strengthening through LTP, but also mediates synaptic weakening through LTD [230-232].
It is possible that Arc exerts this function by modulating the trafficking of AMPA-type
glutamate receptor (AMPAR). In fact, it has been observed that Arc is necessary for the
removal of synaptic AMPA receptors during the initial phase of mGluR-dependent LTD
[231, 233, 234]. Homeostatic scaling adjusts the strength of excitatory synapses of
neurons, either increasing or decreasing it, in order to maintain stable levels of activity
despite fluctuations in input activity. This mechanism assists neurons in maintaining their
overall activity within a functional dynamic range. It has been observed that the regulation
of this fundamental mechanism is influenced by the level of Arc expression, which controls

both up and down scaling [235, 236].

In addition to its crucial involvement in synaptic plasticity, the mechanisms that consider
Arc as a significant regulator can be classified into the following domains: AMPAR
trafficking, regulation of spine size and morphology, and regulation of the Notch signaling

pathway [1, 227, 237, 238].

The regulation of the AMPA-type glutamate receptor (AMPAR) trafficking may be
considered one of the most prominent function through which Arc affects synaptic
plasticity. Binding the TARP family of AMPAR chaperones promotes endocytosis in
response to synaptic activity [1, 210]. This endocytic pathway maintains levels of surface
AMPARSs in response to chronic changes in neuronal activity through synaptic scaling,
thereby contributing to neuronal homeostasis. Chowdhury et al proposed a potential
mechanism explaining the trafficking process (Fig.2). They claimed that Arc acts through
the interaction with components of the endocytic machinery, dynamin and endophilin.
Then this complex modulates vesicle recruiting and endosome formation that selectively
traffic AMPAR. Arc expression increase the rate of AMPAR endocytosis reducing the level
of surface AMPAR.
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Figure 2. Mechanism Arc-mediated behind AMPAR trafficking proposed by Chowdhury et al. [1]

Furthermore, in vivo and in vitro studies demonstrated that the Notch signaling depend on
Arc expression, and specifically of the Arc-endophilin-dynamin complex [237]. Notch
signaling play a role in development and is also important in regulating neuronal
differentiation, survival and plasticity [239-241]. The exact function and implications are
not yet known, but disruption of Notchl signaling impairs both LTP and LTD in
hippocampal slices [227, 237, 242].

Arc has been found to be linked to another important scaffolding protein in excitatory
neurons called PSD95 [243-247]. Additionally, a study conducted in 2016 provided the
first evidence of Arc gene expression in migratory dendritic cells found in the skin [248].
Arc plays a role in regulating cytoskeletal changes in dendritic cells, thereby enhancing
migration in response to inflammation. The researchers also observed that Arc was
necessary for triggering T cell responses in two different disease models, namely

experimental autoimmune encephalitis and allergic contact dermatitis.
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Given that Arc gene is implicated in multiple mechanisms and displays distinct regulatory
patterns in response to different stimuli and signaling pathways elucidating a unified
mechanism that underlies its role in regulating synaptic plasticity can be challenging.
Synaptic plasticity plays a fundamental role in the development and functioning of the
brain, enabling environmental adaptability, learning, and overall well-being.
Consequently, abnormalities in synaptic transmission and plasticity are closely associated
with a wide range of disorders, including MDD, PTSD, ASD, addiction, schizophrenia,
and AD [249-251]. Considering the pivotal role of the Arc gene in various forms of

synaptic plasticity, numerous studies have investigated its contribution to these disorders.

As already mentioned, GWAS and large-genomic studies have observed that Arc and Arc-
associated gene set are highly enriched for small de novo mutations, copy number variants
and rare variants in schizophrenia as well as ASD [211, 252-256]. Accordingly, several of
the genes associated with schizophrenia risk encode proteins that bind to the Arc N-lobe.
Moreover, a significant decrease in the expression of Arc mRNA has been observed in the
the PFC of individuals diagnosed with schizophrenia [257]. A study was conducted to
assess the role of activity-dependent synaptic plasticity proteins in addressing the
combined genetic and environmental factors contributing to schizophrenia. This study
identified an association between an Arc single nucleotide polymorphism (SNP)
(rs35900184) and schizophrenia [254]. Another study, carried out by multiple genomic
consortiums, investigated copy number variations (CNVs) across the entire genome in
over 40,000 individuals, comparing patients with schizophrenia to healthy controls. This
study revealed a significant correlation between deletions in a subset of genes belonging
to the Arc complex and schizophrenia [252, 254]. In a recent study examining the impact
of various Arc genetic variations on mood disorders, a weak correlation was detected
between a specific SNP (rs11167152) and symptom severity. Furthermore, a general trend

of decreased Arc expression and a more severe phenotype was observed [258, 259].

Furthermore, recent pre-clinical studies have established a correlation between Arc genetic
alterations and deficits commonly encountered in schizophrenia such as disrupted PPI,
dysregulation of the dopaminergic system and cognitive impairments [260]. Other studies
found a blind association between Arc and social cognition. For example, Tanimizu et al
shown that CREB-mediated transcription is required for social recognition memory and
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that Arc and c-fos expression is induced in PFC, HPC and ACC during social recognition

[261-264].

Arc-related alterations have also been associated with other mental disorders which, again,
are frequently characterized by disrupted or reduced synaptogenesis and synaptic density
such as AD, fragile X syndrome and Angelman syndrome [234, 253, 254, 265-267],
Gordon Holmes syndrome [268-270].

The role of the Arc gene in a variety of mental disorders, particularly in the modulation of
neurotransmission, has been elucidated through extensive research over the years.
However, the precise underlying mechanism remains unclear and, furthermore, the

currently available treatments are inadequate.
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Ketamine

Ketamine is a non-competitive NMDAR antagonist that exist as a racemic mixture of two
enantiomers: (R) and (S)-ketamine. The first form of ketamine (CI-581) was synthesized
during the early 1960s by Parke-Davis company to substitute phencyclidine (PCP) as a
sedative [271]. It resulted in having both analgesic and anesthetic roles without the
psychotomimetic side effects associated with PCP [272]. Ketamine was later approved for
anesthetic use by the US Food Drug Administration (FDA). However, due to its euphoric
effects, ketamine became a popular recreational drug in the US and Europe in subsequent
decades. Ketamine’s antidepressant effects were discovered more than 20 years after its
approval as an anesthetic drug [273]. Its role was investigated after the discovery of MK-
801, an NMDAR antagonist, antidepressant action in the preclinical model. After that
several studies have shown antidepressant effects associated to NMDAR antagonism and
as a consequence the role of ketamine was evaluated. Its rapid and sustained antidepressant

effects were firstly established in rodent models and later in humans.

These effects commence 2 to 4 hours after administration and persist for weeks following
a single administration of a subanesthetic dose. As a result, it is considered beneficial for
the treatment of treatment-resistant and suicide-risk patients with MDD. Given the
emerging theory linking schizophrenia to deficient glutamate signaling, various studies
have utilized NMDAR antagonists to induce glutamatergic dysfunction that mimics
positive and negative symptoms. These studies aim to examine and assess antipsychotic
compounds using animal models and healthy subjects. The discovery of ketamine for the
treatment of MDD or treatment-resistant depression (TRD) has been acknowledged as a
significant revolution due to its rapid antidepressant effects compared to conventional
antidepressants [274] . In 2019 (S)-ketamine was approved by the FDA for the treatment
of TRD and patients with suicidal ideations [275].

Despite decades of research on ketamine, its mechanism of action remains incompletely
understood. More precisely, multiple mechanisms of action have been identified, with
several pathways being affected. This complexity makes it challenging to discern which
mechanism is essential for a specific effect and how these mechanisms may interact with

each other. NMDAR is a plausible pharmacological target mediating the antidepressant
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effects of ketamine, although an NMDAR-independent pharmacological target for
ketamine may exist [276-278].

Among the proposed mechanisms, the most plausible and extensively studied ones include
the disinhibition hypothesis, regulation of BDNF, activation of the mammalian target of

rapamycin (mTOR) pathway leading to protein neo-synthesis, and AMPAR activation.

Despite acting as an antagonist for the NMDAR, the reason behind ketamine's ability to
increase spiking activity and glutamate levels has long remained a question of interest.
Studies have observed a dose-dependent rise in extracellular glutamate levels in the
prefrontal cortex of rats, as well as an overall increase in the firing rate of prefrontal
cortical neurons following ketamine administration [279]. One prevailing hypothesis,
known as the disinhibition hypothesis, suggests that NMDAR antagonists, at low doses,
may primarily target GABAergic neurons, decreasing the output of fast-spiking
interneurons and subsequently disinhibiting excitatory neurons and leading to an increase
in glutamate levels [280]. This hypothesis has been validated by several studies [281]. In
support of this hypothesis, fast-spiking GABAergic neurons, identified by their narrow
spike waveforms, exhibit reduced firing during prefrontal hyperactivity caused by

NMDAR hypofunction [282].

Furthermore, despite its expected role in inhibiting excitatory glutamatergic
neurotransmission through NMDAR inhibition, ketamine has been found to increase
overall activity in the prefrontal cortex of healthy volunteers [283]. This increase in
activity has been hypothesized to occur due to a preferential inhibition of NMDARs
expressed on GABAergic interneurons, resulting in disinhibition of pyramidal cells and an
enhancement of excitatory glutamatergic neurotransmission in the medial prefrontal cortex
(mPFC) [284]. This hypothesis, which comes as an explanation of the pathophysiology of
schizophrenia, is not fully supported because of the mixed results from clinical studies

[282, 285].

A second potential mechanism of action involves the increased synaptic efficacy in the
hippocampus by blocking post-synaptic NMDAR on excitatory neurons in the
hippocampal Schaffer-collateral pathway.

37



Based on the findings of several studies, it has been hypothesized that the enhanced firing
of presynaptic neurons triggers the release of brain-derived neurotrophic factor (BDNF),
a key modulator of synaptic plasticity and learning. BDNF, in turn, activates
synaptogenesis in the mPFC through the mTOR pathway [286-289]. Various studies have
reported the rapid increase in phosphorylation and activation of hippocampal TrkB, as well
as the induction of a swift elevation in total BDNF protein levels [290], within 30 minutes
of ketamine administration, including its metabolite HNK. It has been suggested that the
rise in BDNF is a direct result of AMPAR activation [291]. Furthermore, there appears to
be a direct binding of ketamine to TrkB. Additionally, the administration of ketamine and
(2R,6R)-HNK has been found to increase synaptoneurosomal BDNF protein levels in the
hippocampus of mice at 24 hours post-injection [278]. The necessity of BDNF signalling
for the antidepressant effects of ketamine has been demonstrated in both mice and humans
[276, 292-296]. Activation of these pathways subsequently leads to structural changes in
the form of increased spine formation and density, which are believed to be a result of the
activation of these pathways and the AMPAR. The formation of neural circuits appears to
be essential for the antidepressant effects. Accordingly, Nanxin Li et al observed that
ketamine rapidly activates mTOR pathway leading to increased synaptic proteins and
increased spine formation in PFC of rats [297]. When blocking mTOR signaling
synaptogenesis and behavior effects of ketamine administration are completely blocked.
Nevertheless, controversial results come from study conducted on patients with MDD

[298].

The disinhibition hypothesis of ketamine action proposes that an increase in synaptic
glutamatergic neurotransmission leads to the acute activation of post-synaptic AMPARs
[299]. Consistent with this hypothesis, preclinical studies have demonstrated that pre-
treatment with NBQX, an AMPAR antagonist, prevents the antidepressant-like effects of
ketamine in various behavioral tasks, including the forced-swim test, tail suspension test,
and stress-induced sucrose preference deficits [284, 297, 300-305]. More specifically,
preclinical studies have observed that the AMPAR subunit GIuA2 is essential for the
induction of synaptic potentiation by ketamine [306]. Moreover, it has been demonstrated
at the preclinical level that the GIuN2A subunit is required for ketamine's activity. In

particular, it has been observed that the suppression of GluN2A, but not GIuN2B, in
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adulthood, produces effects similar to those mediated by ketamine or MK801 [307]. It has
documented from a recent study that the NMDA subtypes binded by ketamine include the
di-heteromeric GluN1— GluN2A and GluN1-GIluN2B channels [308].

Various studies with conflicting results have raised doubts regarding the mechanism
behind the prompt antidepressant effects of ketamine [309, 310]. These findings imply that
while synaptogenesis may be necessary for long-term antidepressant effects, it may not
play arole in the immediate relief provided by ketamine. Synaptic adaptations in the mPFC
that can be detected 24 h later, including increased dendritic spine density and strengthened
synaptic responses [311]. A potential mechanism of action is through the increased calcium
influx at dendritic spine level. Calcium transients in dendritic spines within the first hour
of systemic administration may be crucial for synaptic plasticity, with studies showing
postsynaptic calcium influx is necessary and sufficient to induce activity-dependent

synaptic plasticity.

Ketamine has furthermore been subject to investigation for its anti-inflammatory
characteristics, particularly in the context of treating treatment-resistant depression (TRD).
Existing research indicates that ketamine has the potential to diminish the concentrations
of proinflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a) in individuals who exhibit elevated inflammatory markers [312, 313]. This anti-
inflammatory action is believed to be associated with its rapid antidepressant effects, as
there is growing recognition that inflammation plays a role in the development of
depression. Furthermore, preclinical studies have shown that intravenous ketamine
infusions can lead to significant reductions in levels of inflammatory cytokines, suggesting
a potential therapeutic role in managing depressive symptoms related to inflammation
[314]. However, the variability in response and the need for further research to elucidate
the mechanisms and long-term effects of ketamine's anti-inflammatory properties are
important factors that need to be considered [315]. Nonetheless, the dual role of ketamine
as an antidepressant and anti-inflammatory agent presents a promising approach for the

treatment of TRD.

In rodents, the administration of subanaesthetic ketamine through intraperitoneal (IP) or
subcutaneous injection stimulates various brain regions, as evidenced by the mapping of

metabolic activity across the entire brain [316]. Notably, the mPFC, including the ventral
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prelimbic and infralimbic sub-regions, as well as the dorsal cingulate and secondary motor

sub-regions, exhibit increased metabolic activity.

A few years ago, Cavalleri et al. (29158584) proposed an additional potential mechanism,
utilizing an in vitro paradigm, to elucidate the modulation of structural plasticity in
dopaminergic neurons by ketamine [317]. This mechanism involved the parallel evaluation
of primary neural cultures in mice and neurons derived from human induced pluripotent

stem cells (iPSCs).

Despite all of the aforementioned potential mechanism of action it is noteworthy to
consider that the effects of ketamine persist long after its metabolism. This suggests that

its activity may not solely be attributed to NMDAR antagonism.

Ketamine metabolism primarily take place in the liver through cytochrome P450 (CYP)
enzymes, particularly CYP2B6 and CYP3A4, which facilitate the initial demethylation to
norketamine (NK) and subsequent conversion to hydroxynorketamine (HNK) and
dehydronorketamine (DHNK) [318]. The metabolic pathway is complex, with additional
involvement of CYP2C19 and CYP2D6, while CYP2C9 plays a minimal role. Research
indicates that the metabolism of ketamine is crucial for its sustained antidepressant effects,
particularly through the action of HNK, which has been shown to mediate these effects in
animal models [319]. Inhibition of CYP enzymes can alter the pharmacokinetics of
ketamine, increasing plasma levels of ketamine and NK while decreasing HNK levels,
thereby impacting its antidepressant efficacy. Overall, comprehending these metabolic
pathways is essential for optimizing the therapeutic use of ketamine and managing its
effects in clinical settings. Ketamine exhibits significantly different half-lives in humans
and mice. In mice, the elimination half-life of ketamine is approximately 13 minutes, as
reported in multiple studies [320, 321]. This rapid clearance is contrasted by its sustained
pharmacological effects, which can last for over 24 hours due to mechanisms involving
NMDAR trapping [320]. In humans, however, the half-life of ketamine ranges from 1.5 to
5 hours following intravenous administration [322, 323]. The major HNK metabolite
produced is (2S,6S;2R,6R)-HNK found in the plasma and brain of mice, as well as the
plasma of humans [278, 324]. Initially considered inactive metabolites, recent studies have
demonstrated that HNKs exhibit significant antidepressant-relevant behavioral and

physiological effects in preclinical models, particularly in modulating glutamatergic
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neurotransmission and enhancing synaptic plasticity in the hippocampus and prefrontal
cortex [325, 326]. Research indicates that (2R,6R)-HNK can sustain the antidepressant-
like effects of ketamine, even when the metabolism of ketamine is inhibited, suggesting
that HNKSs are essential for the prolonged therapeutic actions of ketamine. Furthermore,
(2R,6R)-HNK has been shown to restore long-term potentiation (LTP) deficits and
improve cognitive functions associated with depression, highlighting its potential as a
standalone therapeutic agent [326]. Thus, HNKSs are integral to the pharmacological profile
of ketamine, playing a crucial role in mediating both the immediate and the sustained

antidepressant effects of ketamine.

Aims

The aim of this thesis has been to examine the role of the Arc gene in social cognitive
impairment related to schizophrenia, employing a murine model and testing ketamine as a

potential therapeutic intervention for this deficit. Specifically:

e To investigate the contribution of the Arc gene in social cognition during

adolescence, a vulnerable phase for the onset of schizophrenia;

41



e To specifically evaluate social memory and emotion discrimination employing a
paradigm that approximates features of the human emotion recognition task;

e Assess in adulthood the impact of the Arc gene partial deletion on social memory
and emotion recognition;

e Using Arc genetically modified mice as a model of social cognitive impairment to
test ketamine (single administration, 10 mg/Kg) as a potential treatment for social-
cognition deficits;

e Investigate the role of the Retro Splenial Cortex (RSC) in the effectiveness of

ketamine treatment on the ameliorating the emotion discrimination deficits.

Chapter II

Ketamine effect on social cognitive deficits in mice carrying a partial deletion
of Arc gene
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Abstract

Social interactions hold fundamental significance in the lives of every living being. These
interactions are regulated by a sophisticated network of social cognitive processes
involving specific brain regions known as the social brain. A critical component of social
interaction is the recognition of other’s affective state. This process, along with others, is
impaired in several neuropsychiatric disorders including schizophrenia, autism spectrum
disorder (ASD), and major depressive disorder (MDD). The aetiology of these disorders
is primarily genetic. Extensive genomic studies identified a set of genetic alterations that
converge on a key molecular player in synaptic plasticity, known as the Arc gene. We
observed that Arc genetic down-regulation results in deficits of social memory and
emotion discrimination which emerge during adulthood. Notably, the administration of a
single subanesthetic dose of ketamine, both intraperitoneally and into the RSC, leads to
the complete rescue of these abilities up to seven days following administration. Our
findings indicate that the Arc gene is specifically involved in the mechanisms underlying
emotion recognition with the effects of its alteration becoming evident only in adulthood.
Furthermore, these results suggest a promising therapeutic role for ketamine in addressing

social cognitive deficits, which often remain inadequately addressed.

Introduction

From birth everyone is daily subjected to a huge amount of cues; most of them are social
cues. As we grow we learn how to discriminate and process them in order to generate a

proper outcome and, as a consequence, establish social connections which result to be
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fundamental to everyone's well-being. Social behavior is innate behavior highly conserved
through vertebrates [1-3]. A crucial stage in the development of social behavior is
adolescence, which is marked by hormonal and environmental shifts as well as structural
and functional maturation of the brain. Social behavior is essential for cooperation,
parental care, mating, play, etc. All these behaviors are the final output of cognitive
processes that could be recognized as social cognition [4-9]. These abilities, which include
perceiving, recognizing and processing social information, allow us to comprehend and
infer other’s intentions, actions, and emotions, consequently influencing our behavioral
patterns and emotional responses: Each of these domains involves a network of brain
regions commonly referred to as the social brain, which comprise the medial prefrontal
cortex (mPFC), anterior cingulate cortex (ACC), inferior frontal gyrus, posterior superior
temporal sulcus (pSTS), temporo-parietal junction (TPJ), the amygdala, and anterior
insula. It has been observed that during some social task besides the social brain also some
area of default mode network (DMN) is activated, confirming its involvement in various

domains of cognitive and social processing [10-12].

Social cognitive deficits constitute core symptoms of diverse neuropsychiatric conditions
such as schizophrenia, MDD, ASD and Alzheimer disorder (AD). The most affected

subdomains include social perception, emotion recognition and mentalizing [13-17].

Environmental factors play a crucial role in the etiology of mental disorders [18, 19].
However, genetic alterations still remain the predominant factor in significantly
augmenting this risk.-Genomic-wide association studies (GWAS) and large-scale genomic
investigations have identified hundreds of susceptibility loci responsible for the
predisposition to neuropsychiatric pathologies [20-22]. Most of them belong to a set of
genes implicated in synaptic plasticity, cytoskeletal development, and histone methylation
25599223, 21907759. In particular, several mutations interest proteins of the postsynaptic
density interacting with the Activity Regulated Cytoskeleton Associated Protein (Arc) [23,
24]. Arc is an immediate early gene (IEG) highly conserved in vertebrates, critically
involved in the modulation of experience-dependent synaptic plasticity, learning and
memory [25-27]. Arc expression is activated in response to silent stimuli and its mMRNA is
rapidly transported to dendrites where it is locally translated [28-32]. Specifically, Arc
selectively regulates AMPA-type glutamate receptor (AMPAR) trafficking promoting
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endocytosis in response to synaptic activity [33]. Previous pre-clinical studies have
established a correlation between Arc genetic alterations and features commonly
encountered in schizophrenia [34]. Accordingly, Arc genetic alterations have been found
involved in the development of schizophrenia [24, 35-38] but also AD, ASD and fragile X
syndrome [36, 37, 39-44] . Arc mMRNA expression was reported to be reduced in the PFC
of individuals with schizophrenia [45]. In numerous instances, the existing treatments for
schizophrenia, as well as other mental disorders, prove to be inadequate, particularly when

addressing social cognitive deficits.

In this study, we used genetically modified mice for the Arc gene as a model of social
cognitive deficits to specifically test a potential therapeutic intervention. We first examine
the involvement of the Arc gene in social memory and emotion recognition. Specifically,
our observations revealed that Arc heterozygous mice (Arc +/-) demonstrate impairments
in social novelty memory and emotion recognition, which manifest exclusively during
adulthood. These findings were obtained through the examination of mice genetically
modified for the Arc gene during their adolescence and adulthood. The mice were assessed
for emotion recognition using a paradigm designed to replicate certain aspects of human
emotion recognition tasks. Specifically, the study aimed to evaluate the ability of the tested
mice to discriminate between conspecifics in two distinct affective states, namely relief

and stress.

Different studies reported Arc involvement in regulating actin dynamics and various forms
of synaptic plasticity [27, 46, 47], at the same time others have observed disrupted synaptic
transmission underlying neuropsychiatric symptoms [48-50]. Given these premises, it is
not surprising that the deficits encountered by Arc +/- might be caused by altered synaptic
neurotransmission. Based on that assumption, the literature review led us to investigate the
effectiveness of ketamine as a potential therapeutic intervention. Ketamine is already
known for its impressive impact in regulating synaptic transmission and it has been also
shown to regulate the expression of several factors implicated in the modulation and
activation of synaptic transmissions such as the mTOR pathway, BDNF, and Arc gene as
well [51-53]. Administering a single subanesthetic dose of ketamine (10 mg/kg) we
observed in Arc +/- mice a rescue of the emotion recognition and social memory deficits,

and a deterioration of these abilities in Arc wild-type (Arc +/+) mice.
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In addition, it was recently documented the involvement of SOM+ GABAergic
interneurons connecting the mPFC and the RSC, a specific region of the DMN, in the
mechanism underlying emotion recognition [54]. Accordingly, we observed that locally
injecting ketamine into the RSC, Arc +/- mice exhibited the same rescue of emotion
recognition deficit as achived through IP ketamine administration. This result confirms the
involvement of RSC neurons in the emotion recognition process and, in addition, implies

the direct involvement of this area and in the effectiveness of ketamine.

In summary, we discovered the involvement of the Arc gene in the subdomains of emotion
recognition and social memory that specifically occurs during adulthood. We also found
out that a single subanesthetic dose of ketamine, IP and RSC-injected, is capable of

improving these deficits up to seven days after injection.

Material and methods

Animals. Adolescent (PND 29) and adult (PND 90) male C57BL6J and Arc +/- were used.
These animals were bred and expanded in our animal facility for successive testing.
Distinct cohorts of naive mice were used for each experiment. C57BL6J demonstrator
mice were used a maximum of two times with a minimum of one week of rest between
different experimental groups. Animals were housed two to five per cage in a climate-
controlled facility (22 £ 2 °C), with ad libitum access to food and water throughout, and
with a 12 h light—dark cycle (18:00-06:00 schedule). Experiments were performed during
the light phase (9:00-17:00). All mice were handled on alternate days before the

behavioral session.

Genotyping. In line with the idea that a partial deletion may more accurately simulate the
human condition, only Arc heterozygous (+/-) and not knockout mice were used in this
study. The experimental animals, Arc +/+ and Arc +/-, were generated by mating one male
Arc +/- with two C57BL6J female mice [55]. This approach allowed the simultaneous
generation of Arc +/+ and Arc +/- littermates, thereby avoiding potential environmental
influences on the observed behavior. An additional benefit lies in the utilization of wild-

type females to avoid any potential maternal behavior abnormalities resulting from altered
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genotype. Mouse genotype was determined by polymerase chain reaction (PCR) analysis
using genomic DNA extracted from mouse tails (Platinum Hot Start PCR Mastermix,

Thermo Fisher).

Drugs. On PND90 one group of Arc +/- and Arc +/+ mice were injected with (R, S)-
ketamine (10 mg/kg, intraperitoneal and 12.5 ug in 500 nl ACSF) while the respective

control group was administered with saline (0.9% NacCl) as a vehicle.
Behavioral paradigms

Social habituation dishabituation test. The social habituation-dishabituation task was
performed at PND32 in the adolescent group and at PND93 in the adult group. Testing and
stimulus mice were handled three times the week before the test. On the test day mice were
acclimated to the test room at least one hour before the test. Tested mice were habituated
to the test cage with shaved wood bedding 60 minutes before the test and their tails were
marked with an odor-free black marker to allow the researcher to recognize them during
the analysis. The test was performed in a dimly lit condition (61 lux). The task, which
assess social memory, comprises five 1 minute trials interspersed with 3 minutes inter-
trials. For the initial four trials the same unfamiliar stimulus mouse, matched by age and
sex, is placed in the test cage with the test mouse (observer). During the fifth trials a novel
stimulus mouse is introduced in the test cage. The entire task is captured on video, and a
blind researcher measures the amount of time the observer spends engaging with the
stimulus mouse. Various types of interaction are considered and measured, including
anogenital sniffing, body sniffing (sniffing or snout contact with the flank area), head
sniffing (sniffing or snout contact with the head/neck/mouth area) and following (time
spent in following the stimulus mouse). The “social interaction” score was obtained by
summing the time spent in social interaction during the initial four trials. If social memory
is intact, the observer’s social interaction should gradually decrease across the initial four
trials, as it becomes accustomed to the same stimulus mouse. On the contrary, during the
fifth trial, when the novel stimulus mouse is introduced in the cage, there should be a

significant increase in social interaction.

Emotion discrimination test (EDT). Testing (observer) and demonstrator mice were

handled and then habituated to the empty testing arena 3 non-consequently days before the
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test. Each habituation lasted 10 minutes. The arena consists of two confined quarter circles
on two opposite sides; each quarter circle is formed with metal rods that allow sufficient
space for social contact between the observer (freely moving in the apparatus) and the
demonstrators (freely moving in the quarter circle). An opaque wall between the quarter-
circles avoids visual interaction between the two demonstrators. On the test day observer
and demonstrator mice were brought to the testing room at least 1 hour before the
experiment began in order to get acclimated. 30 minutes before the test starts the observer
mouse is placed in the test arena and 5 minutes earlier is gently moved in a dimly light
condition (6x1 lux), where the experiment is carried out. Following each experiment, the
apparatus was thoroughly cleaned with 10% ethanol, wiped and allowed to air-dry. The
test consists of 3 consecutive trials, each of 2 minutes, during which the observer mouse

is simultaneously exposed to 2 demonstrators in a different affective state, one in a neutral

state and the other in an emotionally altered state. Specifically, we evaluated two affective
states: relief and stress. The test is video recorded and then analyzed. Manual behavioral
scoring was performed by an independently trained researcher blind to the manipulations,
genotypes, and treatments. Specifically, we measured the time spent by the observer mice
interacting with the different demonstrators. If the emotion discrimination ability is intact

mice will interact more with the demonstrator in the altered affective state.

Neutral. All neutral mice were habituated to the experimental setting as described above.
For either relief or stress evaluation, neutral demonstrators did not receive any

manipulation and were left undisturbed, with ad libitum water access, in their home cage.

Relief. All neutral mice were habituated to the experimental setting as described above.
Before the test started relived mice experienced 1 hour of ad libitum water after 23 hours

of water deprivation.

Stress. All neutral mice were habituated to the experimental setting as described above.
Before the test, stressed mice underwent mild stress consisting of 15 minutes of restrain in
a 50 ml Falcon tube (with a small hole at the end to let the mouse breathe). Stressed

demonstrators were then immediately moved into the testing arena.

Adolescent mice were tested for positive-valenced emotion recognition (relief) on PND34
and for negative-valenced emotion recognition (stress) on PND36. Adult mice were tested

for relief and stress recognition on PND 95 and PND 97, respectively. On PND 36 and 97,
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after the last behavioral task, mice were sacrificed by decapitation. Brain areas (PFC, HPC,
STR) and peripheral organs (thymus and spleen) were rapidly collected and stored first in
ice and then at -80 °C.

Viral Injections and fiber implantation. Naive mice were prepared for stereotaxic surgeries
at 5 months old. All of them were anesthetized with a mix of isoflurane (2%) in Oxygen
(02, 1%) by inhalation before being mounted onto a stereotaxic frame (Kopf) linked to a
digital reader. Brain coordinates of viral injection in the RSC were chosen in accordance
with the mouse brain atlas: anterior—posterior (AP), -1.9/-2.1 mm; medial-lateral (ML): +
0.25 mm; and dorsal-ventral (DV): —0.8 mm. We infused AAVs virus through a
borosilicate micropipette connected to a 10ul Hamilton syringe filled with mineral oil. The
injection rate was set to last between 5 and 10 minutes and the pipette was maintained in
position for at least 10 min to allow proper diffusion and then slowly withdrawn. The

following viral vectors were used:

Fiber photometry implantation. After viral injection, mice used for fiber photometry
experiments were given between 2 and 3 weeks to recover before undergoing optic fiber
cannulae implantation (200 um, 0.50 numerical aperture, fiber distance 3.5 mm; RWD).
The skull was exposed, and the two previous holes were used to target the mPFC. Fiber
optic cannulae were secured to the skull with VetBond glue and dental cement. After optic
fiber implantation, mice were allowed to recover for 7-10 days depending on the general
health.

Optic fibers implantation. After viral injection, mice underwent stereotaxic surgery for
fiberoptic implantation. The skull was exposed and the two previous holes were used to
target the RSC. Dual fiberoptic cannulae (200pum, 0.37 numerical aperture, fiber distance
0.7mm; Doric Lenses) were lowered 2mm from the surface of the skull at roughly 400pum
dorsal to the virus injection site, and implants were secured to the skull with MetaBond
and dental cement. After optic fiber implantation, mice were allowed to recover for 7-10

d depending on the general health.
Molecular analysis

Rna and protein purification. Rna and proteins were purified from previously collected
brain areas (RNA/Protein Purification Plus Kit, Cat. 48200, Norgen Biotek Corp.).
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Purification is based on spin column chromatography. PFC and HPC samples were first
lysate with Buffer SKP. The DNA is then eliminated using a Genomic DNA Removal
Column. Ethanol is then added to the flowthrough of the DNA elimination step, and the
solution is loaded onto a RNA/Protein Purification Column; only the RNA will bind to the
column while the proteins are removed in the flowthrough. Subsequently, the bound RNA
Is washed and purified RNA is eluted and then used for retrotrascription and real time
PCR. The proteins that are present from the RNA binding flowthrough can be further
purified using the same RNA/Protein Purification Column that was used for purifying the

RNA. The bound proteins are washed with the provided wash buffer, and are then eluted.

RT-PCR. Total Rna previously extracted is then reverse transcribed into cONA which
becomes the template for real-time PCR (SuperScript™ |V First-Strand Synthesis System,
cat. 18091050, Thermo Fisher).

Real-time PCR. mRna levels were determined by real-time PCR ( iTag™ Universal
SYBR® Green Supermix, 1725124, BIO RAD) using gene-specific primers for GAPDH,
BDNF, GLUA1, NMDARL.

Statistical analysis. Data were analyzed using GraphPad Prism 8. Results are expressed as
the mean £ s.e.m. throughout the paper. The social habituation-dishabituation test and the
EDT were analyzed using a two-way repeated-measures (RM) ANOVA followed by
Bonferroni correction. The sociability was analyzed using one-way RM-ANOVA. The
accepted value for significance was p < 0.05. All analyses were performed by researchers

unaware of the experimental conditions.

Results

Arc genetic alteration does not influence emotion recognition and social memory during

adolescence

Given the critical nature of adolescence, a period marked by significant social-cognitive
development [56], it becomes possible to observe impairments in these abilities that may
serve as early indicators of neuropsychiatric disorders [57-60]. Additionally, considering

the role of Arc in experience-dependent plasticity and the remodeling of neocortical
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circuits [61, 62], we investigated social memory and emotion recognition, two
fundamental domains of social cognition, in mice with partial deletion of Arc during
adolescence. Surprisingly, we observed intact social memory, sociability and emotion
recognition regardless of genotype (Fig.1). This finding holds true for both Arc wild-type
(+/+) and Arc heterozygous (+/-) adolescent male mice. Each group spent a significantly
greater amount of time engaging with the demonstrator when it was in an altered emotional
state. Remarkably, irrespective of the genotype, each group was able to perceive and
recognize a novel stimulus mouse as well as discriminate conspecifics in positive and

negative valenced affective states as opposed to neutral ones.
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Figure 1. Adolescent heterozygous mice exhibited intact emotion recognition for positive and
negative valenced affective states. a-f, Arc +/+ n=13, Arc +/- n=13. a, Social habituation-
dishabituation test (PND 32). Left. Time spent (in seconds) interacting with the same stimulus
mouse, matched for age and sex, during the initial four trials and with a novel stimulus mouse
during the fifth trial. Arc +/- mice exhibited intact social novelty memory (2way RM-ANOVA,
Bonferroni corrections: Arc +/+ p<0.0001 for T1 vs T2, T3 and T4, p= 0,0018 for T4 vs T5; Arc
+/- p=0,0011 for T1 vs T2, p=0,0003 for T1 vs T3, p= 0,0017 for T4 vs T5). Values represent
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+SEM throughout all figures. There were no significant differences between the two groups.
Right. Total time across the initial four trials. Social novelty and sociability are not influenced by
Arc genetic alteration during adolescence. b, Graphic illustration of the emotion discrimination
test (EDT) including the testing arena and the manipulations experienced by demonstrators.
Hab=habituation, EDT=emotion discrimination task. c-d, EDT-relief. (PND34) c, Time spent (in
seconds) by Arc +/+ mice interacting with neutral (grey bar) demonstrators and relieved (yellow
bar) demonstrators. Both groups were able to discriminate between different affective states. d,
Time spent (in seconds) by Arc +/- mice interacting with neutral (grey bar) demonstrators and
relieved (yellow bar) demonstrators. e-f, EDT-stress (PND36). e, Time spent by Arc +/+ mice
interacting with neutral and stressed demonstrators. f, Time spent by Arc +/- mice interacting with
neutral and stressed demonstrators. Adolescent Arc heterozygous mice exhibited intact ability of
emotion discrimination for both positive (relief) and negative (stress) valenced affective states.

Adult male Arc heterozygous mice cannot discriminate between two different affective
states and display compromised social novelty recognition ability while exhibiting intact

social memory

We next proceeded to investigate the relevance of the Arc gene in mouse affective state
discrimination during adulthood when the structural and functional development of the
brain is fully mature. As already observed by Scheggia et al adult mice are able to
discriminate conspecifics based on emotional state. We replicated the experiment and
confirmed that wild-type mice displayed the ability to distinguish between two
demonstrators in a different affective state, one neutral and one altered [63]. The
recognition was evident as these mice spent more time interacting with the mouse in an
altered affective state, namely relief and stress (Fig.2d, 2f). The same ability was disrupted
In mice presenting Arc genetic alterations; it was shown that Arc +/- mice exhibited a
deficit of emotion recognition (Fig. 2e, 2g). They did not exhibit a preference for one of
the two demonstrators, interacting indiscriminately with both. Moreover, we observed that
in adulthood the Arc genetic alteration also compromised the process of social novelty
memory (Fig.2b), particularly during the last phase of the social habituation-dishabituation
task, when the tested mouse is exposed to a novel stimulus. On the contrary, sociability

was not found to be influenced by the genotype (Fig 2c).
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Figure 2. Adult Arc heterozygous mice exhibit compromised emotion recognition for both relief
and stress and social novelty while maintaining intact sociability. a-g Arc +/+ n=11, Arc +/-
n=12. a, Cartoon illustration of the social habituation dishabituation test (PND90). b, Time spent
(in second) interacting with the same stimulus mouse, matched by age and sex, from trial 1 to trial
4 and with a new stimulus mouse during trial 5. Arc wild type (continuous line) mice exhibit intact
social novelty while the same ability is impaired in Arc heterozygous mice (dotted line). Arc
genetic alteration leads to a deficiency of social novelty, particularly during the phase of
presenting a novel stimulus (dishabituation). (2way RM-ANOVA, Bonferroni corrections: Arc
+/+ p<0.001 for T1 vs T3, p<0.001 for T4 vs T5; Arc +/- p<0,05 for T1 vs T3, p n.s. for T4 vs
T5). ¢, Time (in seconds) spent interacting with the stimulus mouse across four consecutive trials
(T1-T4). Each group exhibits intact sociability. d-e, EDT-Relief (PND92). Time spent (in
seconds) interacting with the neutral demonstrator (grey bar) and the relieved demonstrator
(yellow bar). d, Arc +/+ mice significantly discriminated between the neutral and the emotionally
altered demonstrator spending more time interacting with the relieved one (2way RM-ANOVA,
Bonferroni correction, trial 1: p= 0,0336 ). e, Arc +/- mice exhibited impaired emotion
discrimination without preferring the relieved demonstrator compared to the neutral. f-g, EDT-
Stress (PND94). Time spent (in seconds) sniffing the neutral demonstrator (grey bar) and the
stressed demonstrator (green bar). f, Arc wild-type mice demonstrated a notable increase in
recognition and interaction with the stressed demonstrator in comparison to the neutral one (2way
RM-ANOVA, Bonferroni correction, trial 1: p=0,0120). g, Arc +/- exhibited compromised
emotion recognition even in the context of a negative affective state.
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Ketamine administration improves social novelty which is disrupted by Arc genetic

alteration while does not influence sociability

Given the well-known activity of ketamine as a key regulator and enhancer of synaptic
plasticity, we tested its effectiveness in improving Arc heterozygous’s social impairments
[64-67]. Adult Arc +/+ and Arc+/- mice were administered intraperitoneally (IP) either a
vehicle (Saline, 0,9% NaCl) or a single sub-anesthetic dose of ketamine (10 mg/kg) (Fig.
3a). Interestingly, ketamine treatment has been found to ameliorate the deficit in social
memory exhibited by Arc +/- mice (Fig.3b). However, it is important to note that in the
absence of genetic alteration, ketamine treatment appears to compromise this ability. At
the same time, again, sociability is not influenced by genotype or treatment (Fig.3c).
Furthermore, ketamine administration demonstrates the potential to ameliorate the social

novelty deficit caused by Arc genetic alteration (Fig. 3b).
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Figure 3. Ketamine administration improves social novelty in Arc +/- mice but does not
impact sociability. a-c, Arc +/+ veh n=12, Arc +/+ ket n=7, Arc +/- veh n=12, Arc +/- ket n=13.
a, Experimental design and schedule of treatments (Ketamine or vehicle). b, Social habituation
dishabituation task. Time spent (in second) interacting with the same stimulus mouse during the
initial four trials and with a novel stimulus mouse during the 5" trial. Each group exhibited
decreased interaction time from trial 1 to trial 4 when the tested mice were exposed to the identical
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stimulus mouse, indicating habituation. Conversely, during the 5™ trial, when a novel stimulus
mouse was introduced, all groups demonstrated increased interaction time (2way RM-ANOVA,
Bonferroni correction: Arc +/+ veh p<0.05 for T1 vs T3, T4 and T4 vs T5; Arc +/+ ket n.s.; Arc
+/-vehn.s.; Arc +/- ket p<0.01 for T1vs T3, T4 and T4 vs T5). This finding suggests that ketamine
impairs social novelty when there is no Arc genetic alteration (Arc +/+ ket) but significantly
improves this ability in Arc heterozygous mice. c, Total interaction time (in seconds, from T1 to
T4) does not significantly differ due to genotype or treatment. As previously observed sociability
is not influenced by genotype. In addition, our observation reveals that sociability remains
unaffected by ketamine treatment as well.

Ketamine treatment rescues the emotion discrimination deficit encountered by Arc

heterozygous mice while disrupting emotion discrimination in wild-type adult male mice

Following five and seven days from ketamine treatment, we evaluated emotion recognition
ability for positive and negative valenced affective states, respectively (Fig.4). It was
observed that ketamine administration impaired emotion recognition in Arc +/+ mice,
rendering them unable to identify emotionally altered demonstrators for both affective
states (Fig. 4d, 4h). On the contrary, Arc +/- mice treated with ketamine demonstrated a
rescue of the emotion discrimination deficit. Following a single ketamine injection, these
mice became able to recognize emotionally altered demonstrators in a relief and stress
state (Fig. 4f, 4l), without a significant change in overall sociability (Fig.4b). Overall, our
findings provide evidence for the involvement of glutamatergic neurotransmission and the
pathways activated by ketamine as mechanisms underlying accurate emotion recognition.
This suggests that ketamine may serve as a therapeutic intervention not only for depressive
symptoms but also for social cognitive-related symptoms experienced by individuals
affected by individuals affected by schizophrenia, AD, and ASD.
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Figure 4. Ketamine administration undermines emotion recognition in Arc +/+ mice while
improving this ability in Arc +/- mice. A-l, Arc +/+ veh n=12, Arc +/+ ket n=7, Arc +/- veh
n=12, Arc +/- ket n=13. a, Experimental design and schedule of treatments (Ketamine or vehicle).
b, Total interaction time (in seconds) during the first trial (T1) of Arc +/- treated with vehicle and
ketamine (relief-yellow, stress-acid green) (unpaired t test, p=n.s.) ¢, Social interaction (sniffing,
in seconds) exhibited by Arc +/+ mice treated with vehicle (saline) during the EDT for relief.
Increased sniffing toward the relieved (yellow bar) compared to the neutral one (grey bar) (2way
RM-ANOVA, Bonferroni correction, T1: p=0,0015, T3 p=0,0011 vs neutral). d, Time spent (in
seconds) interacting with the neutral and the relieved demonstrators; Arc +/+ administered with
ketamine (violet symbols) exhibited impaired recognition (2way RM-ANOVA, Bonferroni
correction, T1: p n.s.). e, Time spent interacting (in seconds) with the neutral and the relieved
demonstrators; as confirmation of the previous results, Arc +/- mice treated with vehicle display
impaired emotion recognition (2way RM-ANOVA, Bonferroni correction, T1: p=n.s.). f, Arc +/-
treated with a single subanesthetic dose of ketamine (violet symbols) exhibited a rescue in emotion
recognition spending more time interacting (sniffing) with the relieved demonstrator than the
neutral one (n=13; 2way RM-ANOVA, Bonferroni correction, T1: p=0,0112). g, Time spent (in
seconds) interacting with the neutral (grey bar) and the stressed (acid green bar) demonstrators by
Arc +/+ administered with vehicle (n= 12, 2way RM-ANOVA, Bonferroni correction, T1: p=.
0,0129 vs neutral) h, Time spent (in seconds) interacting with the neutral (grey bar) and the
stressed (acid green bar) demonstrators by Arc +/+ administered with ketamine (2way RM-
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ANOVA, Bonferroni correction, T1: p=n.s.) i, Time spent (in seconds) interacting with the neutral
(grey bar) and the stressed (acid green bar) demonstrators by Arc +/- administered with vehicle
(2way RM-ANOVA, Bonferroni correction, T1: p=n.s.) I, Time spent (in seconds) interacting
with the neutral (grey bar) and the stressed (acid green bar) demonstrators by Arc +/- administered
with ketamine (2way RM-ANOVA, Bonferroni correction, T1: p=. 0,0129 vs neutral)

Local RSC ketamine infusion rescue emotion discrimination deficit in adult Arc

heterozygous mice

In light of a recent discovery concerning the crucial role played by the RSC-mPFC circuit
in the process of emotion recognition, our study was conducted with the objective of
investigating the involvement of the RSC in the effects induced by ketamine [54] In doing
so, we aimed to specifically examine the contribution of the RSC to the mechanism of
action of ketamine, with a particular focus on its impact on the deficit in emotion

recognition observed in Arc +/- mice [11, 68, 69].

Relief and stress emotion recognition was assessed after five and seven days, respectively,
of intracranial injection of ketamine directly into the RSC (12 pg in 500 nl ACSF, Fig.5a).
As a result, our findings revealed, again, a significant enhancement in emotion
discrimination ability among Arc +/- mice that underwent ketamine treatment in
comparison to the group administered with vehicle (Fig.5b-5e). This suggests the potential
involvement of RSC in the efficacy of ketamine in improving the impairment in emotion

discrimination.
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Figure 5. RSC plays a role in the modulatory impact of ketamine in the rescue of emotion
recognition deficits resulting from Arc gene alteration. Ketamine injection directly in RSC
improved the emotion recognition deficit exhibited by Arc +/- adult mice. a-e, Arc +/+ n=8, Arc
+/- n=9; a, Experimental design. b-c, EDT-Relief. b, Time spent by Arc +/- adult mice injected
with the vehicle in RSC interacting with neutral (grey bar) and relieved (yellow bar) demonstrators
(2way RM-ANOVA, Bonferroni correction, T1: p=n.s.). ¢, Time spent by Arc +/- adult mice
treated with ketamine interacting with neutral and relieved demonstrators. Ketamine injection
rescues the deficit encountered by Arc +/- in the recognition of relieved demonstrator (2way RM-
ANOVA, Bonferroni correction, T1: p=0,0012 vs neutral), d-e, EDT-Stress. d, Time spent by
Arc +/- injected with the vehicle in the interaction with neutral (grey bar) and stressed (green bar)
demonstrators (2way RM-ANOVA, Bonferroni correction, T1: p=n.s.). e, Time spent by Arc +/-
injected in RSC with ketamine in the interaction with neutral and stressed demonstrators (2way
RM-ANOVA, Bonferroni correction, T1: p=0,0060 vs neutral). Ketamine injection in RSC lead
to the mitigation of the impairment observed in Arc +/- adult mice in recognizing stressed
conspecifics.

Discussion

In this study, we elucidated the role of the Arc gene in a range of cognitive processes
essential for social memory and the recognition of altered affective states. This
involvement manifests only in adulthood. This finding has motivated our investigation into
potential interventions capable of improving the deficits of social cognition resulting from
Arc partial deletion. We identified ketamine as a promising candidate capable of

completely restoring emotion discrimination and social memory.
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We first demonstrated that Arc genetic alteration does not influence sociability, social
memory, and emotion recognition during adolescence. This finding was unexpected
considering that in humans, adolescence is the period during which the initial symptoms
of certain disorders, such as schizophrenia, typically emerge. Moreover, adolescence is a
crucial period for the consolidation of social behavior, marked by significant

transformations in both behavioral patterns and brain functioning (10.1038/nrn2353). Our

findings could be a consequence of aforementioned modifications. During adolescence,
there is ongoing neuronal pruning, which is facilitated by the activity of Arc [70-72].
However, the effects of these dysfunctions may not immediately manifest while the
pruning process is ongoing. Unfortunately, the specific mechanism explaining this

observation remains a gap in our understanding, needing further investigations.

On the other hand, the constitutive downregulation of the Arc gene has been observed to
impact emotion recognition and social memory in adulthood, two domains that are
commonly impaired in individuals with schizophrenia. These cognitive abilities are
cultivated over time through learning and memorization, processes that are dependent on
synaptic plasticity, which, in turn, rely on AMPAR trafficking [62, 73-78]. The optimal

functioning of Arc is essential for all of these processes [62, 79-81].

Based on these premises, a potential cause for the deficits displayed by Arc +/- is the
increase in AMPAR, documented in previous studies, and the subsequent excitotoxicity
and impaired excitatory/inhibitory equilibrium  [33, 90]. NMDAR and AMPAR
antagonists may improve this condition by restoring the homeostasis [91-93]. Numerous
studies have revealed that ketamine, a non-competitive NMDAR antagonist, acts as a

regulator and enhancer of synaptic plasticity [64-67, 94-96].

In line with this, we observed that administrating a single sub-anesthetic dose of ketamine
(10 mg/kg) effectively ameliorated and reversed the impairment of social memory and
emotion recognition experienced by Arc +/- mice up to 7 days following injection (Fig.4b).
One of the most recognized mechanisms of action is the disinhibition mechanism by which
ketamine through its antagonism of NMDAR on GABAergic interneuron inhibits their
action leading to a disinhibition of the pyramidal neurons that results in an increased
glutamate release and AMPAR activation [86, 97, 98] [51, 99-104]. Moreover, ketamine
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may enhance structural plasticity through the activation of the mTOR signaling

consequently increasing the translation of the Arc gene and BDNF [67, 105].

The mentioned excitatory/inhibitory balance may be perturbed in Arc wild-type mice
treated with ketamine, resulting in social deficits that resemble those exhibited by the
heterozygous mice [86, 107]. Accordingly, it was observed in healthy volunteers that

ketamine administration impairs their facial recognition 22836372.

We subsequently present preliminary evidence regarding the contribution of RSC to the
underlying mechanism of the deficit itself and the efficacy of ketamine. Through direct
infusion into the RSC of adult heterozygous mice, a notable improvement in emotion
recognition capabilities was observed in comparison to those mice that received a vehicle
injection. As a component of the default mode network (DMN), the RSC has been
implicated in various aspects of social cognition [108, 109]. Additionally, the most recent
study conducted by Papaleo’s research team revealed a novel cortico-cortical circuit, in
which SOM+ interneurons from the mPFC connect to the RSC, playing a crucial role in

the recognition of emotions in both mice and humans [54].

Limitations and future directions

Besides the important discoveries, this study presents limitations. Some limitations align
with future research directions. Firstly, it would be beneficial to explore the molecular and
functional differences between adolescents and adults with Arc partial deletion to
understand why adolescent mice do not exhibit deficits. Furthermore, measuring Arc
levels in adolescents with familial schizophrenia and facing other vulnerability factors and
tracking their progression into adulthood may serve as a potential predictive marker.
Another important step would involve molecular characterization to evaluate different
expression in AMPAR, BDNF, mTOR and PSD95 in order to gain a better understanding
of the pathways associated with Arc-dependent deficits. This would also help identify a
potential target that may explain the effectiveness of ketamine. In the near future, through
collaboration with the 11T of Genoa, we aim to investigate the involvement of the RSC and

its impact on ketamine efficacy in greater detail. One aspect that was not taken into account
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in this study was the potential involvement of ketamine metabolites, as its half-life in
mouse plasma is approximately 30 minutes. In conclusion, our study exclusively employed
male mice. It would be of interest to further investigate potential gender disparities in the
response to ketamine. Among our future objective one is to conduct molecular analysis in
order to further investigate the underlying causality behind Arc-dependent deficits.
Specifically, we will focus on AMPAR, dopaminergic neurotransmission, and potentially

neuroinflammation process.

Conclusions

The present study offers additional evidence supporting the already established link
between the Arc gene, a significant regulator of synaptic plasticity, and social cognitive
impairments associated with neuropsychiatric disorders, thus offering a potential
intervention. Moreover, our research findings indicate that changes in Arc gene expression
do not impact social cognitive functions until adulthood. This finding emphasizes the need
for further investigation into potential compensatory mechanisms that operate during
adolescence. Additionally, from a translational standpoint, our results suggest that Arc
could serve as a potential indicator or marker for future social cognitive abnormalities in
childhood or adolescence. Our findings highlight the effectiveness of administering acute
ketamine in mitigating deficits in emotion recognition for up to seven days following the
injection and suggest the potential involvement of the RSC in its mechanism of action.
This outcome may have clinical significance in terms of utilizing ketamine as an adjunctive
treatment when the current intervention fails to ameliorate social cognitive deficits as

commonly occur.
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The findings obtained from the first part of the thesis provide evidence supporting the
involvement of the Arc gene in various cognitive processes crucial for social memory and
recognition of altered affective states. Emotion recognition is a pivotal social cognitive
process enabling individuals to effectively respond to emotional cues, empathize, and
properly engage in social interactions. This domain is typically impaired in conditions such
as schizophrenia, ASD, MDD, and AD [327]. Interestingly, we revealed that the

consequences of its partial deletion remain undetectable until adulthood.

Across the years several clinical and preclinical studies have identified the implication of
the Arc gene in cognitive impairments and mental disorders. Going into detail, genomic
studies conducted on a huge cohort of schizophrenic patients bring to light a significant
convergence of genetic variation of a set of proteins strictly involved in synaptic plasticity
interacting with NMDAR and Arc protein [210, 211, 256, 328]. In line with this several
studies have reported the involvement of Arc activity in the pathogenesis of schizophrenia
[253, 329]. In addition, it has been observed a decreased expression of Arc mRNA in the
PFC in individuals with schizophrenia [257]. Moreover, genetic SNPs of Arc and
variations of protein interacting with Arc have been implicated in the development of
schizophrenia [254]. Accordingly, the contribution of the Arc gene in the occurrence of
cognitive deficits and other schizophrenic-like symptoms has been recently demonstrated
at the preclinical level [260]. Arc has also been linked to ASD as well; a study reported
increased Arc expression in the plasma of children diagnosed with ASD [266]. These
findings suggest that Arc may be a potential candidate gene for investigating schizophrenia
and other neuropsychiatric and mental disorders that share social disturbances.
Nonetheless, there is currently insufficient research exploring the impact of Arc on social

cognition.

Based on the aforementioned premises, this first part aims to specifically focus on the
assessment of social memory and emotion recognition at two different time points:
adolescence and adulthood. Contrary to expectations, it has been found that these deficits
do not surface during adolescence but rather exclusively emerge in adulthood. Our study
demonstrates that Arc genetic alteration does not influence sociability, social memory, and
emotion recognition during adolescence. Adolescence is a critical period for the
consolidation of social behavior characterized by structural and functional brain changes
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that regard mainly the social brain network [56]. Adolescence is also characterized by
behavioral changes such as increased seeking, affiliative, impulsive and playful behavior
and increased exploratory behavior. At the same time, it is during adolescence that has
been observed an higher levels of glutamate in the dorsal anterior cingulate cortex (dAACC),
a fundamental brain area in emotion processing and empathy, compared to adulthood [135,
136]. Moreover, it has been detected an increased level of DA and GABA throughout
adolescence [137]. During adolescence, the brain experiences substantial neuronal
pruning, a critical process for fine-tuning synaptic networks and enhancing overall
cognitive capabilities. Arc, a pivotal protein, orchestrates these processes by regulating
activity-dependent synaptic weakening and promoting AMPAR endocytosis, both of
which are essential for effective synaptic elimination [330]. Despite the potential for
dysfunctions in Arc’s activity, the resulting disruptions may remain subtle or undetectable
for some time, as the neuronal pruning process is still ongoing. Another potential
explanation comes from a study observing in adolescent rats an increased baseline
expression of Arc mRNA compared to adulthood (16084664). Regrettably, a knowledge
gap persists in elucidating the specific mechanism that underlies this observation. Further

investigations are imperative to bridge this gap.

We subsequently investigated the aforementioned abilities in adult mice. Our findings
revealed that constitutive downregulation of the Arc gene (Arc +/-) resulted in significantly
impairment of social memory and emotion recognition while general sociability remained
unaffected. In line with these results, recent studies have observed schizophrenic-like
symptoms such as impaired PPI, cognitive functions and specific social domains resulting

from Arc partial and total deletion [260].

Emotion recognition is a fundamental component of social cognition. This particular
aptitude, along with other social cognitive capabilities, is developed through the
mechanisms of learning and memory [331, 332]. Over time, individuals refine their
competence in discerning and comprehending emotions by engaging in ongoing

interactions with, and keenly observing, the social environment encompassing them.

Learning and memory depend on synaptic plasticity, which refers to the capability of

neurons to reorganize themselves in response to experience. This process leads to either
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an increase, through LTP, or a decrease, through LTD, in synaptic strength based on the
received stimuli [333]. Both forms of synaptic plasticity require the synthesis of novel
genes and proteins. Specifically, this plasticity relies on AMPAR trafficking [225, 334-
336].

Compelling evidence has demonstrated a strong correlation between Arc activity and the
regulation of actin dynamics, as well as its involvement in various forms of synaptic
plasticity. The implication of Arc in synaptic plasticity can be attributed to its specialized
role, as evidenced by the rapid transport of Arc mRNA to dendrites. This suggests that
local Arc translation is responsible for mediating synaptic plasticity, which encodes stimuli
to facilitate the desired cellular changes [213]. The Arc gene plays a vital role in the
induction and time-dependent consolidation of LTP by regulating cytoskeleton dynamics
and promoting spine formation [225, 226]. This involvement is attributed to its regulation
of AMPAR endocytosis rate [225, 226, 231]. This process is crucial for enhancing synaptic
strength. Arc has also been found critically involved in the homeostatic plasticity known
as LTD induced by group 1 metabotropic glutamate receptors (mGluR). This indicates that
rapid translation of Arc is crucial for sustaining both synapse strengthening and
weakening. As a consequence, reduced Arc expression might lead to cognitive and social
cognitive deficits that rely on optimal modulation of synaptic plasticity. Accordingly,
several preclinical studies have confirmed the involvement of AMPAR and Arc genes in
the establishment of social cognitive deficits. A potential explanation of the emotion
recognition deficits displayed by Arc +/- may rely on the increase in AMPAR. Previous
studies indeed reported that 47c KO mice show increased surface AMPAR levels [1, 337].
The upregulation of AMPAR at the synaptic level has been shown to hinder LTD, a crucial
process for synaptic plasticity, leading to a disrupted balance between excitatory and
inhibitory inputs. Furthermore, this dysregulation may result in excitotoxicity and
subsequent cell loss in several neurological diseases. Consistent with these findings,
genetic studies have demonstrated that the lack of Arc is associated with enhanced LTP

and impaired hippocampus-dependent learning [232].

Impaired synaptic plasticity and synaptic density are recognized as prominent features in

various neuropsychiatric and neurodevelopmental disorders, including schizophrenia,

MDD, and ASD [222, 232, 338, 339]. These disorders are frequently characterized by
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deficits in social functioning, specifically in emotion recognition and ToM. These
impairments significantly affect individuals' daily lives, and it is worth noting that
commonly employed treatments such as antipsychotics for schizophrenia do not

effectively address these particular symptoms.

Based on that assumption we sought to address these symptoms using a molecule capable
to first of all to potentially enhance Arc expression and in the meanwhile activating the

synaptic plasticity pathway.

After a deep literature review we sought to address the deficit of emotion recognition and
social novelty recognition resulting from Arc genetic alteration by utilizing ketamine as a
therapeutic intervention. Numerous studies have revealed ketamine as a regulator and
enhancer of synaptic plasticity [317, 340-342]. Moreover, it was also shown to regulate
the expression of several factors involved in synaptic transmission such as BDNF, mTOR
and the Arc gene as well [298, 303, 343]. Using adult genetically modified mice for the
Arc gene, as a model relevant to schizophrenia and specifically to emotion recognition
deficit, we investigated ketamine as a potential therapeutic intervention to treat these

deficits.

A single subanesthetic dose of ketamine (10 mg/kg) was administered to adult male mice
both wild-type and Arc +/-. Social memory and emotion recognition of a positive- and
negative-valenced (relief and stress) affective state were re-evaluated three, five, and seven
days following the injection. As a result, we observed a significant improvement in social
memory following three days from ketamine injection. Furthermore, we observed that the
administration of a single sub-anesthetic dose of ketamine (10 mg/kg) improved and
reversed the deficit of emotion recognition experienced by Arc +/- mice up to seven days
after injection. More specifically, Arc +/- mice after ketamine injection become able to
recognize a conspecific in a state of relief and stress after five and seven days, respectively.
This effect was evidenced by an increase in interaction time specifically toward the

demonstrators in the altered emotional state and not as a general increase in sociability.

Despite ketamine's increasing use in various psychiatric treatments, there remains a
scarcity of research specifically addressing its impact on social cognitive functions. A

recent clinical study [344] explored this area by investigating ketamine's effects on
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mentalizing in healthy participants. In line with our findings, it has been observed a
significant deterioration in this cognitive ability, suggesting that ketamine's action on
NMDAR and associated downstream signaling cascades may be implicated in the

development of schizophrenia-like symptoms [345].

The aforementioned excitatory/inhibitory balance may have been disrupted by
administering ketamine (IP) to Arc wild-type mice, resulting in a decline in the ability to
discriminate between two conspecifics in a different affective state. The antagonism of
NMDAR under conditions already characterized by balance may disrupt feedback
mechanisms that control synaptic homeostasis leading to cognitive deficits and behavioral

abnormalities [352].

These findings highlight the multifaceted mechanisms through which ketamine exerts its
effects, activating several neural pathways. This emphasizes the importance of acquiring
a comprehensive comprehension of ketamine's role in social cognition and psychiatric

Processces.

A plausible mechanism by which ketamine exerts its activity is the disinhibition
mechanism. Its antagonism of NMDAR on GABAergic interneurons inhibits their action
leading to a disinhibition of the pyramidal neurons that results in an increased glutamate
release and a consequently AMPAR activation (Fig.3). This leads to enhanced BDNF

release and also, as stated by few studies, in Arc protein enhancement [297, 317].

The upregulation of the Arc gene translation results in heightened AMPAR endocytosis
thereby facilitating the recovery of LTD that in the end ultimately restores the balance
between the excitatory and the inhibitory synaptic transmission. Simultaneously, a
fundamental pathway for the modulation of synaptic plasticity and synaptogenesis, namely
the mTOR pathway, is activated. The release of BDNF, followed by the activation of Trk
receptors, indeed results in protein synthesis through the activation of the mTOR pathway
[346-348]. mTOR signaling is indeed critical for the integration of intracellular and
extracellular signals that in turn affect many cell biological processes, including
autophagy, protein synthesis, lipid synthesis, lysosome biogenesis, transcription, actin

dynamics, and neuronal morphology [297, 349, 350].
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Additionally, the mTOR cascade serves as the final step in the disinhibition hypothesis and
other proposed mechanisms of action for ketamine, such as the inhibition of extra-synaptic
NMDARs and the inhibition of spontaneous NMDAR-mediated transmission [306]
(Fig.3). Specifically, ketamine has been suggested to selectively block extra-synaptic
GluN2B-containing NMDARSs, which are tonically activated by low levels of glutamate.
Inhibition of the extra-synaptic GluN2B-NMDARs is hypothesized to de-suppress mTOR
complex 1 (mTORCT1) function, which in turns will induce protein synthesis. In the second
case, ketamine is proposed to enhance synaptic neurotransmission through a protein
synthesis-dependent mechanism. This is achieved by inhibiting the eukaryotic elongation
factor 2 kinase (eEF2K) activity, thus preventing phosphorylation of its eEF2 substrate and
ultimately leading to an enhancement of BDNF translation [284, 351].

75



Pre-synaptic

glutamatergic
neuron
®
f‘) %/ /- ..o.
‘%“:f&." [ | .
%
o X
® o L
® %Oo 2
L
°« ° §
o
38, o
(] Py )
L]
e _®
L ]
.. ° s
L
ool 0.::
° ° ©
o, ©® ) .. ° / B
.. ) Y °
& .
] ; .
® o ‘Q’ ’ \’
‘ AR ‘
S # ° ¥
eEF2K
Akt
¢ p-eEF2K
y p-GSK-3p AN
] AMPAR

/\ o 5\<\/ mTORC1 NMDAR
Protein .. GABAR

synthesis
F} TrkB

Glutamate
GABA
BDNF

Post-synaptic
glutamatergic
neuron

He o @

Ketamine

Figure 3. Ketamines mechanisms of action.

Although ketamine acts as an NMDAR antagonist, its antidepressant effects may be
independent of NMDAR inhibition and rely on other putative lower-affinity targets or on
the subsequent activation of AMPAR [278, 304, 352]. Several studies have indeed
demonstrated as crucial the activation of AMPAR for the efficacy of ketamine [301, 343,
353-355].
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Furthermore, a recent study brought to light the possible involvement of dopamine 3
receptor (D3R), essential for mTOR signaling activation and dendritic outgrowth elicited
by ketamine [317, 356]. D3R was shown to play a role in cognitive functions in health and

neuropsychiatric disorders [357].

One aspect that need to be considered is the potential action of ketamine metabolites rather
than ketamine itself. It has been observed indeed that ketamine half-life in mouse plasma
is approximately 30 min, indicating a rapid clearance from the body [358]. Ketamine is
rapidly and stereoselectively metabolized into (R,S)-norketamine (NK), (R,S)-
dehydronorketamine, hydroxyketamines, and hydroxynorketamines (HNKs) [359-362].
Accordingly, some preclinical studies demonstrated that for the anti-depressive effects the
metabolism of ketamine is necessary, especially into (2S,6S;2R,6R)-hydroxynorketamine

(HNK).

Given a recent discovery involving the RSC-mPFC circuit in mediating normal emotion
recognition abilities in mice we subsequently focused our investigation on exploring the
role of the RSC in the efficacy of ketamine as a potential therapy for restoring the emotion
discrimination process in mice with a partial deletion of the Arc gene. The last study
conducted by Papaleo’s group unveiled a novel cortico-cortical circuit involving the
SOM-+ interneurons from the mPFC to the RSC. Both in mice and humans this circuit has
been implicated in the ability to recognize emotions [363]. The RSC is a component of the
DMN that has emerged as a key member of a central network of brain regions supporting
a range of cognitive functions, including episodic memory, navigation, imagination and
planning for the future [364]. Over the past two decades, there has been a substantial
increase in research examining the intersection between social brain areas and the DMN.
The DMN encompasses a collection of brain regions that display heightened activation
during periods of wakeful rest, self-reflection, and introspection. These studies have
collectively contributed to a growing body of evidence supporting the presence of overlaps
between these two neurobiological networks. In particular, DMN activation was observed
to be active during the cognitive processing of social information, specifically in tasks
involving the perception and interpretation of other's emotional states with the purpose of
social interaction [59]. Moreover, abnormalities related to these areas and their
connectivity are frequently associated with the pathophysiology of mental disorders [6,
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365, 366]. In addition, it was recently highlighted the importance of normal RSC activity
in the establishment of social interaction and the occurrence of abnormal

inhibitory/excitatory synaptic transmission linked to autism-like symptoms [363, 367].

In our study, we infused ketamine directly into the RSC observing a significant
amelioration of the emotion recognition deficit exhibited by Arc +/- mice, compared to the

group who received the vehicle administration.

In conclusion, the current study provides evidence supporting the notion that the Arc gene
serves as a valuable indicator of socio-cognitive deficits related to psychiatric conditions
and represent a promising marker for the assessment of such deficits. Additionally, our
findings suggest that ketamine may serve as an effective therapeutic intervention for

addressing social impairments, with the RSC playing a role in its efficacy.
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Conclusions

The present study provides further evidence for the previously established connection
between the Arc gene, a crucial modulator of synaptic plasticity, and symptoms related to
neuropsychiatric disorders. Specifically, our research uncovers the role of the Arc gene in
the underlying mechanism of emotion recognition. Intriguingly, it was observed that
alterations in Arc gene expression do not affect social cognitive functions until adulthood.
This finding underscores the importance of further exploring potential compensatory
mechanisms that operate during adolescence. Additionally, from a translational standpoint,
our results suggest that Arc could serve as a potential indicator or marker in childhood or
adolescence for future social cognitive abnormalities. Notably, our findings highlight the
effectiveness of administering acute ketamine in mitigating deficits in social memory and
emotion recognition for up to seven days following the injection and suggest the potential
involvement of the RSC in its mechanism of action. This outcome may have clinical
significance in terms of utilizing ketamine as an adjunctive treatment when the current

intervention fails to ameliorate social cognitive deficits as commonly occur.

e Arc heterozygous mice do not exhibit deficits in social cognition during
adolescence;

e The observation that Arc genetic alteration does not manifest discernible
consequences until reaching adulthood implies its potential utility as a potential
biomarker for conducting adolescent screening in the context of long-term studies;

e Arc heterozygous mice exhibit deficits in social memory and emotion recognition
during adulthood;

e Arc genetic modification holds significant potential as a tool to assess social
cognitive impairments;

e A single subanaesthetic dose of ketamine has the potential to rescue the deficits
encountered by adult Arc heterozygous mice;

e The administration of ketamine to Arc wild-type mice results in a deterioration of
their social cognitive abilities, thereby generating deficits that resemble those

observed in Arc heterozygous;
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Injecting ketamine locally into the RSC effectively ameliorates the deficits

observed in Arc heterozygous mice;
The RSC region is involved in the mechanism underlying the deficit, as well as the

effectiveness of ketamine in addressing the observed deficits.
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