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ABSTRACT

Early adverse events occurring during critical periods of brain development
may shape the individual’s developmental trajectory and increase
vulnerability to stress-related disorders across lifespan. The aim of my PhD
thesis was to investigate the role of glutamatergic neurotransmission in the
early-life stress induced impairments of emotional, cognitive, and social
scaffolding in functionally involved brain regions. The study was realized
by using the model of postweaning social isolation (PWSI) in mice and the
model of perinatal stress (PRS) in rat. Firstly, I compared the behavioral and
biochemical profiles of PWSI-induced inbred C57BL/6 N mice to those of
BTBR mice, a rodent model used to study autism spectrum disorders in
humans. Male C57BL/6 N mice were socially housed at weaning (postnatal
day 21) or isolated for four weeks before being subjected to experimental
analysis at 48 days of age. Male BTBR mice were socially housed at weaning
and subjected to analysis at the same age. Metabotropic glutamate receptor
of type 2 (mGluR2), glucocorticoid and mineralocorticoid receptors levels
were all decreased in the hippocampus of PWSI and BTBR animals.
Moreover, both PWSI mice and BTBR mice displayed decreased social
behavior (social investigation and ultrasonic vocalizations), demonstrating
that the lack of social stimuli throughout adolescence causes an
endophenotype that mirrors some behavioral features of autism spectrum
disorders. Secondly, I investigated the possible corrective role exerted by
resocialization on the PWSl-induced hippocampal glutamatergic
disequilibrium. Results showed that PWSI-induced reduction of
hippocampal mGluR2 was not recovered by one week of resocialization. I

have also investigated the effect of PRS in adult and aged rats of both sexes



on the expression of AMPA and GABAa receptor subunits in the
hippocampus (ventral and dorsal) and prefrontal cortex in relation to
emotional and cognitive behaviors. PRS induced sex-dimorphic and age-
dependent effects on some receptor subunits and behavior. Particularly, in
both adulthood and ageing, PRS reduced open-arm exploration and
recognition score in males, while it improved them in females. Interestingly,
in the dorsal hippocampus, PRS reduced the expression of the GluA2
subunit in adult male rats and increased the expression in adult female rats.
Moreover, PRS reduced the expression of the GluA3 AMPA receptor
subunit in the prefrontal cortex and in dorsal hippocampus of adult male
rats, an effect which was limited to the prefrontal cortex of adult female rats.
Remarkably, changes in GluA2/GluA3 subunits and behavior induced by
PRS persisted in aged male rats, but not females. The al subunit of the
pentameric GABAAa receptor was also studied in adult and aged rats of both
sexes. PRS enhanced the expression of the al subunit of GABAa in the
dorsal hippocampus of both sexes and reduced it in the prefrontal cortex
exclusively in females. In aged PRS subjects a reduction of GABAa-al
subunit protein levels in the prefrontal cortex was observed in the male
gender. Extending the analysis to synaptic vesicle proteins we found
reduction of synaptophysin, syntaxin and rab3a levels in the ventral
hippocampus of PRS males, but not females, at adulthood and ageing.
Interestingly, control male rats are characterized by a greater density of
hippocampal levels of syntaxin, munc-18, synapsin Ila, VAMDP,
synaptophysin and rab3a with respect to female rats. This difference was
abolished by PRS, suggesting that PRS caused dysmasculinization across
lifespan. These findings suggest that changes in the expression levels of

AMPA and GABAAx receptors contribute to the sex-divergent behavioral



phenotype induced by PRS in adult and aged rats. Collectively, my research
shows that early-life stress-induced alterations converge to severe
impairment of glutamatergic neurotransmission, underscoring its key role
in determining and maintaining the proper developmental trajectory across

the lifespan.



RIASSUNTO

Gli eventi avversi che si verificano durante i periodi critici dello sviluppo
cerebrale possono modellare la traiettoria di sviluppo dell'individuo e
aumentare la sua vulnerabilita a diversi disturbi durante I'intero arco della
vita. L'obiettivo della mia tesi di dottorato e stato quello di studiare il ruolo
della neurotrasmissione glutammatergica nelle alterazioni cognitive e
sociali indotte dallo stress nei primi anni di vita in regioni cerebrali
potenzialmente coinvolte. Lo studio e stato realizzato impiegando i modelli
murini dell’isolamento sociale post-svezzamento (PWSI) e dello stress
perinatale (PRS). Inizialmente, ho condotto un’analisi comparativa tra i
profili comportamentali e biochimici del topo C57BL/6 N in isolamento
sociale post-svezzamento e del topo BTBR, modello murino validato per
studiare alcuni aspetti fenotipici dei disturbi dello spettro autistico
nell'uomo. Topi maschi C57BL/6 N sono stati stabulati in gruppo o isolati
allo svezzamento (giorno postnatale 21) per quattro settimane prima di
essere sottoposti alle analisi sperimentali a 48 giorni di eta. I topi maschi
BTBR sono stati stabulati in gruppo allo svezzamento e sottoposti alle
analisi alla stessa eta dei topi PWSI. Entrambi i gruppi sperimentali erano
caratterizzati da una ridotta densita dei recettori metabotropici del
glutammato di tipo 2 (mGIuR2), dei glucocorticoidi (GR) e dei
mineralocorticoidi (MR) selettivamente nell'ippocampo. Inoltre, sia i topi
PWSI che BTBR hanno mostrato una diminuzione del comportamento
sociale (indagine sociale e vocalizzazioni ultrasoniche), evidenziando che la
mancanza di stimoli sociali durante 1'adolescenza causa un endofenotipo
che rispecchia alcune caratteristiche comportamentali dei disturbi dello

spettro autistico. Ho inoltre studiato il potenziale ruolo riparatore della



risocializzazione nei topi PWSI I risultati hanno evidenziato che una
settimana di risocializzazione non era in grado di ripristinare i ridotti livelli
di espressione dell mGluR2 nell’ippocampo dei topi PWSI. Nel prosieguo
delle mie ricerche, ho studiato nei ratti adulti e anziani di entrambi i sessi
l'effetto dello stress perinatale sull'espressione delle subunita dei recettori
AMPA e GABAa nellippocampo (ventrale e dorsale) e nella corteccia
prefrontale in relazione ai comportamenti emotivi e cognitivi. I1 PRS ha
indotto effetti sessualmente-dimorfici ed eta-dipendenti su alcune subunita
recettoriali e sul fenotipo comportamentale. In particolare, sia nell'eta
adulta che anziana, il PRS ha gravemente compromesso la reattivita alla
novita e la performance cognitiva nei maschi, migliorandole invece nelle
femmine. Nell'ippocampo dorsale il PRS ha ridotto l'espressione della
subunita GluA2 nei maschi adulti, aumentandola invece nelle femmine
della stessa eta. Inoltre, il PRS ha ridotto I'espressione della subunita GluA3
del recettore AMPA nella corteccia prefrontale e nell'ippocampo dorsale dei
maschi adulti e questo effetto e stato osservato solo nella corteccia
prefrontale delle femmine adulte. E stato interessante osservare che i
cambiamenti indotti dal PRS nei livelli di espressione delle subunita
GluA2/GluA3 e nel fenotipo comportamentale fossero persistenti nei ratti
maschi ma non nelle femmine nell’invecchiamento. Inoltre, nei ratti adulti
ed anziani di entrambi i sessi e stato analizzato il profilo di espressione della
subunita al del recettore GABAa. In particolare, il PRS ha aumentato
l'espressione della subunita al nell'ippocampo dorsale di entrambi i sessi e
I'ha ridotta nella corteccia prefrontale esclusivamente nelle femmine. In eta
anziana, e stata osservata una riduzione dei livelli proteici della subunita
al nella corteccia prefrontale dei maschi. Estendendo le analisi biochimiche

alle proteine associate alle vescicole sinaptiche, abbiamo riscontrato una

10



riduzione dei livelli di sinaptofisina, sintaxina e rab3a nell'ippocampo
ventrale dei maschi PRS, ma non delle femmine, in et adulta e senile. E
stato interessante notare che rispetto alle femmine i maschi del gruppo di
controllo erano caratterizzati da una maggiore densita dei livelli
ippocampali di sintassina, munc-18, sinapsina Ila, VAMP, sinaptofisina e
rab3a. Questa differenza e stata abolita dal PRS, suggerendo che il PRS ha
causato una demascolinizzazione durante l'intero arco della vita. Questi
risultati suggeriscono che i cambiamenti nei livelli di espressione dei
recettori AMPA e GABAA contribuiscono agli effetti sesso-dipendenti del
PRS sulla manifestazione del fenotipo comportamentale dei ratti adulti e
anziani. Nel complesso, la mia attivita di ricerca dimostra che le alterazioni
indotte dallo stress nelle prime fasi della vita convergono verso una grave
compromissione della neurotrasmissione glutammatergica,
sottolineandone il ruolo chiave nel determinare e mantenere la corretta

traiettoria di sviluppo nell'arco della vita.
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INTRODUCTION

1. CRITICAL PERIODS IN BRAIN DEVELOPMENT

Neurobiological background can orient individuals toward certain types of
experience, and experience can shape, at the same time, an individual's
neurobiological substrate throughout life. There is a close correlation
between an individual's neurobiological background and experience that,
for specific brain areas, is particularly pronounced during specific
developmental windows known as critical periods (Larsen and Luna, 2018).
Critical periods are unique time windows in an organism's life in which the
interplay of genetic, neurobiological, and environmental factors influence
brain patterning, diversity, connectivity, and functional maturation of
neurons (Levitt and Veenstra-VanderWeele, 2015). Specifically, the normal
development of the structural and functional scaffolding of the brain is the
result of a conserved sequence of developmental processes (cell division,
neuronal migration, network formation, and maturation of brain circuits)
within which the triggering of appropriate stimuli can induce events of
increased plasticity necessary to permanently determine an individual's
behavior in adulthood (Dehorter and Del Pino, 2020). Indeed, critical
periods are phases characterized by high synaptic plasticity and during
which brain cell connections, being more sensitive and receptive to
environmental influences or stimuli, can form, strengthen, stabilize, and
mature (Erzurumlu and Gaspar, 2012; Levelt and Hiibener, 2012). Notably,
these periods of high plasticity are typically preceded by intense axonal
proliferation activity, which is the cellular mechanism underlying the

experience-dependent process of neuronal circuit formation (Knudsen,
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2004; Nelson and Gabard-Durnam, 2020). In addition, while the onset of
critical period is triggered by changes in NMDA glutamatergic signaling
and dopaminergic receptor density, increased levels of brain-derived
neurotrophic factors (BDNF) and maturation of GABAergic inhibitory
circuits, leading to the achievement of the balance between excitation and
inhibition (E/I), their closure is marked by cellular changes affecting major
cellular matrix components (e.g., chondroitinsulfated proteoglycans) and
receptor systems involved in myelination processes (Sengpiel, 2007; Larsen
and Luna, 2018). However, the lack of certain experiences in early life may
have a profound effect on the development of neural connections and next
exposure to such experiences may not compensate for their previous
absence (Sengpiel, 2007; Nelson and Gabard-Durnam, 2020). This concept
was well evidenced by the elegant experiment conducted by Nobel
laureates Wiesel and Hubel, who demonstrated how early sensory
deprivation dramatically affects the anatomy and functional organization
of the visual cortex, thus defining the perinatal period as a crucial phase of
life during which visual experience may shape synaptic connections in the
primary visual cortex (Wiesel and Hubel, 1963; Cioni and Sgandurra, 2013).
Specifically, the authors have reported that occlusion of one eye (monocular
deprivation) by suturing the eyelids in the early stages of kitten
development (from birth to 2-3 months of age) results in a dramatic
decrease in the number of visual cortical cells and consequently functional
blindness in the occluded eye, although the state of retinal function was not
found to be altered after the animal's eyelids were reopened (Wiesel and
Hubel, 1963; Cioni and Sgandurra, 2013). In humans, optimal development
of specific brain functions (e.g., binocular vision or language acquisition)

occurs at particular critical periods (Sengpiel, 2007). For example,
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adolescence is a critical developmental period that lies between childhood
and adulthood, characterized by unique neurobiological, social, and
cognitive development (Crews and Hodge, 2007; Larsen and Luna, 2018).
Neuroimaging studies conducted in humans have shown that the
associative cortical areas (prefrontal cortex (PFC), posterior parietal cortex,
and superior temporal cortex) involved in the planning of higher-order
cognition  functions undergo continuous experience-dependent
morphological and cellular changes during adolescence, both progressive
and regressive (e.g., gray matter volume, neuronal connectivity,
overproduction and/or pruning of axons and synapses), thus providing the
neurobiological basis for adolescents' unique behaviors and the functional
and structural substrate necessary for maturation to adulthood (Crews and

Hodge, 2007; Luna et al., 2015; Larsen and Luna, 2018).

2. FACTORS INFLUENCING BRAIN DEVELOPMENT:
IMPLICATION FOR NEUROPSYCHIATRIC DISORDERS

Perinatal life, infancy, childhood, and adolescence are critical periods of life
that are particularly sensitive to stressors (McEwen, 2008, 2012; Maccari et
al., 2017). During these life stages, adverse experiences, including
malnutrition, stress, and exposure to environmental factors (e.g., toxins and
pathogens), can trigger maladaptive responses that alter the normal
developmental trajectory of individuals and provide fertile ground for the
onset of chronic diseases (Maccari et al., 2017; Fitzgerald et al., 2020). A
growing number of studies have shown that exposure to a negative
environment during critical periods of life is a risk factor for the onset of

cardiovascular and metabolic diseases (e.g., type 2 diabetes and
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hypertension) and is associated with long-term consequences on
neurodevelopmental processes in offspring, increasing the risk of
neuropsychiatric disorders across the lifespan (Jiang et al., 2013; Suglia et
al., 2020; Waters and Gould, 2022). One consequence of this evidence was
the development of the Developmental Origins of Health and Disease
(DOHaD) theory (Barker et al., 1993; Wadhwa et al., 2009), which, over the
past three decades, has been supported by numerous studies in humans
and rodents (Nemeroff, 2004; Seckl, 2008; Maccari et al., 2017). For instance,
a growing body of evidence has well documented the increased incidence
of chronic heart disease, type 2 diabetes, depression, and schizophrenia in
adult offspring exposed in the fetal period to an unbalanced maternal diet
(Barker et al., 1993; Dana et al., 2019; Stein et al., 2019). Preclinical studies
have characterized the long-term adverse effects of in utero unbalanced
nutrition on fetal neurodevelopment (Barker and Clark, 1997). In particular,
exposure of pregnant mice to a low-protein diet has been shown to
dramatically alter the differentiation status of neural progenitor
populations in both the cortex and ganglionic eminence of offspring, which
showed short-term memory deficits in adulthood (Gould et al., 2018;
Fitzgerald et al., 2020). In addition to malnutrition, pathogens are also
factors that can program detrimental changes in fetal neurodevelopment
(Jash and Sharma, 2022). Some studies have reported a close association
between maternal hospitalization for influenza and/or bacterial infections
during the first two trimesters of pregnancy and increased incidence of
psychiatric disorders (e.g., autism spectrum disorder (ASD)) in adult male
offspring (Atladottir et al., 2010; Lee et al., 2015). Additionally, studies in
pregnant rodents have shed light on mechanisms by which maternal viral

and bacterial infections influence the abnormal neurological development
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of the fetus (Estes and McAllister, 2016; Fitzgerald et al., 2020). For example,
maternal cytokine release (e.g., IL-6) has been reported to mediate the
effects of Poly I:C-induced maternal immune activation on offspring
behavior, which exhibits impaired communication and social interaction
and stereotyped and repetitive behaviors in adulthood (Smith et al., 2007).
Furthermore, several rodent studies have shown that the offspring
prenatally exposed to lipopolysaccharide (LPS) display deficits in memory
and learning processes, increased depressive- and anxiety-like behaviors,
extensive microglia activation, oxidative stress and alterations in
dopaminergic neurotransmission (Zhu et al., 2007; Hao et al., 2010; Kirsten
et al., 2012; Al-Amin et al., 2016). Finally, chronic stressful events during
critical periods of life can also lead to impairment of the body's coping
capacity and alter the developmental trajectory of individuals over the life
course (Maccari et al., 2017). Indeed, exposure to stress in early childhood
(e.g., perinatal stress, poor maternal care, abuse, childhood trauma, and
social isolation) alters children's neural plasticity and function, and these
changes have been associated with an increased likelihood of developing
various neuropsychiatric and neurodevelopmental disorders, including
mood and anxiety disorders, post-traumatic stress disorder (PTSD),
substance use disorders, personality disorders, and autism spectrum
disorders (ASD) (Agorastos et al., 2019; Waters and Gould, 2022). In
particular, it has been shown that alterations in emotional behavior and
cognitive domains (e.g., spatial memory and social behavior) that
characterize prenatally stressed adult offspring (Maccari et al., 2014;
Weinstock et al., 2016) have, among their biochemical correlates, increased
catecholamines and glucocorticoids in the fetal circulation, changes in

oxytocin signaling neurotransmission, and alterations in the maternal
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microbiome (Fitzgerald et al., 2020). Interestingly, the programming of the
developmental trajectory of individuals is determined not only by prenatal
factors, but also by postnatal factors, among which the quality of maternal
care in the first days after birth is worth mentioning. Some rodent studies
have examined the effects of maternal care (e.g., licking, grooming, and arc
feeding) on the programming of stress responses and behavioral
background of offspring (Caldji et al., 1998; Gatta et al., 2018). In particular,
it has been observed that rat pups exposed to patchy maternal care exhibit
increased expression of corticotropin-releasing hormone (CRH) receptors in
the hippocampus and subsequent deficits in memory performance (Ivy et
al., 2010). In addition, cross-caring of offspring of stressed mothers with an
unstressed control mother or father at birth has been observed to reduce
peak corticosterone secretion and altered behavioral phenotype (i.e.,
anxious behavior) in adult rats stressed early in life (Maccari et al., 1995;
Barros et al., 2006). Several studies have shown that the early postnatal
environment influences the health of individuals through the induction of
changes in epigenetic markers, suggesting the important role of epigenetic
modifications (e.g., DNA methylation, acetylation of specific lysine sites) in
programming the developmental trajectory induced by early stress
(Bockmiihl et al., 2015; Alyamani et al., 2018; Fitzgerald et al., 2020). For
example, it has been observed that individuals exposed to adverse events
early display an increased hypermethylation status of the neuron-specific
glucocorticoid receptor promoter (NR3C1) positively correlating with
pronounced deregulation of the HPA axis, and greater susceptibility of
same individuals to the development of stress-related disorders (i.e.,

depression) in adulthood (Li et al., 2020).
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3. BRAIN AREAS INVOLVED IN NEUROPSYCHIATRIC
DISORDERS

The brain is organized into a complex set of neural networks consisting of
distinct areas with relatively specialized functions. Adaptive behavior
results from the coordination and integration of neural activity across well-
distributed brain regions (Sigurdsson and Duvarci, 2016). In the brain, the
synaptic transmission between the hippocampus, prefrontal cortex and
amygdala plays a key role in behavioral functions (e.g., executive function,
working and long-term memory, emotion) and in determining peripheral
responses to stress (McEwen et al., 2016; McEwen, 2017; Yavas et al., 2019).
The hippocampus is a brain structure located deep in the medial temporal
lobe and organized into several subfields, including the dentate gyrus (DG)
and cornum ammonis areas 1 (CA1) and 3 (CA3) (Anand and Dhikav, 2012;
Sigurdsson and Duvarci, 2016). It is present in all mammalian species and
plays a key role in spatial navigation, emotional behavior, regulation of
hypothalamic functions and neurogenesis (Fanselow and Dong, 2010;
Koehl and Abrous, 2011; Anand and Dhikav, 2012). In addition, the
hippocampus is involved in various forms of learning and memory, and
several studies have shown that the impairment of hippocampal synaptic
plasticity mechanisms can result in compromised mnemonic processes (i.e.,
spatial memory) (Ivy et al, 2010; Wang et al, 2011). Overall, the
hippocampus is arranged along a longitudinal axis that in rodents stretches
between a dorsal and ventral pole corresponding respectively to the
posterior and anterior poles in primates (Fanselow and Dong, 2010;
Sigurdsson and Duvarci, 2016). Particularly, it has been highlighted the
existence of a specific and selective dichotomy of gene expression,

anatomical connectivity as well as physiological and behavioral functions
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along the hippocampal longitudinal axis (Lee et al., 2017). Specifically, the
dorsal hippocampus has been shown to be primarily involved in learning
and memory processes (i.e., spatial memory), while the ventral sub-region
is intimately related to the regulation of stress response and emotional
behavior (Fanselow and Dong, 2010). In contrast to the hippocampus, the
prefrontal cortex is a neocortical region phylogenetically more divergent
and it is implicated in a broad range of behaviors including decision
making, attention, working memory, memory consolidation, executive
function, self-regulatory behaviors and social behavior (Benchenane et al.,
2011; Bicks et al., 2015; McEwen et al., 2016; Sigurdsson and Duvarci, 2016).
In primates, the prefrontal cortex is highly interconnected with other brain
structures and can be subdivided into two large areas each having different
functions: the dorsolateral area, located anterior to the premotor region and
involved in various cognitive functions (e.g., executive control, attention
and working memory), and the ventromedial area, involved in the
regulation of emotional behaviors (Koenigs and Grafman, 2009; Gamo and
Arnsten, 2011; Xu et al., 2019). The prefrontal cortex and hippocampus share
extensive connections with the amygdala (Kong et al., 2013; Yavas et al.,
2019), which is located in the dorsomedial part of the cerebral temporal
lobe. The amygdala is a nuclear complex usually divided into basolateral
amygdala (BLA), medial amygdala (MeA) and central nucleus of amygdala
(CeA) and is involved in processing physiological and behavioral responses
to stress and in the regulation of emotional behaviors (i.e., fear,
aggressivity) (Zhang et al., 2018; Haller et al., 2018). Several studies in
animals and humans have shown that adverse events occurring during
critical periods affect the structural and functional development in the

hippocampus, PFC and amygdala (Chen and Baram, 2016; McEwen et al.,
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2016; VanTieghem and Tottenham, 2018). In particular, rodents exposed to
different stress experiences (i.e., maternal separation, fragmented maternal
behaviors, chronic restraint stress) show, at the level of the three regions of
the limbic system, an alteration of the dendritic arborization process that
has been associated to increased anxiety-like and depressive-like behaviors
observed in stressed animals (Vyas et al., 2002; Hill et al., 2019; Monroy et
al., 2010; Smith and Pollak, 2020). Humans’ studies have shown that one of
the most widely reported findings in children exposed to abuse, neglect, or
an adverse family environment is reduced volume of hippocampus and
prefrontal cortex, which has been associated with deficits in learning
processes and increased vulnerability to the development of
neuropsychiatric disorders in adulthood (Frodl et al., 2010; McEwen et al.,
2016; Smith and Pollak, 2020). Moreover, some evidence has reported that
stress in early childhood determines an atypical trajectory of PFC-amygdala
connectivity, which results in changes in the reactivity and sensitivity of
both regions to emotionally salient stimuli (VanTieghem and Tottenham,
2018; Smith and Pollak, 2020). Overall, these pieces of evidence show that
the structural and functional disruption of the hippocampus, prefrontal
cortex and amygdala play an important role in the relationship between
stress in early life and its effects on developmental trajectory of individuals
(Smith and Pollak, 2020), representing an important pathophysiological
mechanism in various neuropsychiatric (i.e, schizophrenia and autism
spectrum disorders) and neurological diseases (i.e., Alzheimer's and
Parkinson’s diseases) (Baron-Cohen et al., 2000; Rasetti et al., 2009; Colgin,

2011; Li et al., 2015; Sigurdsson and Duvarci, 2016).
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4. EXPERIMENTAL MODELS FOR STUDYING
NEUROPSYCHIATRIC DISORDERS

4.1 Postweaning social isolation

Early studies conducted in the 1960s and 1970s have shown that mice and
rats housed in individual cages for extended period exhibited increased
general reactivity to environmental stimuli and an anxiogenic and overly
emotional profile (Koch and Arnold, 1972; Sahakian et al., 1977, Fone and
Porkess, 2008). These behavioral alterations characterizing rodents reared
in social isolation has represented the crucible of so called “isolation-
induced stress syndrome’” (Hatch et al., 1965; Valzelli et al., 1973). Over the
last few years, most laboratories have adopted a social isolation paradigm
consisting of housing male or female rodent (rat or mouse) pups in
individual cages from the first day of weaning until the day of experimental
tests, typically performed in late adolescence or adulthood (Lukkes et al.,
2009; Toth and Neumann, 2013). The day of weaning is determined by the
experimenter and might be between postnatal day (PND) 21 and PND 28
(Fone and Porkess, 2008; Lukkes et al., 2009). The post-weaning period can
be particularly susceptible to disturbances in the social environment
because social interaction during this critical window time is necessary for
the proper developmental trajectory across lifespan (Hermes et al., 2011;
Adams and Rosenkranz, 2016). This period corresponding to adolescence
beginning in rodents is critical for the development of social behavior
(Lukkes et al., 2009; van Kerkhof et al., 2013; Toth and Neumann, 2013). For
instance, it has been observed that both male and female rats socially

isolated between PND 22 and 35 show impaired social interaction (Toth and
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Neumann, 2013). Conversely, the same procedure of isolation does not
induce reduction of social interaction when applied in adulthood (Ferdman
et al.,, 2007; Caruso et al., 2022a). Therefore, postweaning social isolation
determines a comprehensive behavioral change that can be observed only
if the intervention is commenced during critical window time of puberty
(Einon and Morgan, 1977). The period of social isolation can range between
4 to 8 weeks (Chang et al., 2015) and during this period isolation-reared
rodents are completely deprived of social contact with littermates (Tanaka
et al., 2019); however, they still have visual, auditory and olfactory contacts
with other animals raised in isolation and in group of three to five per cage
and both groups are kept in the same rearing conditions (Lapiz et al., 2003;
Fone and Porkess, 2008; Caruso et al., 2022a). Any confounding effect of
litter is prevented selecting the animals for equal size and dividing them
equally from the same dam into isolation and group reared conditions.
Particularly, the isolation procedure is followed by the same operator who
does not handle housed rodents more than once a week (to change bedding
material). Moreover, each source of noise is carefully monitored and
reduced in the animal room (Fone and Porkess, 2008). Since the housing
environment may affect the precise nature of the final behavioral and
biochemical outcome (Akinbo et al, 2022), the standard isolation
procedures do not normally include the use of environmental enrichment
(Fone and Porkess, 2008; Lukkes et al., 2009). Indeed, several studies have
reported that environmental enrichment reverse the behavioral and
biochemical alterations induced by post-weaning social isolation
(Hellemans et al., 2004; Hoffmann et al., 2009). To date, the majority of
laboratories have adopted chronic postweaning social isolation (PWSI)

procedure, rearing rodents in individual cages for 4-6 weeks or more during
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the postweaning development (Lapiz et al., 2003; Fone and Porkess, 2008;
Lukkes et al., 2009) and testing behaviorally them in a state of total social
contacts deprivation. Generally, it has been observed that PWSI in rodents
elicits a large array of long-lasting behavioral and biochemical alterations
which have translational relevance to neuropsychological and
developmental disorders including attention-deficit hyperactivity disorder,
autism spectrum disorder, schizophrenia and depression (Lapiz et al., 2003;
Fone and Porkess, 2008; Mumtaz et al., 2018; Matsumoto et al 2019; Tanaka
et al., 2019). Therefore, PWSI represents a nonpharmacological animal
paradigm that could be useful in understanding the molecular and
neuronal etiology of neuropsychiatric and developmental disorders,
allowing the discovery and assessment of new treatment drugs (Fone and

Porkess, 2008).

4.2 Perinatal stress

Noise, social isolation, repeated electric shocks to the tail, immobilization
have been the most common paradigms adopted to stress female rats
throughout gestation (Weinstock, 2001; Weinstock, 2016). An additional
well-established animal model of early-life stress is represented by the
perinatal stress model (PRS) in the rat. PRS consists of restraining pregnant
females rats in a transparent cylinder under bright light for three daily
sessions lasting 45 minutes each, from day 11 of pregnancy until the pups
are born (Maccari et al, 1995; Maccari and Morley-Fletcher, 2007).
Gestational restraint stress induces an alteration in maternal behavior that
leads to the establishment of an adverse environment in the postnatal
period, in which the developmental trajectory of the offspring may not take

the correct physiological direction (Maccari et al., 2017; Gatta et al., 2018).
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Given the importance of mother-infant interaction for the physiological and
psychological homeostasis of the offspring (Granata et al, 2021), it is
believed that the PRS paradigm combines both prenatal and postnatal
stress, as newborns of the stressed mother are continuously exposed to
disturbed maternal care (e.g., inappropriate sucking behaviors, grooming,
licking and petting of pups) in the early postnatal period (Maccari et al.,
1995; Morley-Fletcher et al., 2007; Gatta et al., 2018). Interestingly, PRS can
be used to study the long-term effects of early-life adverse events on
offspring and the subsequent shaping of emotional and cognitive processes
in response to environmental challenges across the lifespan (Maccari et al.,

2017).

4.3 Mouse model of BTBR

Autism spectrum disorders (ASD) are the most commonly diagnosed
neurodevelopmental disorders and represent a heterogeneous set of
disorders with an unclear etiology (Salari et al.,, 2022). The number of
epidemiological studies on ASD has increased in recent years, and current
estimates indicate that more than 1% of children worldwide are affected
(Meyza and Blanchard, 2017). Genetic, epigenetic, and environmental
factors contribute to the formation of a highly heterogeneous group of
patients who share only the behavioral phenotype characterized by social
impairment, communication abnormalities, and restricted and repetitive
behavior patterns (Meyza and Blanchard, 2017; Masini et al., 2020). To date,
preclinical research models are essential to study underlying
pathophysiology of altered behavioral phenotype and for developing new

therapy strategies. However, the challenge in modeling autism spectrum
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disorders lies in the absence of clear molecular, neurobiological and
structural mechanisms involved (Meyza and Blanchard, 2017). Indeed, the
present etiopathogenetic study of ASD relies on numerous mouse models
that are verified on the basis of the two main behavioral features of ASD
patients: i) difficulties in social behavior and communication; ii) excessive
repetitive behavior (Meyza and Blanchard, 2017). To this regard, Black and
Tan BRachyury T + Itpr3 tf/J] (BTBR) mouse, which was once used for
studies on insulin-resistance, is, at present, one of the most commonly used
animal models in pharmacological research in order to find and develop
efficient treatment modalities. The reasons lie in the robust behavioral
phenotype characterizing this mouse strain (i.e., reduced social interactions,
impaired play behavior, low tendency to explore, unusual vocalizations,
and high levels of anxiety compared with other inbred strains) and
recapitulating the behavioral deficit observed in autistic individuals
(Careaga et al.,, 2015; Meyza and Blanchard, 2017). BTBR mice have a
complex background characterized by multiple neuroanatomical, genetic,
epigenetic, molecular and physiological alterations. They show a picture of
aberrant brain connectivity, characterized by complete agenesis of the
corpus callosum (aCC), profound alterations in the morphology of the
cerebral ventricles, hippocampus, and amygdala, and reduction of the
hippocampal commissure (Mercier et al., 2012; Jones-Davis et al., 2013).
Interestingly, it has been shown that part of this neuroanatomical profile is
similar to that observed in some subpopulations of patients with ASD
(Ellegood and Crawley, 2015). Recently, molecular genetics and proteomics
studies have reported that several groups of genes and proteins associated
to the social behavior and involved in key processes of the development

and maintenance of proper brain connectivity (e.g., neurogenesis,
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myelination, axonal development and activity, regulation of actin
cytoskeleton) are differentially regulated in BTBR mice compared with
strain C57BL6/] (B6) (Daimon et al., 2015; Provenzano et al., 2016; Wei et al.
2016a). For instance, it has been observed that BTBR mice exhibit several
changes in brain function-related genes, including down-regulation of the
brain-derived neurotrophic factor (BDNF) in the hippocampus and cerebral
cortex (Scattoni et al., 2013); changes in DNA methylation process of several
oxidative stress-related proteins in the cerebellum (Shpyleva et al., 2014);
disruption of several inter- and intracellular signaling pathways
components (i.e.,, pathway of MAPK) (Faridar et al., 2014). Among the
molecular aberrations characterizing the BIBR mouse background are
reported impairment of monoaminergic (5HT, DA) and cholinergic
transmission as well as imbalance of excitatory/inhibitory
neurotransmission, which have been suggested as key mechanisms
associated, respectively, with symptom severity and behavioral deficits in
ASD patients (Muller et al., 2016; Gangi et al., 2016; Uzunova et al., 2016;
Meyza and Blanchard, 2017). Interestingly, in agreement with such an
imbalance, it has been reported that the function of glutamate release from
excitatory synapse is abnormal in adult and aged BTBR mice (Wei et al.,
2015, 2016b). Particularly, it has been observed that the baseline and KCl-
evoked glutamate release from the cerebral cortex glutamatergic synapse in

BTBR mouse of both ages is significantly lower than B6.
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5. STRESS

5.1 Physiology of adrenocortical activation: the hypothalamic-

pituitary-adrenal axis

The organism responds to environmental disturbances with a stress
response enabling physiological adjustment to the stressor in order to
preserve homeostasis (McEwen et al, 2015b, 2016). An important
neuroendocrine mediator of the organism’s response to stress is the
hypothalamic-pituitary-adrenal (HPA) axis, which is involved in the
regulation of several bodily processes (i.e., digestion, the immune system,
mood and emotions and energy storage and consumption) (Sheng et al.,
2021). HPA axis activation determines a cascade of endocrine signaling
responding to specific negative feedback circuits in which the
hypothalamus, anterior pituitary gland, and adrenal gland are intrinsically
involved (Herman et al.,, 2016; DeMorrow, 2018). HPA axis activity is
regulated by a specific population of neurons located in the medial
parvocellular region of the paraventricular nucleus (PVN) of hypothalamus
(Arnhold et al., 2007). When a stressor is detected, the activation of the HPA
axis is initiated by stimulation of parvocellular neurons in the hypothalamic
PVN stimulating the synthesis and release of corticotropin-releasing
hormone (CRH) and arginine vasopressin (APV) (de Kloet et al., 2005;
Franklin et al., 2012). CRH derives from a 192-amino-acid preprohormone
and activates type-1 CRH receptors coupled to Gs proteins, while AVP
activates V1b receptors coupled to Gq proteins (Van Pett et al., 2000; Caruso
et al., 2022b; Mantsch, 2022). Once released from the hypothalamus, CRH

and APV reach the anterior pituitary through the hypothalamic-pituitary
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portal vessel network of the median eminence (Stephens and Wand, 2012;
Sheng et al., 2021). In the anterior pituitary, CRH and APV act on the
corticotropic cells, stimulating the synthesis of pro-opiomelanocortin
(POMC), which is cleaved into bioactive peptides (i.e., B-lipotropin, 3-
endorphin and melanocortin peptides) and adrenocorticotropic hormone
(ACTH). Once synthesized by the anterior pituitary gland, ACTH is
released into the systemic circulation, which, in turn, induces the fasciculate
and reticulate portions of the adrenal cortex to produce and release
glucocorticoids (cortisol in humans and corticosterone in rodents) and
androgens, respectively (Stephens and Wand, 2012). This cascade is
transient, and when the stressful input is interrupted or removed, the HPA
axis can return to its baseline state by the intervention of several negative
feedback loops. The main important mediators of these loops are
glucocorticoids (GCs) acting by two different mechanisms: a) a direct
mechanism, in which GCs shut down the response of the hypothalamus and
pituitary and consequently the release of CRH and ACTH; b) an indirect
mechanism, in which GCs activate glucocorticoids receptors (GRs) in the
hippocampus and prefrontal cortex, that project back to neuronal

population located in the PVN of hypothalamus (Franklin et al., 2012).

5.2 Mineralocorticoid and glucocorticoid receptors

Adrenal glucocorticoid hormones are essential for the maintenance of
homeostasis and adaptive response to stress. They exert physiological
effects by binding two specific receptors: the mineralocorticoid receptors
(MR) and the glucocorticoids receptors (GR) (Koning et al., 2019). MRs and

GRs are members of the nuclear hormone receptor superfamily, and they
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are ubiquitously expressed in the body. In the brain, MRs and GRs are
present in various regions, with the highest expression in humans and
rodents observed in the corticolimbic structures (i.e.,, hypothalamus,
hippocampus, prefrontal cortex, amygdala) (Gray et al., 2017). Although
MRs and GRs are encoded by two different genes (NR3C2 and NR3(Cl,
respectively), their structure and function are closely related. These
receptors are localized in the cytosol and composed of four distinct protein
regions, including an N-terminal region, a DNA-binding domain, a nuclear
localization signal and a C-terminal hormone-binding region (Meijer et al.,
2019). In the brain, MRs and GRs bind the same hormone (primarily cortisol
in humans and corticosterone in rodents) with a different affinity and after
ligand binding translocate into the nucleus, where they form heterodimers
on the DNA at glucocorticoid response elements (GREs) (Kitchener et al.,
2004; de Kloet et al., 2005; Mifsud and Reul, 2018). Particularly, MRs have a
higher affinity for glucocorticoids compared to GRs. Indeed, MRs are
partially occupied and activated by corticosterone even when
concentrations of corticosterone are low (i.e., basal levels), while the GRs
activation occurs at the circadian peak of glucocorticoids or in response to
stressful events (Kitchener et al., 2004; de Kloet et al., 2008; Herman et al.,
2012; Caruso et al., 2019). Thus, MRs define the threshold of stress response
by sustaining basal activity, while GRs are important mediators of stress
response extinction (de Kloet and Reul, 1987; de Kloet et al., 1998, Herman
et al.,, 2012; de Kloet et al., 2019). GRs and MRs are implicated in controlling
a variety of processes (i.e., neuronal differentiation, excitability, mood and
cognition) that are crucial for facilitating the adaptation of the body to acute
or persistent stressful events (Koning et al., 2019). For instance, during the

early stages of acute stress, MRs activation serves as an important mediator
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event of memory appraisal and recovery processes, while the GR activity
has complementary function facilitating memory consolidation and storage
(de Kloet et al. 2005; Koning et al., 2021). However, in addition to
complementary actions, it has been observed that MRs and GRs can also
exert opposing and distinct effects in the brain. Particularly, it has been
demonstrated that MRs activation stimulates the excitability of
hippocampal CA1l neurons and enhances long-term potentiation (LTP),
whereas the activation of GRs suppresses the excitability of the same
neuronal population and induces long-term depression (LTD) (Pavlides et
al., 1995; Joels et al., 2006; Koning et al., 2021). Particularly, several
hippocampal functions (i.e., learning, memory, emotional regulation, and
stress response) are dependent by MRs and GRs activity that can exert their
actions either through slow genomic mechanisms, involving the interaction
of this receptors with transcription factors, and through rapid nongenomic
mechanisms which do not depend by gene expression regulation processes
(Finsterwald and Alberini, 2014; Gray et al., 2017). For instance, some
studies have reported an enhanced presynaptic glutamate release in the
hippocampus, medial prefrontal cortex and amygdala through the
nongenomic effects mediated by activation of MRs and GRs (Venero and
Borrell, 1999; Finsterwald and Alberini, 2014); in other studies it has been
instead observed that genomic effects mediated by GRs activation represent
the mechanism by which corticosteroid hormone positively regulates fast
glutamatergic neurotransmission in the hippocampus, increasing GluA2
containing AMPA receptors (Martin et al., 2009). Changes in the expression
or function of glucocorticoid receptors have been associated with a large
number of pathological situations (Koning et al., 2021). Interestingly, the

clinical study of Patel and Colleagues (2016) has demonstrated that the
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subjects with ASD display a significant decrease in mRNA levels of
mineralocorticoid and glucocorticoid receptors in the middle frontal gyrus.
Particularly, the altered expression profile of GRs and MRs could be
responsible for a reduced sensitivity to glucocorticoids, insufficient
negative feedback mechanism and HPA axis hyperactivity observed in ASD

patients (Patel et al., 2016).

6. GLUTAMATERGIC NEUROTRANSMISSION AND
STRESS

Chronic stress induces an excessive increase in glucocorticoid levels causing
alterations in glutamatergic neurotransmission (Lowy et al., 1993; Popoli et
al., 2011), which has been deeply implicated in the manifestation of the
aberrant emotional and cognitive phenotypes observed in stress-related
disorders (Maccari et al., 2014; Kadriu et al., 2019; Nasir et al., 2020). It has
been reported that glucocorticoids affect the basal release of glutamate in
the hippocampus, prefrontal cortex and amygdala (Lowy et al., 1993, 1995;
Masneuf et al., 2014). Particularly, studies using patch-clump recordings
have shown that the application of corticosterone to hippocampal slices
significantly enhance the amplitude and frequency of excitatory
postsynaptic potential in CA1 pyramidal neurons (Karst and Joéls, 2005).
Rodents studies have also demonstrated that modulation of glucocorticoid
levels following exposure to various acute stress manipulations (e.g., tail-
pinch, forced swimming, or restraint stress) can rapidly increase
extracellular glutamate levels in the prefrontal cortex and hippocampus
(Moghaddam, 1993, 2002; Madalena and Lerch, 2017), leading to excitotoxic

neuronal damage due to overstimulation of ionotropic glutamate receptors
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(i.e., NMDARs, AMPARs) (Dong et al., 2009). Extracellular glutamate levels
are determined by the exocytotic release mechanism, which is tightly
regulated by presynaptic vesicles-associated proteins that, in response to
stimulation, mediate neurotransmitter storage and vesicles fusion with the
presynaptic membrane (Popoli et al., 2011). Some authors have investigated
the modulatory role of presynaptic exocytotic machinery in the detrimental
effects of acute and chronic stress on glutamate release. In principle, acute
stress-induced potentiation of stimulus-induced glutamate release can be
obtained through increasing the size of the readily releasable pool of
synaptic vesicles docked to the active zone of presynaptic membrane and
available for subsequent release of excitatory neurotransmitter (Lonart and
Stidhof, 2000; Matz et al., 2010). For instance, it has been observed that foot
shock stress induces, at the level of the presynaptic machinery, a marked
increase in the number of SNARE complexes bound to the presynaptic
membrane of prefrontal cortex neurons (Musazzi et al., 2010). Extracellular
glutamate levels are also finely modulated by membrane-bound
transporters located on both on glial cells (EAAT1 and EAAT2) and on
neurons (EAAT3 and EAAT4), which control the temporal dynamics of
excitatory neurotransmission, quickly removing glutamate released during
synaptic activity and thus avoiding the phenomenon of excitotoxicity
(Pinky et al., 2018). For instance, it has been shown that adult rats subjected
to different chronic stress protocols (i.e., noise, restraint stress, forced
swimming, flashing light, isolation or immobilization) display a reduction
of glutamate clearance in the hippocampus and prefrontal cortex (Olivenza
et al., 2000; de Vasconcellos-Bittencourt et al.,, 2011). In addition to the
impairment of glutamate release and reuptake processes, it has also been

observed that stressful events exert their negative effects on ionotropic
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glutamate receptors-mediated responses, inducing changes in the number,
trafficking and mobility of these receptors at the level of postsynaptic
membrane (Popoli et al., 2011). For instance, a growing body of preclinical
evidence has shown that male rats subjected to chronic unpredictable stress
(CUS) display a reduction in the cellular membrane expression of AMPA
receptor GluAl and GluA2 subunits in the hippocampus and prefrontal
cortex and that injection of GR antagonist (RU486) can reverse the altered
biochemical profile of AMPA receptor subunits (Li et al., 2011; Yuen et al.,
2012, Kallarackal et al., 2013). Since AMPA glutamate receptors are the main
fast transduction elements at synapses and are critical for the expression of
the synaptic plasticity underlying at the memory and learning processes
(Greger et al.,, 2017), it is not surprising that Caudal et al. (2010) have
reported in rat that acute stress-induced disruption of long-term
potentiation (LTP) in the dorsal hippocampus and medial prefrontal cortex
is biochemically determined by the reduction of Ser831-GluAl
phosphorylation, thus decreasing the AMPAR channel conductance and
potentiation of GluAl-mediated current (Caudal et al., 2010). In the last
years, it has also been investigated stress-induced detrimental effects on
metabotropic glutamate receptors-mediated excitatory neurotransmission.
Particularly, it has been shown that in adult C57BL/6 mice, chronic (21-day)
application of restraint stress (CRS) produces a reduction in hippocampal
mGlu2 receptor expression in association with an increase in immobility
time in the tail suspension test (Nasca et al, 2015b). Moreover, behavioral
alteration and the status of hippocampal glutamatergic disequilibrium
induced by chronic application of restraint stress (CRS) are abolished by
treatment with acetyl-L-carnitine (LAC), which determines a rapid up-

regulation of mGluR2 via modulation of histone acetylation of H3K27
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linked to the Grm?2 gene promoter (Nasca et al., 2013, 2017). Other study has
also demonstrated that treatment with LY487379 -a selective positive
allosteric modulator of mGluR2- is able to abolish the altered
electrophysiological (i.e., increased frequency of excitatory postsynaptic
current (EPSC) and behavioral (i.e., increased immobility time in the tail
suspension test) effects observed in C57/BALB6 mice subjected to CRS
(Mango et al., 2019). Therefore, mGluR2 has been identified as a marker of
stress susceptibility (Nasca et al., 2015a, 2015b) and promoted to a
molecular target of choice for various pharmacological strategies (i.e.,
acetylating agents, positive allosteric modulators) aimed at restoring the
biochemical, behavioral, and electrophysiological alterations induced by
stress paradigms. Overall, the stress-induced impairments of glutamate
release, reuptake, clearance strategies and glutamate receptor’s function
could provide a pathophysiological mechanism at the core of the
maladaptive responses observed in individuals with stress-associated

psychiatric disorders (i.e., mood and anxiety disorders) (Popoli et al., 2011).

6.1 Glutamatergic system

Glutamate is the main excitatory neurotransmitter in the mammalian
central nervous system (CNS) and it is generally recognized as the most
important neurotransmitter for normal brain function (Zhou and Danbolt,
2014; Ribeiro et al., 2017; Crupi et al., 2019). Learning, memory, mood,
neuronal maturation, and synaptogenesis are functions specific to the brain
in which it has been shown to be directly and indirectly involved (Peng et
al., 2011; Willard and Koochekpour, 2013; Jun et al., 2014; Ohgi et al., 2015).

Recently, its potential function in the peripheral nervous system (PNS) has
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also been considered, but there is much less knowledge currently accessible.
(Chen and Kukley, 2020). Glutamate is widely and evenly distributed in the
CNS and can be found in both glial and neuronal cells. Particularly, it is
estimated that this neurotransmitter is released by more than half of all
brain synapses (Purves et al., 2001). Indeed, almost all excitatory neurons
are glutamatergic and most cells express at least one type of glutamate
receptors (Purves et al., 2001; Pal, 2021). Particularly, hippocampus,
prefrontal cortex, nucleus accumbens, striatum, thalamus are examples of
brain regions with a predominant glutamatergic component (Garin et al.,
2022). Since glutamate is unable to cross the blood-brain barrier, it must be
produced directly in nerve tissue in order to exert its effects in CNS
(Hawkins, 2009; Zhou and Danbolt, 2014; Andersen et al., 2021). Glutamate
synthesis involves mainly the following metabolic pathways: i) glutamine
deamination ii) glycolysis and the subsequent Krebs cycle allowing the
conversion of glutamate and a-ketoglutarate occurring primarily by
transamination reaction (Marmiroli and Cavalletti, 2012; Hertz, 2013;
Andersen et al., 2021). Glutamate receptors, exchangers, and transporters
are the main mediators of the glutamatergic neurotransmission system and
work in concert within a tripartite synapse that is a point of communication
between the presynaptic terminal, postsynaptic specialization, and the
supporting glia that surround the synapse (Popoli et al., 2011; Nasca et al.,
2017). Specifically, basal and stimulated presynaptic glutamate release, pre-
and postsynaptic receptor trafficking and activity, transporter-mediated
uptake, and glutamate recycling through the glutamate-glutamine cycle
represent the main regulatory processes underlying the maintenance of
glutamatergic synapse homeostasis (Popoli et al., 2011; Nicoletti et al., 2011;

Moretto et al, 2018). Generally, glutamatergic neurotransmission is
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mediated by two receptors classis: ionotropic receptors, which act as ion
channels, and metabotropic receptors, which are linked to intracellular
second messenger systems (Nicoletti et al., 2011; Marmiroli and Cavalletti,

2012; Moretto et al., 2018).

6.2 Ionotropic glutamate receptors

Ionotropic receptors are polymeric complexes resulting from the
combination of 4 subunits that participate in forming an ion channel opened
by interaction with glutamate (Traynelis et al., 2010). Particularly, they are
divided into three functional subclasses based on their pharmacological
profile and selective agonist: the N-methyl-D-aspartate receptors
(NMDARs),  a-amino-3-hydroxy-5-methylisoxazole-4-propionic  acid
receptors (AMPARs), and kainate receptors (KRs) (Krogsgaard-Larsen in
1980; Watkins and Evans, 1981; Marmiroli and Cavalletti, 2012). Over the
past three decades, NMDARs have been the focus of much basic
neuroscience research because of their key roles in the development and
function of CNS. They are crucial mediators of the neuronal communication
and processes underlying learning, memory, and neuroplasticity via the
induction of long-term potentiation and long-term depression (Hunt and
Castillo, 2012; Liischer and Malenka, 2012; Paoletti et al., 2013; Li et al.,
2016). NMDARs are glutamate-activated calcium ionophores, localized
both on excitatory postsynaptic specializations and on presynaptic
membranes where they may facilitate glutamate release (Koles et al., 2016).
NMDARs are hetero-tetrameric protein complex deriving from
arrangement of related pore-forming and auxiliary subunits encoded by

seven homologous genes: GluN1, GluN2A-GIluN2D and GluN3A-GluN3B
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(Sanz-Clemente et al., 2013; Lee et al., 2014; Glasgow et al., 2015; Kumar and
Foster, 2019; Zoicas and Kornhuber, 2019). The expression and composition
of these subunits determine the functional properties of native receptors
and depend on the developmental age, brain region and disease states
(Sanz-Clemente et al., 2013; Lee et al., 2014; Zoicas and Kornhuber, 2019).
Since the activation of NMDARs involves the binding of two co-agonists,
glutamate and glycine (or D-serine), most of these receptors consist of two
GluN1 subunits, which are required for the formation of the binding
domain for glycine and D-serine, and two GIuN2 subunits, which are
instead involved in the formation of the binding domain for glutamate
(Hansen et al., 2018; Zoicas and Kornhuber, 2019). Moreover, NMDARs ion
channel is highly permeable to Ca2+ and subject to a voltage-dependent
block by extracellular Mg2+ (Hansen et al., 2018). NMDARs are considered
important therapeutic targets for many CNS disorders. Indeed, NMDARs
abnormal expression levels and altered function have been shown to be
involved in numerous neurological and psychiatric disorders (Zhou and
Sheng, 2013; Iadarola et al., 2015). Particularly, it has been observed that
NMDARs hypofunction can result in cognitive defects in ageing brain,
whereas their overstimulation induced by high Ca2+influx to the neuronal
cell and increased glutamate extracellular, causes cell death, excitotoxicity
and subsequent neurodegeneration (Blanke and VanDongen, 2009; Lin et
al., 2014). AMPA receptors (AMPARs) are glutamate-gated ion channels
responsible for the fast and immediate postsynaptic response to glutamate
release (Diering and Huganir, 2018). AMPARs play an important role in
neural circuit activity, synapse stabilization and long-term forms of
synaptic plasticity (i.e., LTP and LTD), which are central events for the

normal functioning of the brain (Katz and Shatz, 1996; Man, 2011; Gasbarri
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et al., 2014). The AMPARs family is composed of four genes encoding the
GluAl, GluA2, GluA3 and GluA4 subunits (Chater and Goda, 2022), which
are widely distributed in different regions of the CNS such as nucleus
accumbens, dorsal striatum, prefrontal cortex and hippocampus. These
subunits can assemble in different combinations, giving rise to tetrameric
receptor complexes of homomeric or heteromeric nature (Reimers et al.,
2011; Gan et al., 2015). Specifically, GluA4 subunit is characterized by
different distribution pattern with respect to other AMPARs subunits
because it is primarily expressed in the early stage of the development and
it is absent from the majority excitatory pyramidal neurons of adult brain
(Zhu et al., 2000; Diering and Huganir, 2018; Chater and Goda, 2022).
Electrophysiological, genetic and immunoprecipitation studies have
demonstrated that hippocampal CA1 neurons are mainly enriched with
combinations of GluA1/2 and GluA2/3 subunits, with a minor contribution
of GluA1 homomers and GluA1/3 heteromers (Wenthold et al., 1996; Lu et
al., 2009). Each AMPA receptor subunit has a modular structure comprising
approximately 900 amino acids and containing four distinct domain layers
which impact tetrameric assembly of AMPARSs: i) large amino-terminal
domain; ii) extracellularly ligand-binding domain; iii) a transmembrane
domain consisting of four hydrophobic segments and iv) an intracellular
carboxy-terminal domain (Gan et al., 2015; Yadav et al., 2016). Particularly,
the N-terminal domain accounts for up to 45% of the mature polypeptide
and is involved in the regulation of several receptor functions such as
assembly, allosteric modulation and the desensitization state of the
receptor. Normally, the activity of AMPARs results from the balance
between several molecular processes including transcription, translation,

mRNA level, protein stability, posttranscriptional and posttranslational
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modifications (Yadav et al., 2016). It has been hypothesized that alternative
splicing contributes to the functional heterogeneity of AMPA receptors-
mediated fast synaptic transmission. Indeed, AMPA receptor subunits
undergo, at the level of the extracellular ligand-binding domain, the process
of alternative splicing, by which splice flip and flop variants are generated
(Pei et al., 2009). In the brain, these variants have a differentiated cell- and
age-dependent expression profile and influence the kinetic process of
channel opening, desensitization properties as well as pharmacological
profiles of AMPA receptors (Pei et al., 2009; Acosta et al., 2012). In addition,
the subunit composition of AMPAR influences not only the affinity and
kinetic properties, but also the ionic permeability of the channel, thus
leading to receptors with sui generis characteristics (Guo and Ma, 2021).
Interestingly, the permeability of AMPARSs subunits to calcium ions is a
consequence of the ADAR-dependent RNA editing process involving the
Q/R site (Q607) of the GluA2 subunit. Specifically, GluA2 undergoes RNA
editing at the Q/R site (Q607) that, leading to the conversion of a glutamine
codon to an arginine codon, results in the selectivity of the pore to calcium
ions (Diering and Huganir, 2018; Guo and Ma, 2021). Particularly, it has
been observed that blockade of the GluA2 Q/R site editing causes the
increased channel permeability to calcium, high Ca2+influx to the neuronal
cell and, consequently, increased extracellular glutamate, neuronal cell
death, excitotoxicity and neurodegeneration. Therefore, the altered RNA
editing process involving the Q/R site (Q607) of the GluA2 subunit has a
detrimental effect on neuronal function and this mechanism has been
implicated in different neurological and neurodegenerative disorders,
including epilepsy, Parkinson’s disease, Alzheimer’s disease, amyotrophic

lateral sclerosis, ischemia (Costa Cruz and Kawahara, 2021; Guo and Ma,
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2021). In addition to the alternative splicing involving the extracellular
ligand-binding domain, AMPA receptor subunits undergo also alternative
splicing also at the level of the intracellular C-terminal domains (tails),
bringing to the formation of long and short tailed subunits that are crucial
for the assembly, regulation of the trafficking and postsynaptic cellular
surface expression of receptors (Henley and Wilkinson, 2013). Overall,
AMPARs cannot be considered static components of glutamatergic
neurotransmission, and this is evidenced by their continuous
externalization/internalization at the level of postsynaptic specialization
under basal conditions and in response to glutamate release-dependent
neuronal activity (Hanley, 2018). Particularly, the trafficking of AMPARs
complex is highly regulated and represents a key mechanism underlying
activity-induced changes in fast glutamatergic neurotransmission
(Anggono and Huganir, 2012). The receptors complex assembly in the
endoplasmic reticulum (ER) is the first step of this complex process that is
regulated by several auxiliary proteins such as the transmembrane AMPAR
regulatory proteins (TARPs), y-2 (stargazin), Y3-8 and the cornichon like
proteins CNIH2/3. Moreover, the externalization/internalization and
consequent postsynaptic cellular surface expression levels of AMPARs are
controlled by important molecular mechanisms, including PDZ domain-
mediated interactions between channel subunits and synaptic scaffolding
proteins and clatrin-dependent endocytosis regulated by phosphorylation
(Wang, 2008; Milstein and Nicoll, 2009). Particularly, phosphorylation of
AMPARs is an important protein kinases (Ca2+/calmodulin-dependent
protein kinase II (CaMKII), PKC) activity-dependent post-translational
modification modulating the electrophysiological, morphological

(externalization and internalization trafficking and clustering), biochemical
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(synthesis and subunit composition) properties of the receptor, protein-
protein interactions between the AMPA receptor subunits and various
intracellular interacting proteins as well as the AMPARs-dependent
synaptic plasticity mechanisms (Wang et al., 2005; Chater and Goda, 2014).
Generally, decreased activity of AMPARs results in the long-term
depression (LTD) of glutammatergic synaptic strength, whereas their
increased activity leads to long-term potentiation (LTP) at glutammatergic
synapses (Anggono and Huganir, 2012; Niescier and Lin, 2021). KRs are a
subfamily of ionotropic glutamate receptors mediating excitatory fast
neurotransmission and playing an important role in regulating neuronal
networks excitability (Contractor et al., 2011). Five subunits of KRs has been
identified (Glukl, GluK2, GluK3, GluK4 and GluK5) and they can be co-
assembled in different combinations, giving rise to tetrameric receptor
complexes of homomeric or heteromeric nature (Contractor et al., 2011;
Lauri et al., 2021). KRs are expressed in different regions of the CNS such as
striatum, globus pallidus, substantia nigra pars compacta, cortex,
hippocampus, cerebellum and, depending on the cellular type considered,
they can be positioned at distinct sites and specifically to presynaptic,
postsynaptic and extrasynaptic sites, regulating different aspects of
excitatory synaptic transmission and neuronal plasticity (Jin and Smith,
2011; Evans et al.,, 2019). For instance, presynaptic KRs are important
modulators of the release activity of both excitatory (i.e., glutamate) and
inhibitory (i.e., gamma-aminobutyric acid, GABA) neurotransmitters
(Evans et al., 2019). In this regard, it has been shown that presynaptic KRs
activation elicits a decrease in glutamate release from rat hippocampal
synaptosomes and induces depression of GABA release from the CAl

region of the hippocampus, reducing, respectively, excitatory and
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inhibitory postsynaptic currents (Chittajallu et al., 1996; Frerking et al.,
2001; Rodriguez-Moreno and Lerma, 1998; Evans et al., 2019). Instead,
postsynaptic KRs are implicated in the induction of synaptic plasticity
mechanisms at the core of learning and memory processes. Particularly, it
has been observed that postsynaptic KRs activation elicits postsynaptic
AMPARs-dependent LTP on CA1 hippocampal neurons via a metabotropic
PKC and PLC dependent pathway (Petrovic et al., 2017; Evans et al., 2019).

6.3 Metabotropic glutamate receptors

The discovery of metabotropic glutamate receptors dates back more than
three decades through the pioneering work of the research groups of
Sladeczek, Nicoletti and Sugiyama (Sladeczek et al., 1985; Nicoletti et al.,
1986a, 1986b; Sugiyama et al, 1987). mGluR1 was the first metabotropic
glutamate receptor (mGlul or mGluR1 receptor) to be characterized and to
date 8 metabotropic glutamate receptors have been identified (Masu et al,
1991; Crupi et al., 2019). mGluRs are G-protein coupled receptors (GPCRs)
playing a key role in the modulation of neuronal excitability, synaptic
transmission and plasticity and being categorized into three groups based
on their sequence homology, second messenger signaling pathways and
pharmacological profiles (Nicoletti et al., 2011; Peterlik et al., 2016). The first
subgroup (Group I) includes mGluR1 and mGIuR5 and is predominantly
coupled to Gg/Gu proteins and inositol cycle activation; the second
subgroup (Group II) includes mGluR2 and mGIuR3, whereas the third
group is composed by mGluR4, mGluR6, mGIluR7 and mGluR8. Both group
IT and group III receptors are coupled to Gi proteins (Wang and Zhuo, 2012;

Crupi et al., 2019). mGluRs have a complex modular structure consisting of
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the following domains: (1) a large extracellular N-terminal domain, called
the Venus flytrap domain (VFD), which contains the recognition site for
glutamate and other orthosteric ligands; (2) a domain rich in cysteine
residues that connects the extracellular N-terminal portion to the
transmembrane region; (3) highly conserved seven-pass transmembrane
domain (TMD) that is involved in receptor assembly and activation
processes; (4) an intracellular carboxy-terminal region, which is important
for modulating G protein coupling and for the regulation of receptor
structure and activity (Niswender and Conn, 2010; Nicoletti et al., 2011;
Thibado et al., 2021). All receptor subtypes can form dimeric structures of
homomeric or heteromeric nature having distinct functions and properties
(Doumazane et al., 2011; Levitz et al., 2016; Bodzeta et al., 2021).
Particularly, mGluRs subtypes of the same group and coupled to the same
G proteins can form heterodimers that are required for glutamate-driven G-
protein activation. mGluRs are expressed in different regions of the CNS
such as cerebellar cortex, olfactory bulb, striatum, hippocampus and
cerebral cortex and the same neuronal population may contain different
receptor subtypes (Ferraguti and Shigemoto, 2006; Crupi et al.,, 2019).
Particularly, mGluRs are positioned at distinct subcellular sites and
specifically to presynaptic, postsynaptic and extrasynaptic sites of the
neuronal and glial membranes and the final outcome of their modulation
activity can be either activation or inhibition of neuronal excitability pattern
(Nicoletti et al., 2011; Maksymetz et al., 2017; Bodzeta et al., 2021). For
instance, group I mGluRs are associated with postsynaptic specialization of
excitatory synapses and their activation usually leads to intracellular
Ca? release-dependent depolarization and an increase of the neuronal

excitability; conversely, group II and group III mGluRs are respectively
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localized on presynaptic terminals and active zone of neurotransmitter
release and their stimulation results in the inhibition of cAMP, voltage-
gated calcium entry into the cell and consequent release of glutamate the
synaptic cleft (Mannaioni et al., 2001; Byrnes et al., 2009; Nicoletti et al.,
2011). Given their wide distribution in the CNS and their involvement in
the pathophysiology of stress-related disorders, the pharmacology of
mGluRs has been the subject of intense research in recent years. Indeed,
current preclinical pharmacological studies targeting specific subtypes of
mGluRs have identified promising and effective pharmacological tools for
restoring normal behavioral and synaptic functions and neuronal activity
that are impaired in animal models of neuropsychiatric and stress-related

disorders (Nasca et al., 2017; Bruno et al., 2017; Witkin et al., 2022).

6.4 Transporters system of glutamate

In the cytoplasmic compartment of glutamatergic neurons glutamate
concentrations are extremely high (5-10 mM), however in the extracellular
spaces of the CNS this amino acid is present at much lower concentrations
(Featherstone, 2010; Moussawi et al., 2011; Andersen et al., 2021). One of
the distinctive characteristics of the glutamatergic system is the lack of
enzymes that can significantly breakdown glutamate, avoiding its
accumulation in the extracellular spaces and consequent excitotoxic
neuronal death (Nasca et al., 2017; Pajarillo et al.,, 2019). Indeed, the
maintenance of glutamatergic homeostasis can largely be attributed to the
presence of active glutamate transport system localized on glial cells and
neurons (Nasca et al., 2017; Andersen et al., 2021). Glutamate transporters

are members of the Large Solute Carrier (SLC) family, playing an important
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role in the mechanisms of quenching glutamatergic signaling at excitatory
synapses in the CNS (Cesar-Razquin et al., 2015; Andersen et al., 2021).
Indeed, they are important regulators of extracellular glutamate
concentration since under physiological conditions they are capable of
accomplishing the glutamate transferring from extracellular space to inside
the neuronal cell using a secondary active transport mechanism (Andersen
et al., 2021). To this aim, these transporters use the energy produced by Na*-
K* ATPase and that stored in the ion gradients on either side of the plasma
membrane (Guskov et al., 2016; Ruan et al., 2017). Between 1992 and 1997,
through molecular biology techniques it has been possible to identify five
different isoforms of glutamate transporters (or excitatory amino acid
carriers) in the mammalian forebrain: GLT-1 (SLC1A2), GLAST (SLC1A3)
and EAAT3 (SLC1A1) EAAT4 (SLC1A6) and EAATS5 (SLC1A7) (Andersen
et al., 2021). Glutamate transporters are membrane-bound trimeric proteins
and exhibit a highly specific pattern of expression and distribution within
the CNS. Indeed, GLT-1 and GLAST are primarily expressed in glial cells
(i.e., astrocytes, oligodendrocytes), whereas EAAT3 and EAAT4 are present
primarily in neurons (Perego et al., 2000; Karki et al., 2013). Particularly,
GLT-1 is the major glutamate transporter of the brain and is highly
expressed in astrocytes, in excitatory presynaptic terminals (Rothstein et al.,
1994; Chen et al., 2004) and together with GLAST in perisynaptic astrocytic
processes (Lehre et al., 1995). The diversity and pleiotropic functions of
these astrocytic glutamate transporters are determined by several
molecular mechanisms, including epigenetic modifications, transcriptional
regulation, RNA splicing and posttranslational modifications (PTMs)
(Pajarillo et al., 2019). Finally, EAAT3 is expressed in neurons with a
somadendritic distribution, while EAAT-4 and EAAT-5 are predominantly
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expressed in Purkinje cells in the cerebellum, and in the retina, respectively
(Andersen et al., 2021). It has been demonstrated that the astroglial GLT-1
and GLAST transporters play a determinant role in maintaining
extracellular glutamate levels in the physiological ranges and,
consequently, their expression and activity must be strictly regulated in
order to avoid excitotoxicity phenomenon (Perego et al., 2000). Indeed,
aberrant changes in their expression or function have been associated with
excitotoxic neuronal damage and several pathological conditions (i.e.,
schizophrenia, autism spectrum disorders, cerebral ischemia, epilepsy)
(Wilson et al., 2003; Pampliega et al., 2008; Parkin et al., 2018; Pajarillo et al.,
2019). Therefore, these transporters can be considered an important target
for active drugs in CNS pathology. For example, current pharmacological
agents (i.e., fs-lactam antibiotics, estrogens, growth factors, and translational
activators) that increase the uptake of glutamate from extracellular spaces
by boosting the expression of GLAST/GLT-1 have been shown to be
effective in preventing the neuropathology induced by excitotoxic neuronal
damage (Pajarillo et al., 2019). In this context, it is important to point out
that glutamate concentrations in the extracellular spaces of the CNS are also
finely regulated by the cystine-glutamate exchanger (xc-), which is mainly
expressed in astroglial cells. Specifically, the catalytic subunit xCt of the xc-
system functions as a regulator in the homeostatic control of extracellular
glutamate (Kalivas, 2009; Mahler et al., 2014; Massie et al., 2015; Reissner et
al., 2015; Nasca et al., 2017). Indeed, xCT mediates the non-vesicular release
of glutamate from glial cells (i.e., astrocytes and microglia), ensuring the
maintenance of glutamate concentration in the physiological ranges, in a
1:1 exchange of cystine for glutamate (Nasca et al., 2017). Particularly, glial

glutamate released from xc- to the periterminal axon activates a complex
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network composed by Glt-1 transporters and mGlu2 receptors, which work
in concert to ensure the maintenance of glutamatergic synapse homeostasis
and, consequently, prevent damage resulting from elevated glutamate
levels in extracellular spaces (Nasca et al., 2017). In the presynaptic terminal
glutamate transported or synthesized within the cell is stored in neurons in
special secretory vesicles in which it reaches particularly high
concentrations (up to 60 mM) (Burger et al., 1989). It is thought that the
glutamate transport into these vesicles is a crucial step in switching
glutamate from its metabolic activity to its neurotransmitter function.
Particularly, this process involves an energy-dependent system coupling
glutamate accumulation with ATP hydrolysis and it is realized by the
activity of specific transporters located on the membranes of synaptic
vesicles: the vesicular glutamate transporters (vGLUTs) (Andersen et al.,
2021). vGLUT 1, 2 and 3 are the three isoforms of vesicular transporters
identified in the CNS of mammals, where they are widely distributed
(Eriksen et al.,, 2020). Particularly, vGlul and vGlu2 are expressed in
different brain regions such as hippocampus, cerebral cortex, amygdala,
cerebellum, putamen, substantia nigra and thalamus (Du et al., 2020). Since
the quantity of glutamate that is packed into the vesicles and released in the
synaptic cleft to initiate excitatory neuronal activity depends on the
expression levels of vGLUTs, it has been suggested that their activity is
essential for normal synaptic function (Du et al., 2020). Indeed, the up- or
down-regulation of their activity or expression has been implicated in the
pathophysiological mechanisms of several neurological and psychiatric
diseases (e.g., schizophrenia, Alzheimer's disease, Parkinson's disease, and

epilepsy) (Martineau et al., 2017; Du et al., 2020).
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7. GABAergic neurotransmission

Proper brain function is determined by the important modulation of
glutamate in combination with gamma-aminobutyric acid (GABA)
presiding over the neuronal membrane stability and the maintenance of
inhibitory-excitatory balance. Particularly, the intimate interconnection
between glutamate and GABA is evidenced by synthesis process of GABA,
which occurs from glutamate through a decarboxylation reaction operated
by the enzyme glutamate decarboxylase (GAD) (Li and Xu, 2008; Ghit et al.,
2021). In the adult mammalian brain, GABA is the main inhibitory
neurotransmitter and its signaling system has been implicated in several
developmental processes and functions specific to the brain, including
cellular proliferation, neuronal migration, synaptogenesis, learning,
memory and regulation of mood (Petty, 1995; Wang and Kriegstein, 2009;
Heaney and Kinney, 2016). GABA is widely distributed in cerebellum,
thalamus, cerebral cortex, hippocampus, basal ganglia and it has been
estimated that this neurotransmitter is released by about 25%-40% of the
brain synapses (Young and Chu, 1990; Li and Xu, 2008). Depolarization of
the presynaptic neuron triggers a series of reactions that lead to the release
of GABA from the nerve terminal to the synaptic cleft, where it diffuses to
the postsynaptic membrane, binding to GABA receptors (Ghit et al., 2021).
Generally, GABAergic neurotransmission is mediated by the following
receptor classis: ionotropic receptors (GABAaand GABAc), which act as ion
channels, and metabotropic receptors (GABAs), which are heterodimers
formed by GABAB1 and GABAB2 subunits and linked to intracellular
second messenger systems (Li and Xu, 2008; Heaney and Kinney, 2016).
Specifically, GABAareceptors are ligand-gated anion channels of a hetero-

pentameric nature, arising from the arrangement of the following subunits:
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al-6, B1-3, y1-3, o, ¢, 0, m, and 01-3 (Rudolph and Knoflach, 2011). The
integral channel of GABAAx receptors is permeable to chloride ion, the
neuronal electrochemical gradient of which, regulated tightly by the K*/CI-
symporter (KCC2) and the Na*/K*/Cl- cotransporter (NKCC1), influences
the excitatory-inhibitory switch of GABA during CNS development (Li and
Xu, 2008; Rudolph and Knoflach, 2011). In the CNS, the subunit
composition of GABAAa receptors changes depending on their subcellular
localization, which can be postsynaptic or extrasynaptic in nature.
Particularly, postsynaptic GABAa receptors, which are sensitive to the
action of benzodiazepines, mediate phasic synaptic inhibition and are
mainly composed by two a (1-3) subunits, two 3 subunits and one y subunit
(typically the y2 subunit) (Rudolph and Knoflach, 2011). Conversely,
extrasynaptic GABAa receptors, composed by a (4-6) and d subunits, are
important regulators of tonic inhibitory response and are mainly targeted
by ethanol, neurosteroids, and general anesthetics. Dysfunctions of the
GABAergic neurotransmission system may contribute to the initiation of
the pathophysiological mechanisms underlying the onset of
neuropsychiatric and neurological disorders (Ghit et al., 2021). Therefore,
the development of drugs targeting specific GABA receptor subtypes could
offer a promising pharmacological tool able to restore the altered activity of

neuronal inhibitory circuitries observed in these disorders.
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EXPOSURE TO STRESS DURING CRITICAL PERIODS

8. Postweaning social isolation (PWSI)

8.1 Postweaning social isolation and social interaction

Social interaction during adolescence is crucial for the proper development
of competent social behavior during adulthood (Goodell et al., 2017). Social
behaviors represent a range of behaviors that take place when two or more
members of the same species interact with each other (Wilson and Koenig,
2014) and depend on a variety of variables such as the individual’s social
background, traits of social partners and the testing environment (Goodell
et al., 2017). Rodents used in preclinical research are considered highly
social animals and generally prefer group life. Particularly, in the stage
between weaning and early adulthood, there is generally a marked increase
in social interaction among conspecifics, the most characteristic expression
of which is social play (van Kerkhof et al., 2013). Over the course of
development, this particular form of socialization shows a profile
characterized by an inverted U-shaped curve that peaks during the
juvenile/early adolescent stage and tends to gradually decrease after sexual
maturation (van Kerkhof et al., 2013; Tanaka et al., 2019). When two or more
conspecifics are introduced to a new environment, they interact with each
other, performing a range of social behaviors (i.e., pouncing, wrestling,
biting anogenital sniffing and social grooming) that may be measured
quantitatively (Wilson and Koenig, 2014). Social interaction in rodents can
be analyzed using several experimental tests that measure social affiliation

behaviors as indicators of sociality (Matsumoto et al., 2019; Kim et al., 2019).
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Tests include a modified version of the novel object recognition test, the 3-
chamber test, the open field social interaction test, and a social interaction
test based on resident intrusion (Matsumoto et al., 2019; Kim et al., 2019).
To date, studies conducted in rodents have not conclusively clarified the
effect of PWSI on social interaction behaviors. Lukasz and Colleagues (2013)
have reported the lack of effect of PWSI on social interaction behaviors
(Lukasz et al., 2013), while other authors have observed the impairment of
social interaction in rodents reared in social isolation during adolescence
period. In this regard, it has been demonstrated that in male ICR mice (4
weeks old) PWSI for 2-4 weeks induces social interaction deficit (Koike et
al., 2009; Okada et al., 2015; Fujiwara et al., 2017). In contrast to the studies
just mentioned (Koike et al., 2009; Okada et al., 2015; Fujiwara et al., 2017),
Ferdman and Colleagues (2007) have observed that social isolation induces
an increase of social interaction in male Wistar rats and this effect was
majorly considerable whether the isolation period early started (i.e., PND
21) (Ferdman et al., 2007). The duration of the isolation period, the strain of
the rodent, as well as the variety of experimental tests employed to assay
social interaction could be the variables that generate the lack of
concordance observed among the mentioned studies. However, some
studies have considered the PWSI dependent-increased social interaction as
a consequence of accentuated levels of aggressive behavior (Wongwitdecha
and Marsden, 1996; Liu et al., 2019), which was one of the first behavioral
alterations observed in socially isolated male mice (Valzelli 1973).
Specifically, it was observed that during the period of social isolation, male
mice of different strains (i.e., C57BL/6J, CD-1) showed significantly higher
levels of aggression toward the male intruder in the novel environment, as

evidenced by the short attack latency, increased tail biting, aggressive
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grooming assessed in the social interaction test (Ibi et al., 2008; Dang et al.,

2015; Liu et al., 2019).

8.2 Postweaning social isolation and resocialization

Social isolation induces a range of physiological, neuroendocrine, and
behavioral alterations in both human and nonhuman species (Beery and
Kaufer, 2015; Mumtaz et al., 2018). Since social buffering plays a key role in
psychological and physiological well-being (Taylor et al., 2007; Silk et al.,
2010), resocialization represents an important nonpharmacological strategy
to ameliorate or reverse social isolation-induced disorders (Tulogdi et al.,
2014; An et al., 2017). Over the past decade, several rodent studies have
investigated the effects of resocialization on behavioral alterations observed
in the socially isolated animal during the postweaning period (Tulogdi et
al., 2014; Seffer et al., 2015; Makinodan et al., 2017; Rivera et al., 2020a, 2020b;
Begni et al.,, 2020; Kim et al., 2021). Particularly, resocialization, which is a
laboratory analogue of behavioral therapy, has been observed to restore
anxiety-like behavior, depressive-like behavior, sleep-related huddling,
and spatial memory impairment in socially isolated rodents (Kokare et al.,
2010; Tulogdi et al.,, 2014; An et al.,, 2017; Rivera et al., 2020a, 2020b).
However, some studies have also reported that increased levels of
aggression, reduced social interaction, and hyperlocomotion observed in
socially isolated rodents are resilient to the resocialization procedure
(Tulogdi et al, 2014; Begni et al, 2020; Kim et al., 2021), while in other works
it has been demonstrated that resocialization is non pharmacological
strategy able to alleviate these behavioral deficits (An et al, 2017;

Makinodan et al., 2017). These conflicting results could be explained in part
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by differences in experimental conditions, including the severity of the
social isolation procedure, duration, and mode of resocialization (Seffer et
al., 2015; Makinodan et al., 2017), and also suggest that different behavioral
deficits induced by post-weaning social isolation may respond differently

sensitivities to the same treatment (Tulogdi et al, 2014).

8.3 Postweaning social isolation and adrenocortical stress

activity

Several studies have investigated the effects of PWSI on HPA axis
functioning by measuring basal and stress-induced release of
adrenocorticotropic hormone (ACTH) and corticosterone (CORT) (Rivera
et al., 2020a). Most early experiments in male rats showed that basal
corticosterone levels are not affected by social isolation, regardless of
animal strain, starting point, and duration of social isolation (Moore, 1968;
Morinan and Leonard, 1980; Gentsch et al, 1981; Viveros et al, 1988;
Schrijver et al 2002; Scaccianoce et al, 2006); moreover, these findings have
also been confirmed in more recent studies (Pereda-Perez et al, 2013; Rivera
et al, 2020a). Other works have reported that PWSI produces alterations in
the functioning of the HPA axis by increasing (Hatch et al., 1965; Gamallo
et al., 1986; Gambardella et al., 1994) or decreasing basal levels of CORT
and/or ACTH (Sanchez et al.,, 1998) and increasing the stress-induced
release of the two hormones (Weiss et al., 2004). The behavioral alterations
observed in rodents reared in social isolation during the postweaning
period have not always been associated with alterations in the HPA axis
functioning (Weiss et al., 2004; Rivera et al., 2020a). However, in some cases,

where observed, the picture of altered basal and stress-induced HPA axis
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reactivity has also been indirectly associated with several behavioral

alterations observed in socially isolated rodents (Fone and Porkess, 2008).

8.4 DPostweaning social isolation and glutamatergic

neurotransmission

Over the past 14 years, there has been an increasing amount of works
characterizing the effects of social deprivation on the glutamatergic
neurotransmission system (Fone and Porkess, 2008; Mumtaz et al., 2018).
Particularly, it has been well documented that postweaning social isolation
increases excitatory synaptic neurotransmission by altering the expression
and function of glutamatergic receptors in the CNS (Mumtaz et al., 2018).
Several studies have characterized the impact of chronic social isolation (2-
3 months) on the genic and protein expression profile of ionotropic
glutamate receptors (i.e, NMDA and AMPA receptors) (Shimizu et al,,
2016). For instance, it has been reported that socially isolated mice display
the up-regulation of AMPA receptor subunits GluAl and GluA2 protein
levels in the amygdala (Shimizu et al., 2016). Since in AMPA-type glutamate
receptor GluA1 subunit-deficient mice a reduction in aggression levels has
been observed (Vekovischeva et al., 2004), the biochemical outcome
reported by Shimizu and Colleagues (2016) could partially explain the
increase in aggressive behavior characterizing mice reared in isolation
(Valzelli et al., 1973; Fone and Porkess, 2008). In addition, it has been
observed that PWSI rats show alterations of NMDA receptors composition
and expression profile, increasing the mRNA and protein density of NR2A
subunit in the prefrontal cortex (Turnock-Jones et al., 2009) as well as the

mRNA levels of NR2A and NR2B subunits in the ventral hippocampus
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(Zhao et al., 2009; Chang et al., 2015; Chang et al., 2018). However, in
contrast to the results above mentioned (Turnock-Jones et al., 2009; Zhao et
al., 2009; Chang et al., 2015; Chang et al., 2018), it has also been reported that
social isolation induces an alteration of glutamatergic neurotransmission
tone by down-regulation of NMDA receptors (Mumtaz et al., 2018).
Particularly, in situ hybridization analysis reported in the study of Hall and
Colleagues (2002) have shown that chronic social isolation (8-9 weeks)
induces a reduction of hippocampal GluN1 mRNA levels of Fawn hooded
rats (Hall et al., 2002). In addition, other authors have studied the effects
induced by social isolation on the expression profile of metabotropic
glutamate receptors, which have recently been implicated in the regulation
of social behavior (Zoicas and Kornhuber, 2019). For example, Melendez
and Colleagues (2004) have shown that PWSI induces reduced efficacy of
group I and II mGluRs in regulating extracellular glutamate levels in the
PFC, and this reduction is accompanied by impaired working memory
performance of socially isolated rats in a delayed alternation task in the T-
maze (Melendez et al., 2004). In other study, leraci and Colleagues have
shown that the 28-day social isolation paradigm induces a reduction of
mGluR1l and mGluR2 in the prefrontal cortex but not in the total
hippocampus of adult male mice (leraci et al., 2016). In particular,
considering the role of group II mGluRs in locomotor activity, the authors
have hypothesized that under-regulation of mGluR2 levels in the PFC of
socially isolated mice may contribute to the hyperactivity observed in
socially isolated mice (leraci et al., 2016). Taken together, these results
provided partial elucidation of the potential role of glutamatergic
neurotransmission in the molecular mechanisms underlying some PWSI-

induced behavioral disorders in rodents.
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9. Perinatal stress (PRS)

9.1 Perinatal stress and reactivity to novelty

Several rodents studies have investigated the effects of perinatal stress on
offspring emotionality by using different behavioral analysis approaches,
including the open field test (OFT) and elevated plus maze (EPM)
(Weinstock, 2016; Roshan-Milani et al., 2021). Both tests make it possible to
assess the emotional reactivity and exploratory motivation of the animal
and, consequently, characterize the risk-taking behavior, i.e. the conflict
between the animal's desire to explore a novel environment and its aversion
to open/well-lit spaces (Seibenhener and Wooten, 2015; Kraeuter et al,,
2019). It has been reported that young and adult PRS males display an
increased incidence of defecation (Weinstock et al., 1992) and exhibit
reduced exploratory behavior, spending more time in the corners and less
time along the walls and the center of the OF (Weinstock et al., 1992; Van
den Hove et al., 2005; Laloux et al., 2012). Generally, the reduced risk-taking
behavior of the male offspring PRS observed in the OFT has been also
confirmed by using the EPM. Indeed, several studies have shown that male
PRS rats spend less time in the open arms of EPM with respect to controls
(Vallée et al., 1997; Zuena et al., 2008; Laloux et al., 2012; Marrocco et al.,
2012; Glombik et al., 2015; Gatta et al., 2018). However, in contrast to the
previous studies reporting reduced exploratory behavior of male PRS
offspring (Weinstock et al., 1992; Vallée et al., 1997; Van den Hove et al,,
2005; Zuena et al., 2008; Laloux et al., 2012; Marrocco et al., 2012; Glombik
et al., 2015; Gatta et al., 2018), some studies have demonstrated that adult

male rats prenatally stressed show behavioral hyperactivity to novelty, as
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evidenced by increased locomotor activity in a circular corridor (Deminiere
et al., 1992) or by the increased number of visits in the Y-maze test during
the first five minutes (Vallée et al., 1997). Since Y maze and circular corridor
are environments characterized by an absence of animal refuge, it has been
suggested that the hyperactivity to novelty of adult male PRS rats actually
indicates increased escape behavior (Vallé et al., 1997). In addition, PRS has
been observed to induce pronounced impairment of emotional state in
offspring not only in infancy and adulthood but also in ageing,
underscoring its detrimental programming activity on the developmental
trajectory of offspring (Zuena et al., 2008; Marrocco et al., 2012; Laloux et
al., 2012; Verhaeghe et al., 2022). The majority of early experiments
investigating the impairment of emotional reactivity induced by PRS has
been conducted in males and has excluded females (Weinstock, 2016),
partly due to the potential estrogen interference (Hossuini et al., 2022).
Indeed, the effect of PRS on emotional reactivity appears more controversial
to define in female animals and these discrepancies make difficult the
understanding of the sex-dependent impact of PRS on the offspring
emotional reactivity (Roshan-Milani et al., 2021). Particularly, some works
have reported that PRS reduces risk-taking behavior in females (Zohar and
Weinstock, 2011; Zohar et al., 2015), while in other studies it has been
observed that females are unaffected (Van den Hove et al., 2014; Iturra-
Mena et al., 2018) or more protected by detrimental effects of PRS (Zuena et
al., 2008; Darnaudery and Maccari, 2008; Verhaeghe et al., 2022). Of note,
Zuena and Colleagues have shown a substantial sex effect in the outcome
of PRS on emotional reactivity assessed in EPM, with females showing
increased risk-taking behavior and males reduced risk-taking behavior in

adulthood (Zuena et al.,, 2008). Interestingly, this sexually-dimorphic
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behavioral profile persists until ageing (Verhaeghe et al., 2022), evidencing
the long-term programming action of PRS on the offspring and its
amplifying power of age-related dysfunction (Maccari and Morley-

Fletcher, 2007).

9.2 Perinatal stress and cognitive behavior

Several rodents studies have investigated the effects of prenatal stress on
offspring cognitive performance by using the Morris water maze test
(Weinstock, 2016). Particularly, it has been observed that PRS impairs the
spatial learning and memory retention in adult male rats in the MWM test
(Lemaire et al, 2000; Weinstock, 2008; Schulz et al., 2011; Golubeva et al.,
2015) and this altered behavioral profile has been associated with a decrease
in hippocampal neurogenesis and long-term potentiation (LTP) as well as
with an increase in long-term depression (LTD) (Lemaire et al, 2000; Yeh et
al., 2012). In contrast to the findings above mentioned (Lemaire et al, 2000;
Weinstock, 2008; Schulz et al., 2011; Golubeva et al., 2015), other Authors
have shown that PRS fails to affect learning of adult male offspring by using
the same test (Bowman et al., 2004; Wu et al., 2007; Zuena et al., 2008). These
conflicting results could be explained by the difference in experimental
conditions, such us type, timing, duration and intensity of the stressor as
well as the period of behavioral assessment (Weinstock, 2008; Roshan-
Milani et al., 2021). Moreover, the majority of the early experiments have
been performed in males and only a few of them have assessed the effect of
prenatal stress on cognitive performance of females (Weinstock, 2016),
where the results have been appeared more controversial. Indeed, some

works have reported that PRS impairs spatial learning and spontaneous
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spatial recognition in juvenile and adult females (Wu et al., 2007; Gue et al.,
2004), while in others no effect has been found in adult females (Bowman et
al., 2004; Weinstock, 2011). Only few researchers have assessed the effect of
PRS on cognitive performance in both sexes. Particularly, Palacios-Garcia
and Colleagues have reported that PRS determines a deficit in memory
consolidation in the passive avoidance test in rats of both sexes (Palacios-
Garcia et al., 2015); conversely, Zuena and Colleagues have revealed that
adult PRS females show improved learning with respect to control group,
arising the same levels of performance than male controls (Zuena et al,,
2008) and displaying greater resilience to the effects of perinatal stress with
respect to males (Weinstock, 2016). Moreover, most of rodents studies have
focused on the PRS-induced cognitive deficits in adulthood and only few of
them have also analyzed the old animals (Vallée et al., 1999; Verhaeghe et
al., 2022). Interestingly, Vallée and Colleagues have shown that PRS has
little effect on cognitive performance of adult males in the test of
spontaneous space recognition (Y maze) but exacerbates the cognitive

deficits of male rats during ageing (Vallée et al., 1999).

9.3 Perinatal stress and adrenocortical stress activity

It is well known that maternal glucocorticoid hormone exerts an important
role in shaping the neurochemical and behavioral profile of the adult
progeny (Angelucci et al., 1985). Therefore, changes in the activity of the
HPA axis may represent the biological substrates of the detrimental effects
of certain perinatal events. Particularly, high maternal corticosterone levels
of pregnant stressed dams contribute to the long-term biochemical and

behavioral alterations observed in the PRS offspring (Barbazanges et al.,
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1996; Maccari and Morley-Fletcher, 2007). Prenatally stressed offspring is
characterized by prolonged corticosterone secretion in response to stressful
stimuli (Henry et al., 1994; Koehl et al., 1999; Maccari et al., 1995, 2003;
Morley-Fletcher et al., 2003) that has been associated with reduced levels of
both mineralocorticoid (MRs) and glucocorticoid (GRs) receptors in the
hippocampus (Henry et al., 1994; Maccari et al., 1995; Van Waes et al., 2006).
This altered activity pattern of HPA has been observed in infant (Henry et
al., 1994), adolescent (Morley-Fletcher et al., 2003), adult (Maccari et al.,
1995) and aged (Vallee et al., 1999) PRS animals. These results indicate an
impairment of negative feedback control of HPA axis being MRs and GRs
receptors the principal substrate of the control mechanism of
glucocorticoids secretion (Reul and de Kloét, 1985; Sapolsky et al., 2000).
HPA axis dysfunctions of PRS offspring can be reversed by an early
postnatal manipulation such as enrichment (Morley-Fletcher et al., 2003)
and early adoption of PRS offspring by unstressed mothers (Maccari et al.,
1995). Indeed, it has been observed that adoption is able to reverse the
effects of prenatal stress, increasing maternal behavior and decreasing the
stress-induced corticosterone secretion peak in the adult PRS offspring

(Maccari et al., 1995).

9.4 Perinatal stress, glutamatergic and GABAergic
neurotransmission

In recent years, several studies have been conducted to shed light on the
effects of PRS on glutamate release, clearance, and receptor system in rat

offspring (Roshan-Milani et al., 2021). In particular, it has been observed

that adult male PRS show selective reduction of glutamate release evoked
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by depolarization in the ventral hippocampus, but not in the dorsal
hippocampus and perirhinal cortex. No effects of PRS on spontaneous
glutamate release have been found (Marrocco et al., 2012; Mairesse et al.,
2015). Furthermore, it has been shown that PRS-induced abnormalities in
glutamate release activity are a consequences of a selective reduction in
presynaptic vesicle-proteins in the ventral hippocampus of adult males
(Marrocco et al., 2012). In agreement with these findings, it has been
reported that the glutamatergic signaling shutdown system is also affected
in prenatally stressed offspring in a brain region-specific manner.
Specifically, Zhang and Colleagues (2013) have shown that PRS
significantly reduces mRNA levels of excitatory amino acid transporters in
the PFC and hippocampus of adult males (Zhang et al., 2013). In addition
to the PRS-induced alterations on the presynaptic exocytotic machinery and
glutamate release, Maccari and Morley-Fletcher's research group have
shown a marked sex-dependent difference in the effects of PRS on the
expression profile of group I metabotropic glutamate receptors.
Specifically, adult PRS females have shown to exhibit an increased
expression profile of mGIluR1/5 in the ventral and dorsal hippocampus,
whereas adult PRS males have exhibited, at the level of the same brain
region, reduced protein levels of mGluR1/5 (Morley-Fletcher et al., 2011).
Furthermore, the reduced mGIuR5 protein levels of male PRS have been
observed not only in adulthood but also in infancy (i.e., PND 14 and PND
22) and in ageing (Zuena et al., 2008; Laloux et al., 2012; Verhaeghe et al.,
2022). In contrast to the expression profile of group I mGluRs, no sex-
dependent effects of PRS on the protein levels of group II metabotropic
glutamate receptors have been shown. However, similar to what has been

observed for mGluR1/5, alterations in the expression profile of mGluR2 and
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mGluR3 have been observed throughout the lifespan of prenatally stressed
rats. In particular, mGlu2/3 receptors have been shown to be decreased in
the ventral hippocampus of PRS pups at PND22 (Laloux et al., 2012) and in
adult and aged PRS rats of both sexes (Zuena et al., 2008; Verhaeghe et al.,
2022). Taken together, these results suggest that PRS-induced programming
effects could be driven by the profound impairment of glutamatergic
neurotransmission observed in prenatally stressed offspring. Indeed, it has
been shown chronic treatment of PRS male rats with antidepressants,
oxytocin and S 47445 (a positive allosteric modulator of AMPAR) enhance
mGlu2/3 receptor protein expression and glutamate release in the ventral
hippocampus by concomitantly correcting emotional, cognitive and social
alterations (Morley-Fletcher et al., 2011; Marrocco et al., 2014; Mairesse et
al. 2015; Morley-Fletcher et al.,, 2018). However, in this context it is
important to point out that the proper brain function is determined by the
maintenance of inhibitory-excitatory balance as well as by the modulation
of glutamate in combination with GABA (Wu and Sun, 2015). Few works
have explored the effects of perinatal stress on GABAergic system of the
offspring. In contrast to the profound PRS-induced detrimental effects on
glutamate release in the ventral hippocampus, PRS does not change the
release activity of GABA in the same brain region of males (Marrocco et al.,
2012; 2014, Morley-Fletcher et al., 2018). Moreover, the unchanged GABA
release has also been observed in dorsal hippocampus, prefrontal and
perirhinal cortex and striatum (Marrocco et al. 2012). However, the absence

of effect of PRS on GABA release is not disregarded since there are no
differences in ionotropic GABAA subunit expression in preweanling PRS

rats in the hippocampus, despite an increased number of vocalizations in

response to maternal separation (Laloux et al. 2012). Conversely to the
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ionotropic GABAA subunit expression profile observed in the

hippocampus, PRS males on PND22 display a reduced expression of the y2
subunit of GABAA in the amygdala, in which it has been also observed an

increased expression of mGIluR5. PRS-induced disruption of
excitatory/inhibitory signaling balance has been associated with increased
reactivity to novelty of male PRS rats in the OFT and EPM tests and might
represent the biochemical mechanism at the core of the increased risk of
PRS offspring to develop neurobehavioral disorders (Roshan-Milani et al.,
2021). Moreover, in this context it is important to point out that GABA is an
inhibitory neurotransmitter in the adult brain, but it exerts an excitatory

action during the perinatal period (Roshan-Milani et al., 2021). Normally,
GABAA receptors activation induces neuronal membrane depolarization

and triggers calcium influx, regulating several important developmental
processes, including cell proliferation, differentiation, synaptic maturation
and cell death (Cherubini et al., 1991; Owens and Kriegstein, 2002; Wu and
Sun, 2015). Particularly, it has been observed that perinatal stress affects
early developmental processes by modulating negatively GABAergic
neurotransmission, delaying GABAergic progenitors’ migration to the
developing cerebral cortex and methylation in cortical interneurons

(Roshan-Milani et al., 2021).
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AIM OF THE THESIS

The aim of my PhD project was to investigate the role of glutamatergic
neurotransmission in the early-life stress induced impairments of
emotional, cognitive, and social scaffolding. The study has been realized by
using the models of postweaning social isolation (PWSI) in mice and
perinatal stress (PRS) in rat. In the first part of my PhD project, I discuss the
results obtained by a direct behavioral and biochemical comparison
between PWSI C57BL/6N mice and inbred mouse strain BTBR, which is
considered a putative model for the study of autism spectrum disorders
(ASD). Particularly, the following experimental endpoints were the focus of
my investigation: i) social behaviors (ultrasonic vocalizations and social
investigation), which are not as well documented in PWSI mice as in BTBR
mice; ii) hippocampal type-2 metabotropic glutamate (mGlu2) receptors for
their involvement in the pathophysiology of stress-related disorders and
the mechanisms of resilience to stress; iii) hippocampal glucocorticoid
receptors (GRs) and mineralocorticoid receptors (MRs) that are key
regulators of corticosteroid signaling and cognitive and social domains
(Caruso et al., 2022). Finally, since some studies have reported that
resocialization induces recovery of some behavioral and biochemical
alterations induced by PWSI (Makinodan et al., 2017), I have also
investigated the potential recovery effect of resocialization on the
biochemical profile impairments observed in PWSI mice. In the second part
of my PhD project, I have employed the model of perinatal stress which
recapitulates the behavioral features of stress-related disorders (Maccari et
al., 2017). Given the tight association between stress-related disorders and

perturbation in receptor systems mediating effects of excitatory and
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inhibitory neurotransmission, I have explored the sex- and age-dependent
effects of PRS on AMPA receptor GluA2/GluA3 and GABAergic al
subunits in the hippocampus (ventral and dorsal) and prefrontal cortex in

association with the spatial memory and risk-taking behavior.
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10. Postweaning social isolation and autism-like
phenotype: a biochemical and behavioral comparative
analysis

*Adapted by Caruso, A., Ricceri, L., Caruso, A., Nicoletti, F., Gaetano, A., & Scaccianoce, S.
(2022a). Postweaning social isolation and autism-like phenotype: A biochemical and behavioral

comparative analysis. Behavioural brain research, 428, 113891. doi: 10.1016/j.bbr.2022.113891

10.1 INTRODUCTION

Social isolation in children is considered a predisposing risk factor for the
development of midlife pathologies such as coronary heart disease,
depression, and type-2 diabetes (Lacey et al., 2014; Holt-Lunstad, 2018).
Animal studies, many of them performed in rodents, have investigated the
biochemical correlates responsible for altered brain development and adult
behavior which occur in response to postweaning social isolation (PWSI).
Most of the effects of social isolation have been observed when isolation
starts early (i.e., at weaning), and not when a social isolation procedure of
comparable length is applied in the adult life (Ferdman et al., 2007).
However, while most of the research has used postweaning as the starting
point of the social isolation, duration has varied a lot across studies, ranging
from 2 weeks to several months. Two weeks of PWSI in mice affected
oligodendrocytes morphology in the medial prefrontal cortex, neuregulin
(NRG) expression in the microglia (Makinodan et al., 2012; Ikawa et al,,
2017), as well as social exploration (Makinodan et al., 2012), suggesting that
the absence of direct social contact with conspecifics for a few weeks during
the juvenile period may have profound long-term consequences on brain

development. The translational value of PWSI for psychiatric disorders is
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highlighted by a series of studies showing explorative hyperactivity,
anxiety-like behavior, abnormal sensory gating (prepulse inhibition) (Fone
and Porkess, 2008; Lukkes et al., 2009; Day-Wilson et al., 2006; Dalley et al.,
2002), and impaired spatial learning and cognitive flexibility (Lu et al.,
2003). The pharmacological and non-pharmacological interventions which
can be offered to the disabilities related to neurodevelopmental disorder are
limited and poorly functioning. Thus, as highlighted by Matsumoto and
Colleagues (Matsumoto et al., 2019), the postweaning social isolation model
in mice offers valuable insights into the pathophysiology of these disorders
and paves the way to possible therapeutic strategies. In addition,
neuroimaging studies have shown a reduced functional connectivity in
frontal brain regions and an increased connectivity in the posterior brain
region in PWSI rats 9 weeks after isolation recapitulating the core imaging
alterations observed in neurodevelopmental disorders, such as
schizophrenia, autism, and attention-deficit/hyperactivity disorders
(Reinwald et al., 2018). It is well known that the hippocampus exerts a
central role in learning and cognition. Moreover, its high levels of activity-
dependent synaptic plasticity (Bannerman et al., 2014) and constant
neurogenesis (Kuhn et al., 2018), confer to this brain structure sensitivity to
experience as well as vulnerability to injury and disease (Bartsch, 2012). This
scenario constitutes the rationale of studies aimed to elucidate the various
aspects of hippocampal impairment in animal models of
neurodevelopmental disorders (Li et al., 2019). The use of validated animal
models of neurodevelopmental disorder is of remarkable importance when
studying potential pharmacotherapeutic agents. This also applies to autism
spectrum disorder (ASD). Among the several animal models used in ASD-

related research, the BTBR T + tf/] mouse is a widely used one (Haratizadeh
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et al., 2021; Meyza and Blanchard, 2017). In this study, we thought it could
be meaningful to compare the neurobehavioral profile of PWSI C57BL/6 N
mice with that of group-housed BTBR inbred mouse strain. As already
mentioned, BTBR mice are considered a putative model of ASD because
they show low levels of social approach associated with uncommon
patterns of ultrasonic emission in response to social cues, and high
repetitive self-grooming (Bolivar et al., 2007, McFarlane et al., 2008; Moy
and Nadler, 2008; Roullet et al., 2011; Scattoni et al., 2008; Wohr et al., 2011).
The evidence that PWSI and BTBR mice show a similar profile in brain
microglial markers, namely NRG expression (Ikawa et al., 2017), further
encouraged a comparison between the two groups of mice. Unfortunately,
at present, there is still no evidence-based pharmacological treatment that
can be used for the core behavioral symptoms of ASD (i. e., impairments in
social ~communication and restricted/repetitive behavior), and
pharmacotherapy offers some efficacy in the control of associated
comorbidities but not to treat core deficits (FEissa et al., 2018). In the
pathophysiology of ASD, many neurotransmitters systems have been
investigated. Among them, the glutamatergic system has received
considerable attention (Fung and Hardan, 2015; Horder et al, 2018; Rojas,
2014; Zhang et al., 2020). The hippocampal contribution to the core
symptoms of ASD has been hypothesized since this structure exerts a
prominent role in social interaction, memory and spatial reasoning,
functions that are impaired in ASD (Banker et al., 2021). In the present
study, we have focused our attention on the putative presynaptic type-2
metabotropic glutamate (mGlu2) receptors in the hippocampus, on the
status of adrenal steroid receptors in this structure of the limbic system, on

plasma corticosterone concentrations, on the level of social interaction and
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on ultrasonic vocalization pattern. The rationale for selection of
experimental endpoints are: (1) mGlu2 receptors play a key role in the
regulation of glutamate homeostasis by negatively modulating glutamate
release from presynaptic terminals (reviewed by Nicoletti et al., 2011);
hippocampal mGlu2 receptors have been linked to mechanisms of
resilience to stress (Nasca et al., 2015b; McEwen et al., 2015a) and ligands
for this class of receptors have demonstrated potentiality as treatment
agents for neuropsychiatric disorders (Nicoletti et al., 2019);, (2)
hippocampal glucocorticoid receptors (GRs) and mineralocorticoid
receptors (MRs) mediate the negative feedback control of glucocorticoids
on the hypothalamic-pituitary-adrenal axis, as well as the effects of
glucocorticoids on cognition and emotion (Gray et al., 2017); (3) deficits in
social behavior and ultrasonic vocalization are well established in BTBR
mice (Scattoni et al., 2008; Scattoni et al., 2011), but less systematically
documented after PWSI (Seffer et al.,, 2015; Keesom et al., 2017), and,
therefore, a direct behavioral comparison between the two models cannot

be drawn from the existing literature.

10.2 MATERIALS AND METHODS
Animals

Male C57BL/6N mice aged 21 days were purchased from Charles River
(Italy). Upon arrival, mice were randomly separated into group housing
(GH, 4 mice per cage) or individual housing (one mouse per cage) for 27
days. The socially isolated mice were not handled more than once a week
and were kept in the same husbandry conditions as the GH mice. Isolation-

reared mice had visual, auditory and olfactory contact with other isolation
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reared and group-housed mice kept in the same husbandry conditions.
Male BTBR male mice, born in the BTBR colony at Istituto Superiore di
Sanita (ISS, Rome, Italy) were weaned at the age of 21 days and socially
housed (4 males per cage); for this strain, as controls male C57BL/6] mice (4
mice per cage) of similar age housed in the ISS facilities, were used. Female
C57BL/6N and C57BL/6] mice (4 mice per cage) were used as partners for
behavioral observations. In the same experiments, mice socially isolated
from PND 21 to PND 48 were subjected to one week of resocialization (from
PND48 to PND55) according to the experimental protocol of Makinodan
and Colleagues (Makinodan et al., 2017). The resocialization procedure was
performed by transferring mice isolated from the day of weaning to a cage
containing 3 mice of the same age and housed together since weaning (day
21). Mice were kept on a 12 h/12 h dark/light cycle with a room temperature
of 2142 °C and humidity of 55 + 5% and were given free access to water and
food. All the biochemical and behavioral studies we performed in subjects
at 48 days of age and conducted from 9.00 to 12.00. All studies were
performed in agreement with the European and Italian guidelines on

animal care (2010/63/EU; DL 26/2014).

Behavioral observations: male-female social interaction test

Two separate groups of 14 C57BL/6N mice socially isolated from weaning
and 14 C57BL/6N mice GH from weaning were evaluated in a male-female
encounter; as partners sexually-receptive C57BL/6N female mice aged 13
weeks were used. Behavioral tests were conducted in a standard
polycarbonate cage (42 cmx27 cmx14 cm) under red light, video recorded
using a Sony Handycam and subsequently analyzed with Noldus Observer

X software (Noldus Information Technology). The same protocol was

70



applied to a separate group of 7-week-old BTBR male mice and C57BL/6]
sexually receptive females. The day of male-female testing, vaginal estrous
condition was assessed as previously described (Rugh, 1990); only those
that were in estrus were used as stimulus mice. Each female was placed into
the cage (sawdust 1.5 cm deep) of the male mouse (previously familiarized
to the cage for 45 minutes) for a 3-min test session of male-female
interactions. The video camera was mounted facing the side of the cage, to
record the session for subsequent behavioral scoring. The ultrasonic
microphone (Avisoft UltraSoundGate condenser microphone capsule
CML16, Avisoft Bioacoustics) was mounted 20 cm above the cage, to record
the session for subsequent ultrasonic vocalizations analysis. The ultrasonic
microphone was sensitive to frequencies between 10 to 180 kHz.
Vocalizations were recorded using Avisoft Recorder software version 3.2.
Settings included sampling rate at 250 kHz; format 16 bit. For acoustical
analysis, recordings were transferred to Avisoft-SASLab Pro (Version 4.40)
and a fast Fourier transformation (FFT) was conducted as previously
described (Scattoni et al., 2011). Spectrograms were generated with an FFT-
length of 512 points and a time window overlap of 75% (100% Frame,
Hamming window). The spectrogram was produced at a frequency
resolution of 488 Hz and a time resolution of 1 ms. A lower cut-off
frequency of 20 kHz was used to reduce background noise outside the
relevant frequency band to 0 dB. The quantitative analysis has been
performed by visual inspection of the spectrogram using the interactively
(section labels) function of the Avisoft software manually inserting section
labels. Number of calls was computed by visual analyzing each
spectrogram. Social interactions were scored from the video files for the

frequencies and durations of the following behavioral responses performed
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by the male mouse: anogenital sniffing (direct contact with the anogenital
area), body sniffing (sniffing or snout contact with the flank area), nose to
nose sniffing (sniffing or snout contact with the head/neck/mouth area),
wall rearing up against the wall of the home cage, rearing, digging in the
bedding, and grooming (self-cleaning, licking any part of its own body). No

events of mounting, fighting or tail rattling were observed.

Western blot analysis

Mice were killed by decapitation and the hippocampi (whole, ventral and
dorsal portions) and prefrontal cortices were dissected and stored at —80 °C.
For western blot analysis, tissue was homogenized at 4 °C in 0.1% SDS-lysis
buffer containing 1 mM of a cocktail of protease inhibitors (Sigma), 1 mM
sodium orthovanadate, 50 mM sodium fluoride, and 10 mM -
glycerophosphate, pH 7.4 with an Ultra-turrax homogenizer. Homogenates
were centrifuged at 13,000 x g at 4 °C for 20 min and the supernatant was
used for protein determinations. Thirty pg of protein were resuspended in
SDS-bromophenol blue reducing buffer containing 40 mM dithiothreitol
and separated by electrophoresis on 8% SDS polyacrylamide gels, and later
transferred to nitrocellulose membranes (Bio-Rad). Transfer was performed
at 4 °C for 2 h in a buffer containing 25 mM TRIS, 192 mM glycine, and 20%
methanol, at 360 mA. Filters were blocked 10 min at 4 °C in TTBS buffer
(100 mM Tris-HCI; 0.9% NaCl; 0.1% Tween 20; pH 7.4) containing 10% non-
fat dry milk and then incubated with gentle shaking with primary
antibodies directed against mGlu2 receptor (rabbit monoclonal, 1/50,000,
overnight at 4 °C; Abcam, cat. num. 150387), or 3-actin (mouse monoclonal,
1/5,000, 1 h at room temperature; Sigma—Aldrich, cat. num. A5441), in TTBS

buffer. After three washes with TTBS buffer, blots were incubated for 1 h at
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room temperature with peroxidase-conjugated secondary anti-rabbit
(Merck, cat. num. 12-348) or anti-mouse antibodies (Merck, cat. num.12-
349). Immunostaining was revealed by enhanced chemiluminescence
(Amersham Biosciences). Densitometric analysis of the immunoreactive

bands was performed by Image J (NIH, Bethesda, MD, United States).

RNA isolation, reverse transcription and quantitative real-time PCR

Total RNA was extracted from tissues with TRI reagent (Sigma Aldrich)
according to manufacturer's instructions and quantified by
spectrophotometric analysis. RNA samples were digested with DNAse
(Promega) and single strand cDNA was synthesized from 1 pg of total RNA
using Superscript II (Promega) and random hexamers. Real-time PCR was
performed on 20 ng of cDNA by using specific primers and SYBR Green
Master Mix (Bioline) on an iCycler Biorad instrument (Hercules). Thermal
cycler conditions were as follows: 10 min at 95 °C (polymerase activation)
followed by 40 cycles of denaturation at 95 °C for 15 s, annealing at 58 °C

for 15 s, extension at 72 °C for 15 s. Primers used were as follows:

e mGlu2 receptor forward 5-TGGACCGCATCAACCGCGAC- 3" and
reverse 5'- CCACGGCTGAGTGAGGCACG-3/;

e xCT forward 5-CATCTGCCCAGGATTGAGAT-3" and reverse 5'-
CTGTGAGCTTGCCTCACTGT-3

e Glt-1 forward 5-GGAAGATGGGTGAACAGGC-3" and reverse 5'-
TTCCCACAAATCAAGCAGG—3

¢ GR forward 5- AACTGGAATAGGTGCCAAGG - 3' and reverse 5'-
AGGAGAACTCACATCTGGT-3;
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e MR forward 5- ATGGAAACCACACGGTGACCT - 3’ and reverse
5-AGCCTCATCTCCACACACCAAG-3;

e p-actin forward 5'- GTTGACATCCGTAAAGACC - 3" and reverse
5- TGGAAGGTGGACAGTGAG-3'".

The amount of mRNA was calculated from serially diluted standard curves
simultaneously amplified with the samples and normalized with respect to

B-actin mRNA levels.

Plasma corticosterone levels

Trunk blood was collected after decapitation and samples were centrifuged
at 1900 g for 20 min at 4 °C. Plasma was stored at =80 °C and analyzed for
corticosterone using ELISA kits (Arbor Assays) according to the

manufacturer’s instructions.

Statistical analysis

Biochemical data were analyzed by T-test after Bartlett's test for the
homogeneity of variances and Kolmogorov-Smirnov's test for the Gaussian
distribution and One-way Anova followed by Tukey-Kramer Multiple
Comparisons Test. Behavioral data were analyzed by non-parametric
Mann-Whitney test. The results were considered to differ significantly at p

<0.05.

74



10.3 RESULTS
Behavioral analysis

Whereas PWSI and GH mice did not differ in the total time spent interacting
with the female partner during the social interaction test (U=64, ni=n=14, p
=0.1182), the number of social investigation events was significantly lower
in PWSI mice as compared to GH controls (U=48, ni=n>=14, p=0.0216). In
addition, PWSI mice spent less time in investigating the head of the female
partner (duration: U=40, ni=n>=14, p=0.0077; frequency: U=22, ni=n>=14,
p=0.0005), and they emitted less ultrasonic vocalizations than GH mice
during interaction (U=38, ni=n>=14, p=0.0005) (Fig. 1). Exploratory
responses not directed to the social stimulus did not differ between the two
groups of mice (data not showed). BTBR mice behaved similarly to PSWI
mice showing reductions in head sniffing (U=18.5, ni=n>=12, p=0.0020) and
ultrasonic vocalizations (U=22, ni=11 n>=12, p=0.0068) in the social

interaction test, as compared to control mice (Fig. 2).
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Figure 1: Male-Female social interaction test (total duration 3-min) in Group-housed (GH)
and Post Weaning Social Isolation (PWSI) C57BL/6N mice. Duration and number of
episodes of sniffing (total sniffing and head sniffing) and total number of ultrasonic
vocalizations. Data are box-plots (25th-75th percentiles), with individual data. ** p<0.01, *
p<0.05 after Mann-Whitney test.
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Figure 2: Male-Female social interaction test (total duration 3-min) in C57BL6/6] (C57) and
BTBR mice. Duration of total sniffing and head sniffing and total number of ultrasonic
vocalizations. Data are box-plots (25th-75th percentiles), with individual data. ** p<0.01, *
p<0.05 after Mann-Whitney test.
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Biochemical analysis

Western blot analysis of mGlu2 receptors showed the expected band at
about 100 kDa corresponding to receptor monomers, and a higher
molecular size band (not showed) corresponding to receptor dimers. A
significant reduction in hippocampal mGlu2 receptor protein levels was
found in PWSI mice and in BTBR mice (Fig. 3A and 3B, respectively), as
compared to respective controls. Similar findings were obtained by
measuring the transcript encoding mGlu2 receptors by quantitative mRNA
analysis (Fig. 3C, 3D). We also measured mGlu2 receptor mRNA and
protein levels in the prefrontal cortex, where we found no difference
between PWSI or BTBR when compared to respective control mice (data not
showed). Hippocampal receptors for glucocorticoid hormones were
evaluated in the two experimental groups. As reported in fig. 4A and 4B,
quantitative mRNA analysis of MR showed in both experimental groups a
significant reduction when compared to respective control mice. Results of

the same profile were obtained from quantitative mRNA determination of

GR (Fig. 4C, 4D).
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Figure 3: Results from group-housed (GH) and Post Weaning Social Isolation (PWSI)
C57BL/6N mice are reported in panels A and C; results from C57BL/6] (C57) and BTBR
mice are illustrated in panels B and D. (A, B) western blot analysis of hippocampal mGlu2
receptors; (C, D) mRNA levels of mGlu2 receptors in hippocampus. Data are expressed as
mean = S.E.M., (n =5-6). *p<0.05, **p<0.01 after T test.
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Figure 4: Results from group-housed (GH) and Post Weaning Social Isolation (PWSI)
C57BL/6N mice are reported in panels A and C; results from C57BL/6] (C57) and BTBR
mice are illustrated in panels B and D. (A, B) mRNA levels of MR in hippocampus; (C, D)
mRNA levels of GR in hippocampus. Data are expressed as mean + S.EM., (n = 5-6).

*p<0.05, **p<0.01 after T test.
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Analysis of plasma corticosterone levels in basal conditions indicated no
differences between group housed C57BL/6N and PWSI mice. On the
contrary, in comparison to group housed C57BL/6J, BTBR mice were

characterized by an increased concentration of glucocorticoid hormone

(Fig. 5A, 5B).
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Figure 5: Plasma corticosterone levels in group-housed (GH) and Post Weaning Social
Isolation (PWSI) C57BL/6N mice (panel A); C57BL/6] (C57) and BTBR mice (panel B). Data
are expressed as mean + S.E.M., (n = 6). *p<0.05 after T test.

Moreover, we extended our study by taking into consideration the two

hippocampal subfields, dorsal and ventral, in evaluating the possible
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reparative role exerted by resocialization on the status of hippocampal
glutamatergic disequilibrium induced by postweaning social isolation in
male C57BL/6 strain mice. Biochemical analysis showed that mGlu2
receptor protein and mRNA levels were not altered by PWSI in the dorsal
hippocampus (Fig. 6a: n=7, F2,18=0,7194, p=0,5005; Fig. 6b: n="7, F18= 0,4863,
p=0,6227). In contrast, we observed that PWSI induced a selective reduction
in mGlu2 receptors protein expression in the ventral portion of the
hippocampus (Fig. 7a: n=7, Feis= 22,014, p= 0.00001). In the same brain
region, similar results were obtained by measuring the transcript encoding
mGlu2 receptors by quantitative mRNA analysis, indicating agreement
between mRNA and protein levels (Fig. 7b; n=7; Fes= 9,705; p= 0,0014).
Moreover, we observed that resocialization is unable to restore the reduced
protein and mRNA expression levels of mGluR2 in the ventral
hippocampus (Fig. 7a: n=7, Feis= 22,014, p= 0.00001; Fig. 7b; n=7; Feis=
9,705, p= 0,0014). We also measured mRNA expression levels of
glutamate/cystine antiport xCt and glutamate transporter Glt-1 in the dorsal
and ventral hippocampus, where we found no differences in PWSI mice
compared with control mice (Fig. 6¢: n=5-7, Fei0= 1,371 p= 0,2820; Fig. 6d:
n=5-7, Fe16=2,161, p=0,1476; Fig. 7c: n=7, F19=0,2034, p=0,8178; Fig. 7d: n=
7, Feis= 0,1499, p= 0,8618). Receptors for glucocorticoid hormones were
assessed in the two hippocampal subregions of PWSI mice. Quantitative
mRNA analysis revealed that PWSI induced a strong decrease in MRs
density in the ventral hippocampus (Fig. 7e: n=6-7, Fe17=7,923 , p=0,0037),
with no change observed in the dorsal subregion (Fig. 6e: n=5-7, Fei6=
0,6076, p=0,5568). Results of the same profile were obtained by quantitative
determination of GRs mRNA, the expression levels of which are reduced in

the ventral hippocampus of PWSI mice compared with the control group
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(Fig. 7f: n=7; F218=8,094, p= 0,0031); in contrast, no changes in GRs transcript
density were observed in the dorsal hippocampus of PWSI mice (Fig. 6f; n=
5-7, F16=0,6813, p=0,9344). Moreover, we observed that resocialization is
unable to restore the reduced mRNA expression levels of MRs and GRs in
the ventral hippocampus of PWSI mice (Fig. 7e: n=6-7, F217=7,923, p=0,0037;
Fig. 7f: n=7; Fes= 8,094, p= 0,0031).
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Figure 6: Western blot analysis of mGlu2 receptors (a), mRNA levels of mGlu2 receptors
(b), xCt (c), Glt-1 (d), MRs (e) and GRs (f) in the dorsal hippocampus of Group-housed
(GH), Post Weaning Social Isolation (PWSI) C57BL/6N mice and PWSI mice in
resocialization from PND 48 until PND 55. Data are expressed as mean + S.E.M., (n=6-7).
*p<0.05, *p<0.01, **p<0.001 after One-way Anova followed by Tukey-Kramer Multiple
Comparisons Test. Data not published.
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Figure 7: Western blot analysis of mGlu2 receptors (a), mRNA levels of mGlu2 receptors
(b), xCt (c), Glt-1 (d), MRs (e) and GRs (f) in the ventral hippocampus of Group-housed
(GH), Post Weaning Social Isolation (PWSI) C57BL/6N mice and PWSI mice in
resocialization from PND 48 until PND 55. Data are expressed as mean + S.E.M., (n=6-7).
*p<0.05, *p<0.01, ***p<0.001 after One-way Anova followed by Tukey-Kramer Multiple
Comparisons Test. Data not published.
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10.4 DISCUSSION

Here, we offered a head-to-head comparison between PWSI mice and BTBR
mice, showing that they exhibited similar behavioral and biochemical
abnormalities with respect to control mice. These include the effect of
postweaning isolation on male-female interaction, which has not been
investigated so far in spite of the numerous behavioral studies exploring
the effect of isolation on social interaction (Koike et al., 2009; Fone and
Porkess, 2008). The social interaction test allows to assess social
investigation and/or sniffing as well as vocalizations: both aspects appear
altered. In both PWSI and BTBR mice we focused our attention on male
subjects on the male-female social interaction test on the bases of the
following considerations: i) the reproductive period and estrous cycle of
mice commences about the 26th day after birth (Ajayi and Akhigbe, 2020),
thus variations on the stage of the estrous cycle of subjects performing the
female-female social interaction test could represent a factor inducing a
high font of variability conferring to the results a difficult interpretation; ii)
although the social interaction test has been validated behaviorally,
physiologically, and pharmacologically in male rats, it is well known that
efforts to develop an analogous test in mice have been limited because of
the tendency of mice to produce aggression and the avoidance of interaction
by the stimulus mouse (de Angelis and File, 1979); iii) regarding the use of
male BTBR mice, it has been reported that children with autism have a sex
ratio of 4:1 (male to female), and, accordingly, behavioral phenotyping of
animal models ASD has primarily focused on male mice and the male-
female interaction has been therefore the most popular interaction test to
detect communication deficits in ASD mouse models at adulthood

(Radyushkin et al., 2009; Bozdagi et al., 2010; Scattoni et al., 2011; Brielmaier
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et al., 2012; Malkova et al., 2012; Rotschafer et al., 2012; Schmeisser et al.,
2012; Yang et al., 2012). We observed a clear reduction of social investigation
and vocalization rate in BTBR inbred male mice in agreement with previous
studies (Scattoni et al. 2011; Scattoni et al. 2013); very similar alterations,
including decreased vocalization rates, were also evident in PWSI mice.
These findings strengthen the value of postnatal social isolation in mice as
a model for neurodevelopmental disorders (reviewed by Mumtaz et al,,
2018), and provide a remarkable example of how exposure to an adverse
environment within a sensitive time window in juveniles, may lead towards
a socially altered phenotype which includes a reduced social interaction
resembling what is considered part of the core behavioral symptoms of
ASD. We focused the biochemical analysis on corticosteroid and mGlu2
receptors expression. Compared to respective controls, hippocampal MR
and GR mRNA levels were reduced in both PWSI and BTBR mice. The
reduction in MR transcript found in PWSI is in agreement with data
obtained in male Sprague-Dawley rats isolated after weaning for 30 days
(Boero et al, 2018). In addition, a down-regulation of GRs in the
hippocampus has been observed in 7-week-old male BALB/c] mice isolated
for 3 weeks (Liu et al., 2013). Changes in hippocampal glucocorticoid
receptors have not been extensively studied in BTBR mice. Silverman and
Colleagues (Silverman, 2010b) have shown an increased density of GR
mRNA levels in the CA1 (but not CA2) hippocampal region of adult male
BTBR mice, as detected by in situ hybridization. Methodological
differences, as well as the different age of BIBR mice, may explain the
discrepancy with our findings. Interestingly, reduced GR and MR mRNA
and protein levels were observed in the middle frontal gyrus of individuals

affected by autism spectrum disorder (Patel et al.,, 2016). The role of
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hippocampal glucocorticoid receptors in mechanisms of neuronal plasticity
linked to stress-related disorders has been the subject of excellent reviews
(McEwen, 2004; Joéls, 2018). The emerging picture is that glucocorticoid
receptors play a key role in promoting long-lasting adaptive protecting
mechanisms, such as strategic planning and memory encoding and
consolidation; moreover, homeostatic regulation of corticosteroid signaling
exerted by glucocorticoid receptors, is critical for mental health. Regarding
cognitive performance, it has been hypothesized that MRs are involved in
the choice of coping style, appraisal processes, encoding, and retrieval,
while GRs on memory consolidation (de Kloet et al., 2018). In line with this
hypothesis, it has been demonstrated that an imbalance in the expression
and/or function of glucocorticoid receptors are linked to the
pathophysiology of psychiatric or neurodegenerative disorders (McEwen,
2005; Anacker et al., 2011; de Kloet et al., 2016; Caruso et al., 2019). In our
study, the picture emerging from both experimental conditions (i.e., BTBR
and PWSI) is of a strong reduction of both MRs and GRs ranging from a -
32% (GRs in PWSI) to a -86% (MRs in PWSI). Regarding the BTBR strain,
the reduced availability of these receptors, which mediate a negative
feedback control on the hypothalamic-pituitary-adrenal axis activity and
reactivity, could be responsible for the increase in basal plasma
corticosterone levels observed in the present study, a finding in agreement
with previous reports (Benno et al., 2009; Silverman et al., 2010; Frye and
Llaneza, 2010). Moreover, it could be suggested that these hippocampal
glucocorticoid receptors status is responsible for the reported increase in
glucocorticoid secretion after novelty exposure (Gould et al., 2014). Plasma
corticosterone levels in basal conditions in PWSI were not different from

control mice, a finding in agreement with Schipper and Colleagues
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(Schipper et al., 2020) and with Farbstein and Colleagues (Farbstein et al.,
2021). However, other studies have reported a reduction of basal plasma
glucocorticoid concentrations (Ros-Simé and Valverde, 2012; Ieraci et al.,
2016). A question remains to be solved: why the reduction of both MRs and
GRs are supposedly affecting adrenocortical activity in BTBR mice and not
in PWSI mice? We do not have a clear explanation for this discrepancy; it is,
however, tempting to suggest that in PWSI other factors acts to maintain an
unchanged level of activity and reactivity of the adrenocortical axis. In this
line, it is worth noting that isolating preadolescent female mice decreased
the excitability of CRH neurons buffering the HPA axis activity (Senst et al.,
2016). At hippocampal level, we also examined mGlu2 receptors expression
because these receptors have been related to psychiatric disorders and
mechanisms of resilience to stress (Nasca, 2015a; Nasca, 2015b). mGlu2
receptors are preferentially localized in presynaptic terminals, where they
negatively regulate glutamate release and thus maintain homeostasis
(Schoepp, 2001). Several studies have investigated the potential therapeutic
role of mGlu2 receptor ligands in psychiatric disorders, such as
schizophrenia and major depression (reviewed by Nicoletti et al., 2015 and
Bruno et al., 2017). Exposure to chronic unpredictable stress (CUS) reduces
hippocampal mGlu2 receptor protein levels in mice that are not resilient to
stress, and mice lacking mGlu2 receptors are more vulnerable to CUS
(Nasca, 2015a). As for potential pharmacotherapeutic interest, it has been
demonstrated that the acetylating agent, L-acetylcarnitine, displays
antidepressant-like activity by epigenetically up-regulating mGlu2
receptors in both mice and rats (Nasca et al., 2013; Nasca et al., 2017). Along
this line, the down-regulation of mGlu2 receptors found in PWSI mice

might be linked to the stress condition derived from social isolation, and
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causally related to the defect in social interaction found in these mice. While
mGlub receptors have been extensively investigated in BTBR mice (Yang et
al.,, 2015; Seese et al., 2014; Burket et al., 2011; Silverman et al., 2010a;
Silverman et al., 2012), there are no studies on mGlu2 receptors in these mice
or in other mouse models of autism spectrum disorder, with the exception
of a study showing that pharmacological blockade of mGlu2/3 receptors
corrects abnormalities in hippocampal activity-dependent synaptic
plasticity in mice modeling Fragile-X syndrome (Choi et al., 2011). Whether,
and to what extent, the observed down-regulation of hippocampal mGlu2
receptors contributes to the abnormal behavioral phenotype of BTBR mice
remains to be determined. During development, early experiences shape
the architecture of the brain, and derangements of this developmental
process can affect the capacities for learning and relating to others (Brown
et al.,, 2009; Kessler et al., 2010; Friedman et al., 2015). The severity of
behavioral (reduced social interaction) and biochemical (impairment of
glutamatergic synapses) alterations induced by PWSI is such that the
identification of potentially restorative intervention strategies is necessary.
In this regard, one nonpharmacological approach aimed at restoring the
effects produced by social isolation is resocialization. Recent studies have
shown that resocialization causes reversion of some of the effects induced
by social isolation such as, for example, reduction of myelination at the level
of the prefrontal cortex (Makinodan et al., 2017). Therefore, we went to
evaluate the possible reparative role exerted by resocialization on the state
of glutamatergic imbalance in the hippocampus induced by postnatal social
isolation in male C57BL/6 strain mice. Specifically, this procedure was
performed according to the experimental protocol reported in the work of

Makinodan and Colleagues (2017), transferring the isolated mouse from the
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day of weaning to a cage containing 3 mice of the same age and housed
together since weaning (day 21). In addition, we extended our study by
considering the two subfields of the hippocampus, dorsal and ventral. The
distinction of this brain region into the two sub-regions is now unavoidable
for an extensive brain sub-localization of the molecular targets of the
neurochemical changes induced by the mechanisms of perturbation of the
body's biological homeostasis (Nasca et al., 2017). Particularly, results
obtained from western blot and qPCR analysis confirmed that postweaning
social isolation reduces expression levels of mGlu2 receptors (mRNA and
protein), MRs and GRs (mRNA) showing, for the first time, that this
reduction occurs selectively in the ventral hippocampus. With respect to the
effects induced by resocialization, the data produced indicated that one
week of resocialization is unable to restore the PWSI-induced reduction in
hippocampal mGluR2, MRs and GRs, underscoring the severity of the
glutamatergic neurotransmission and corticosteroid signaling impairments
produced by 4 weeks of social isolation. However, the resocialization-
induced recovery absence is not entirely unexpected as different
biochemical deficits induced by post-weaning social isolation may show
different sensitivities to the same treatment. Ongoing studies will define the
ways and timing of resocialization needed to reverse the profound
neurochemical consequences induced by lacked social interaction. Overall,
our findings strengthen the value of postnatal social isolation in mice as a
model for psychiatric disorders (reviewed by Mumtaz et al., 2018), and
provide a remarkable example of how genetics (in BTBR mice) and
exposure to an adverse environment at the time of weaning may converge
into a common phenotype. Moreover, it is conceivable to hypothesize that

the effects observed at hippocampal level after PWSI (i.e., reduced density
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of mGlu2 receptors, MR and GR), are in some way responsible for the
induction of a behavioral profile which is similar to what confers to the
BTBR strain validity as a model for ASD. In conclusion, we found that mice
subjected to social isolation after weaning and BTBR mice share some
behavioral and biochemical features in their phenotypes. This is a further
demonstration that social interaction immediately after weaning (i.e., when
the animal becomes autonomous in its relationship with the environment)

is a key determinant in the developmental trajectory of the CNS.
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11. Early life stress induces a sex-dimorphic programming of
AMPA/GABAA receptors balance in emotional and cognitive

behaviors

11.1 INTRODUCTION

Early-life stress events occurring during the critical period of brain
development profoundly shape the health of an individual and causes
lifelong alterations in brain programming (Barker, 1995; Maccari et al.,
2017). In humans and animal studies, there is increasing evidence for early-
life stress induced acceleration of brain ageing and consequently associated
cognitive decline (Li et al., 2010; Danese and McEwen, 2012; Haapanen et
al., 2018 and Marrocco et al., 2020, respectively), which in turn is a marker
of neuropsychiatric diseases mediated by glutamate NMDA receptors
(Naatanen et al., 2011). Furthermore, exposure to chronic stress causes
changes in glutamatergic neurotransmission (Lowy et al., 1993; Popoli et al.,
2011), with glutamatergic pyramidal neurons being more vulnerable to
ageing (Morrison and Hof, 1997; Morrison and Baxter, 2012). Indeed,
glutamate, the most abundant excitatory neurotransmitter in the central
nervous system (CNS), is deeply involved in emotional cognitive
alterations observed in stress-related disorders (Kadriu et al., 2019; Nasir et
al., 2020). The rat model of PeRinatal Stress (PRS), which combines prenatal
and postnatal stress, is a valuable model for studying the impact of early-
life stress events on the individual’'s neurobehavioral adaptations to
environmental challenges during the entire life span (Maccari et al., 2017).
Indeed, PRS rats are characterized by hyper-reactivity and impaired

feedback regulation of the hypothalamic-pituitary-adrenal (HPA) axis (Liu
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et al., 2023). Interestingly, glutamate transmission is at the core of the PRS-
induced programming of HPA axis hyperactivity and related
neurobehavioral alterations (Maccari et al., 2017). Thus, PRS decreases
depolarization-evoked glutamate release in the ventral hippocampus
(Marrocco et al., 2012), a brain region that is specifically related to HPA axis
stress response and emotions but not in the dorsal hippocampus, which is
more involved in memory and cognition (Fanselow and Dong, 2010).
Particularly, the abnormalities in the exocytosis of glutamate are associated
with reduced expression of presynaptic vesicles-related proteins such as
synapsins, rab3a and munc-18, as well as syntaxin, VAMP and
synaptophysin (Marrocco et al., 2012), together with reduced density of the
glutamatergic metabotropic (mGluR) type I and 2/3 receptors. This occurs
specifically in the ventral hippocampus of adult (Zuena et al., 2008;
Mairesse et al., 2015; Morley-Fletcher et al., 2018) as well as aged rats
(Verhaeghe et al., 2022), but not in the dorsal hippocampus, excepted for
mGlu5 and synapsinla/b. Behaviorally, the deficit in glutamate release
observed in the ventral hippocampus of PRS rats is causally related to
reduced risk-taking behavior (Marrocco et al., 2012, 2014; Verhaeghe et al.,
2022), and is positively correlated with poor social memory (Marrocco et al.,
2014; Mairesse et al., 2015; Morley-Fletcher et al., 2018). Unlike the profound
PRS-induced effects on ventral hippocampus deficit in glutamate release,
PRS does not change in the ventral hippocampus of males the release
activity of +vy-aminobutyric acid (GABA), the main inhibitory
neurotransmitter in the CNS (Marrocco et al., 2012, 2014; Morley-Fletcher et
al., 2018). The unchanged GABA release in males has also been observed in
other brain regions (Marrocco et al., 2012) involved in the regulation of

learning and recognition memory (i.e. dorsal hippocampus), emotion and
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cognition (prefrontal and perirhinal cortex) and decision-making behaviors
such as striatum. However, the absence of effect of PRS on GABA release is
not disregarded since there are no differences in ionotropic GABAAa
subunits expression in preweanling PRS rats in the hippocampus, despite
an increased number of vocalizations in response to maternal separation
(Laloux et al., 2012). On the other hand, by blocking metabotropic GABAs
and mGlu2/3 subunit in the ventral hippocampus we could reverse the
glutamate release deficit in the ventral hippocampus (Marrocco et al., 2012).
Altogether, these findings indicate that PRS alters stress- and emotion-
related cognitive functions via an imbalance between the excitatory and
inhibitory neurotransmission in the hippocampal circuitries involving
metabotropic receptors. Variations in the expression and/or insertion in the
membrane of ionotropic glutamate receptors, which act as the sensors of the
efficiency of the glutamate release such as AMPAR, should also be explored
in the PRS programming of the glutamatergic synapse. AMPARs represent
an excellent indicator of the functioning of the excitatory synapse and
consist of four homologous pore-forming subunits (GluA1-4) that generally
assemble into heterodimers, with GluA1/GluA2 and GluA2/A3 being the
most present subunits in the hippocampus. GluAl is trafficking-regulated
during long-term potentiation, while GluA2/GluA3 are involved in the
constitutive trafficking since they replace the preexisting GluA1 subunits in
an activity-independent manner (Henley et al., 2011). Since constitutive
trafficking becomes relevant to maintaining the synaptic strength in the
absence of activity, GluA2/GluA3 activity represents a molecular
mechanism for memory consolidation and emotional stress (Plant et al.,
2006; Clem and Huganir, 2010; Liu et al., 2010). Interestingly, poor maternal

care has been reported to regulate the expression and functioning of AMPA
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receptors in the hippocampus (Bredy et al., 2004; Pickering et al., 2006), as
well as of GABAAa-al subunit in different brain regions (Caldji et al., 2003).
As PRS reduces maternal care (Gatta et al.,, 2018), in support of an
involvement of AMPA receptor system in the programming induced by
PRS, we previously showed a correction of PRS glutamate and behavioral
phenotype by chronic treatment with a positive allosteric modulator of
AMPARs (Morley-Fletcher et al., 2018). Brain excitation and inhibition
levels shape the response to environmental stimulation of the underlying
neural systems being therefore critical for the onset of cognitive and
emotional skills acquisition during sensitive periods (Zacharopoulus et al.,
2021). Thus, next to mGluRs and their modulation of the glutamate release
machinery, changes in ionotropic AMPA/GABAa input balance during
early life, may play a crucial role in the PRS programming. Most of the
behavioral and molecular alterations induced by PRS are observed
selectively in males, indicating that the early perinatal period represents a
specific window of sensitivity, during which offspring are susceptible to the
programming effects of PRS combined with sex differences. This also
indicates that PRS induces an enhanced resilience to age-related diseases in
females (Verhaeghe et al., 2022). Therefore, we explored in PRS rats of both
sexes the synaptic expression of GluA2/GluA3 and GABAa-al subunits, in
order to evidence a sex-dependent PRS effect on excitatory/inhibitory
balance and its involvement in emotional and cognitive behaviors. Also, by
comparing cognitive performance of young adult and elderly rats in
relation with GluA2/GluA3 subunits as well as presynaptic exocytotic
glutamate machinery, we explored in both sexes the age-inducing effect of

PRS.
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11.2 MATERIALS AND METHODS
Animals

Thirty nulliparous female Sprague-Dawley rats, weighing approximately
250 g, were purchased from Charles River (France) and housed under
standard conditions with a 12 h light/dark cycle (lights on 7am: lights off 7
pm). After group housing (five females/cage) for two weeks, each female
was individually housed for one week with a sexually experienced male rat.
Following that, a gain of at least 10 grams was considered as an index of

pregnant status.
Stress procedure and maternal behavior

The stress procedure was performed on two breeding sets, using 30 females
(15 CONTs and 15 stressed dams) according to our standard protocol
(Maccari et al., 1995), as shown in figure 1. Briefly, from day 11 of gestation
until delivery, pregnant females were subjected to restraint in a transparent
plastic cylinder and exposed to bright light during three daily sessions of
45 min. Control pregnant females were left undisturbed in their home cages
and were handled once per week. In order to assess the quality of
gestational stress, maternal behavior (nursing behavior, grooming, licking,
and carrying pups) was monitored for 24 h every day during the first 7
postpartum days with small infrared cameras placed in the animal cage
rack where cages containing lactating females were placed. Because
gestational stress induces a reduction of maternal behavior (<40% of
maternal behavior in stressed mothers) (Gatta et al., 2018), we refer to the
whole procedure as perinatal stress (PRS). After weaning, male and female
offspring from the litter with a balanced sex ratio were used for the

experiments. Animals were housed in groups of two or three and
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maintained under similar environmental conditions during their entire life

span; 3-5 month and 21-22-month-old rats were used in all experiments.

Experimental design

The experimental design is shown in figure 1. Two separate sets of male and
female Cont and PRS rats were used for behavioral and biochemical
analysis, adult (3-5 months) and aged (21-22 months). Behavioral tests were
performed when the rats were 3 months old and 21 months old. One week
after behavioral assessment, brain structures were collected, and
biochemical analysis was carried in the hippocampus (ventral and dorsal)
and the prefrontal cortex. All experiments followed the rules of European
Communities Council Directive 86/609/EEC. The local Committee CEEA-75
(Comité d’Ethique en Experimentation Animale Nord-Pas de Calais, 75)

approved the experimental procedures.
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Figure 1. Experimental design and timeline Induction of perinatal stress (PRS) and
maternal behavior analysis in the first postpartum week were followed by behavioral and
biochemical measurements in adult (3-5 mo.) and aged (21-22 mo.) male and female
progeny as indicated.
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Behavioral studies

Spatial recognition memory

Spatial memory performance of adult and aged rats was performed in a
behavioral task based on spontaneous recognition paradigm. For this

purpose, two different apparatuses were used.

Y-maze

For both adult and aged rats we used a two-trial memory task in a Y-maze
apparatus (adapted from Verhaeghe et al., 2022) made of gray plastic with
three identical arms (50 ¢cm) enclosed with 32 ¢m high side walls and
illuminated by dim light (40 lux). Each arm was equipped with two infrared
beams, one at each end of the arm. The maze floor was covered with rat
odor-saturated sawdust, and the sawdust was mixed between each session
to eliminate olfactory cues. Visual cues were placed in the testing room and
kept constant during the behavioral testing sessions. The task consisted of
two trials separated by a time interval. In the first trial (acquisition phase),
one arm of the Y-maze was closed, and animals could visit the two other
arms for 5 min. During the intertrial interval (IT= 6h), rats were returned in
their home cages located in the animal room. During the second trial
(retention phase), animals had free access to the three arms and were again
allowed to explore the maze for 5 min. The time spent in the novel arm
(previously closed in the first trial) was calculated as a percentage of the
total time spent in all three arms during the first 3 min of the second trial.
Time spent in the novel arm above chance (i.e., 33%) indicates spatial

recognition.
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Three-chamber apparatus

This test (adapted from Darnaudery et al., 2002) was used in a separate set
of adult rats since the Y-maze did not reveal significant differences. The
apparatus consisted of two equal compartments (30x30x10 cm) connected
by an alley (30x10 cm large, 45 cm high) with two opposite openings, one
per compartment, which could be closed by sliding doors. Boxes were
illuminated by dim light and covered with opaque plates (30x70 cm large)
that isolated apparatus from visual cues in the testing room. The floor of the
apparatus was equipped with photoelectric beams to record time spent in
each compartment. To carry out the test, we created two distinct spatial
configurations of the apparatus, using square parallelepipeds (12x2 cm
large, 45 cm high) made of grey Plexiglas. In the first of these configurations,
referred to as the “acquisition configuration”’, both compartments were
unchanged; in the second configuration, referred to as “restitution
configuration”, we placed square parallelepiped in one of two
compartments (novel compartment). The task consisted of two trials
separated by a time interval. In the first trial (acquisition phase), the rat was
placed in the central alley and, 30s later, the sliding doors were opened, and
the animal was free to explore the acquisition configuration for 10 minutes.
During the inter-trial interval (ITI=4h), rats were housed in their home cages
located in a room different from the test room. During the second trial, the
animal was placed into the central alley and allowed to explore the
restitution configuration for 15 min. Score of recognition during restitution
trial was calculated as percentage of ratio of time spent (0-5 min) in the
novel compartment vs. time recorded in the familiar compartment; a score

above 100% indicates spatial recognition.
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Risk-taking behavior in the elevated-plus maze test

Risk-taking behavior of PRS or control progeny was assessed in the
elevated-plus maze test (EPM) (adapted from Morley-Fletcher et al., 2018).
Briefly, the test was performed for 5 min early in the afternoon (between 1
and 4 pm) and began with the placement of the rat in the center of the maze
with the head facing a closed arm. For aged animals, we used a custom-
made EPM apparatus described by Vallée and Colleagues (1999), with
closed and open arms of 20 x 20 cm (Vallée et al., 1999). The closed arms’
luminosity was approximately 25 Ix, and the luminosity of the open arms
was approximately 50 Ix. Behavior was recorded by a video camera and
manually scored by a trained observer blind to the animals’ condition (PRS
and control) using a software package (Noldus, The Observer®). The time
spent in the open and closed arms was measured, and the percentage of
time spent in the open arms was calculated and analyzed as risk-taking

behavior.

Western blot analysis

The hippocampus (ventral and dorsal) and prefrontal cortex of adult and
aged rats were rapidly dissected and immediately stored at -80 °C.
Glutamate-related proteins, synaptic vesicle-associated proteins and
GABAA receptor subunit al were assessed in synaptosomal fraction. To
isolate synaptosomal fraction, tissue was manually homogenized with a
potter in ten volumes of HEPES-buffered sucrose (0.32 M sucrose, 4 mM
HEPES pH 7.4). All procedures were performed at 4 °C. Homogenates were
centrifuged at 1000 x g for 10 min, and the resulting supernatants were
centrifuged at 10,000 x g for 15 min. The pellet obtained from the second

centrifugation was resuspended in ten volumes of HEPES-buffered sucrose
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(Marrocco et al. 2012). This pellet contained the crude synaptosomal
fraction. BCA assay was used to determine protein concentration.
Synaptosomal lysates were resuspended in Laemmli reducing buffer, and
20 ug for synaptosomal fraction of each sample were loaded. One of the
samples was used as an internal control and was loaded in each gel to
ensure sample homogeneity between different gels and compare samples
from different gels.

Proteins were first separated by electrophoresis on sodium dodecyl sulfate-
polyacrylamide gels according to their molecular weight and then
transferred to nitrocellulose membranes (Bio-Rad). The transfer was
performed at 4 °C in a buffer containing 35 mM Tris, 192 mM glycine, and
20% methanol. After transfer, blots were incubated in a blocking solution
containing Tris-buffered saline and 5% (w/v) non-fat milk. All the following
antibodies were first tested with control samples to determine the optimal
conditions for use. To analyze several proteins per membrane, membranes
were cut according to the molecular weight of the protein of interest. We
used the following primary antibodies on synaptosomal fraction: rabbit
polyclonal anti-synapsin Ia/b (1:4000; catalog. #sc-20780), rabbit polyclonal
anti-synaptophysin (1:8000; catalog #sc-9116), rabbit polyclonal anti-
syntaxin (1:4000, catalog #sc-13994), rabbit polyclonal anti-synapsin Ila
(1:4000; catalog #sc-25538), all purchased from Santa Cruz Biotechnology;
mouse monoclonal anti-rab3a (1:2000; catalog. #107111), mouse monoclonal
anti-Munc-18 (1:2000; catalog #116011), mouse polyclonal anti-vesicle-
associated membrane proteins (VAMP) (1:1500; catalog. #104111) which
were purchased from Synaptic Systems; rabbit monoclonal anti-GluA2
(1/2000; catalog #ab206293), mouse monoclonal anti-GluA3 (1/800; catalog
#MAB5416) purchased from Merck; rabbit polyclonal anti-GABAx receptor
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al (1:1000. catalog #06-868, Sigma-Aldrich). To ensure that each lane was
loaded with an equivalent amount of proteins, the blots were probed with
a mouse monoclonal anti-b-actin (1:1500; catalog #A5316, Sigma). All
primary antibodies were incubated overnight at 4 °C. Horseradish
peroxidase-conjugated secondary anti-mouse or anti-rabbit antibodies
(purchased from GE-Healthcare) were used at a dilution of 1:5000 and
incubated for 1 h at room temperature. Bands were visualized with an
enhanced chemiluminescence system (ECL enhancer Thermofisher). After
immunoblotting, digitized images of bands immunoreactive for target
antibodies and actin were acquired (FUSION®), and the area of
immunoreactivity corresponding to each band was measured using Image].
A ratio of target to actin was then determined and data were expressed as

normalized with respect to the control males of age-matched group.

Statistical analysis

Behavioral and biochemical data were expressed as the mean * standard
error of the mean (S.E.M.) and analyzed using a parametric analysis of
variance (ANOVA) with Group (CONT vs. PRS) and Sex (male vs. female)
as independent variables. Post-hoc comparisons were performed using
Newman-Keuls or Fisher LSD. A p-value of <0.05 was considered

statistically significant.
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11.3 RESULTS
Sex-specific effect of PRS on risk-taking behavior, spatial recognition

memory and balance AMPAR/GABAxin adult rats

Animals were assessed for risk-taking behavior in the EPM (Fig. 2A). As
expected, we observed a clear sex-dependent effect with PRS reducing risk-
taking behavior in males, while increasing it in females with respect to their
corresponding control group (PRS x sex interaction, n=5-7 rats/group,
Fa,21=11.780, p=0.002). We also evaluated spatial recognition memory in
both adult and aged rats by using two different tests. First, we used the Y-
maze test (Fig. 2B), and observed that, despite a low recognition score in
control animals (33-34%), PRS had a trend to reduce the cognitive
performance (PRS effect, n=9 rats/group, Fa,32=3.272, p=0.079) in adult males
with respect to the control unstressed group, although not significantly
(p=0.06). Therefore, for the assessment of spatial recognition memory in
adults, we used a second test such as the three chamber-apparatus (Fig. 2C)
to measure the recognition score (percentage of time spent in the novel
compartment). Here, PRS reduced recognition score in males, while
increasing it in females, with respect to their corresponding control group
(PRS x sex interaction, n=6-7 rats/group, Faz»- 15.1245, p= 0.0007). Also,
control unstressed females displayed a reduced time spent in the novel
compartment as compared to control males. We assessed GluA2 and GluA3
of AMPA glutamate receptors subunits in prefrontal cortex as well as dorsal
and ventral hippocampus. In the prefrontal cortex (Fig. 2D), PRS effect failed
to reach significance (n=10 rats/group, Fuse- 3.798, p= 0.059). However, a
separate analysis in females indicated a reduction in GluA2 protein levels
only in the PRS female group (n=10 rats/group, Fu18=5.987, p=0.02).
Concerning GluA3 protein levels, we observed a PRS effect (n=9-10
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rats/group, Fa33=12.573, p=0.001) with reduced GluA3 subunit, in both
sexes as compared to respective controls. In the dorsal hippocampus (Fig.
2E), we observed a PRS x sex interaction for the expression of GluA2 subunit
(n=8-10 rats/group, Fusu-7.770, p=0.009) with decreased GluA2 levels in
males with respect to controls but increased GluA2 in females relative to
PRS males (Neuman-Keuls (NK): p=0.02 and p=0.03, respectively). PRS also
modified GluA3 levels (PRS effect, n=7-10 rats/group, Fa32-7.025, p=0.012)
by reducing GluA3 in males (NK: p<0.05). In the ventral hippocampus (Fig.
2F), no effect of PRS was detected in GluA2 and GluA3 protein expression,
while females, independently of the group, showed an increase of GluA3
subunit levels compared to males (sex effect, n=6-9 rats/group, Fa,2=28.283,
p= 0.000015). Overall, PRS induced a sex-dimorphic cognitive decline
selectively in males, in association with decreased GluA2 and GluA3 levels
in dorsal hippocampus. Concerning GABAx-al, in the prefrontal cortex
(Fig. 2G), a PRS x sex interaction (n=8-10 rats/group, Fa33=15.771, p=0.0003)
indicated that subunit a1 of GABAAx receptors was significantly reduced in
PRS females with respect to control group (NK: p=0.002), while GABAx-al
was higher in control unstressed females compared to males (NK: p=0.003).
In the dorsal hippocampus (Fig. 2H), females showed higher GABAx-al
protein levels compared to males (sex effect, n=6-10 rats/group, Fa32=19.572,
p=0.0001). PRS increased GABAa-a1 particularly in females (PRS effect, n=
6-10 rats/group, Fa,32=7.006, p= 0.012). In the ventral hippocampus (Fig. 2I),
females displayed higher levels of GABAx-al protein (sex effect, n=8-10
rats/group, F,32=4.836, p=0.035), but no effect of PRS was detected . Thus,
PRS females displayed more risk-taking behavior than males and presented
an increased expression of GABAa receptor protein in the dorsal

hippocampus.
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Figure 2. Sex-specific effect of PRS on risk-taking behavior, spatial recognition memory
and AMPAR/GABAAa balance in adult rats. Risk-taking behavior assessed in the elevated
plus maze (A), spatial recognition memory using the Y-maze (B), and the 3-chamber
apparatus (C) in adult PRS and control rats of both sexes. Values are expressed as means +
S.E.M. (n=5-7 rats/group). Immunoblots analysis of GluA2 and GluA3 subunits of AMPA
receptors (D-F) and GABAa-al receptor subunit (G-I) in synaptosomal fractions obtained
from prefrontal cortex, the dorsal hippocampus and the ventral hippocampus of adult
male and female PRS and control unstressed rats. Values are expressed as means + S.E.M.
(n=6-10 rats/group), PRS x sex interaction: */#=p<0.05; **/##=p<0.01; **/###=p<0.001. PRS
effect: PRS vs. Control e=p<0.05; ¢ #=p<0.01; ® ® ¢=p<0.001. Sex effect: Females vs. Males *
=p<0.05; * *=p<0.01; * * *k=p<0.001.
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Persistency in aged males of the PRS-induced sex-specific impairment of
risk-taking behavior, spatial recognition memory and AMPAR/GABAx

balance observed at adulthood

Animals were assessed for risk-taking behavior in the EPM (Fig. 3A). We
observed the persistency of the sex-dimorphic profile observed in adults,
with reduced risk-taking behavior in males, and increased levels in females
with respect to their corresponding control group (PRS x sex interaction, n=6-
10 rats/group, Fa,20=13.127, p=0.001). When we assessed aged rats for spatial
recognition memory by using the Y-maze test (Fig. 3B), we observed a clear
sex-dependent effect of PRS (PRS x sex interaction, n=6-7 rats/group,
F,23=7.800, p=0.01), with PRS reducing the recognition score in males (NK:
p=0.02) but not in PRS females, which displayed better recognition than
males (NK: p=0.02). Concerning GluA2 subunit in the prefrontal cortex (Fig.
3C), a PRS x sex interaction (n=5-7 rats/group, Fq20-4.603, p=0.044) indicated
that GluA2 protein levels were significantly lower in PRS males with
respect to control group (NK: p=0.008), while GluA2 subunit of AMPA
receptors was reduced in control unstressed females compared to males
(NK: p=0.02). The same profile was observed for GluA3 (PRS x sex
interaction, n=5-8 rats/group, Fau22=10.882, p=0.003). In the dorsal
hippocampus (Fig. 3D), a PRS x sex interaction (n=5-9 rats/group, F,22-4.652,
p= 0.042) indicated that GluA2 protein levels were significantly lower in
PRS males with respect to control group (NK: p=0.006), while GluA2
subunit of AMPA receptors was reduced in control unstressed females
compared to males (NK: p=0.006). The same profile was observed with
respect to GluA3 subunit protein levels (PRS x sex interaction, n=8-10
rats/group, Fa21=8.353, p=0.008). In the ventral hippocampus (Fig. 3E), we

did not observe any difference due to PRS or sex in the expression of GluA2

106



and GluA3 subunits. Thus, the effect of PRS on AMPAR was region- sex-
specific and persisted until ageing. A PRS x sex interaction was also observed
for GABAa-al in the prefrontal cortex (Fig. 3F) with reduced levels of
expression in PRS aged males and control unstressed females (PRS x sex
interaction, n=3-6 rats/group, Fu,16=4.352, p=0.05; NK p=0.035 and p=0.01 vs.
the male control group, respectively). In the dorsal hippocampus (Fig. 3G),
females displayed higher levels of GABAa-a1 (sex effect, n=5-7 F1,20=14.023,
p=0.0012) but no effect of PRS was detected. As it is, no effects of PRS were

identified for any brain region in aged females.
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Figure 3. Persistency in aged males of the PRS-induced sex-specific impairment of
spatial recognition memory and AMPAR/GABA balance observed at adulthood. Risk-
taking behavior assessed in the elevated-plus maze (A) and spatial recognition memory
using the Y-maze (B) in aged PRS and control unstressed rats of both sexes. Values are
expressed as means + S.E.M. (n=6-10 rats/group). Immunoblots analysis of GluA2 and
GluA3 subunits of AMPA receptors (C-E) and GABAa-al receptor subunit (F-H) in
synaptosomal fractions obtained from prefrontal cortex, the dorsal hippocampus and the
ventral hippocampus of aged PRS and control unstressed rats of both sexes. Values are
expressed as means * S.EM. (n=2-9 rats/group). PRS x sex interaction: */#=p<0.05;

**[##=p<0.01; **/###=p<0.001. PRS effect: PRS vs. Control e= p<0.05; ee= p<0.01; eee=
p<0.001. Sex effect: Females vs. Males * =p<0.05; % *=p<0.01; % % *=p<0.001.
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PRS programs a lifelong sex-specific reduction of the presynaptic

exocytotic machinery in the ventral hippocampus

We measured by western blot analysis synaptic vesicles-associated proteins
expression levels in the ventral hippocampus of adult and aged rats. In
adult rats (Fig 4A), we observed a PRS x sex interaction (n=6-7 rats/group),
for protein levels of Synapsinlla (Fa21=4.494, p=0.046), Syntaxin
(Fa21=7.6541, p=0.011) and Munc-18 (n=6-7 rats/group, Fu21=20.525,
p=0.0002). Indeed, PRS males displayed reductions in protein levels with
respect to control males for Synapsinlla (NK: p=0.03), Syntaxin (NK:
p=0.009) and Munc-18 (NK: p=0.0002). Moreover, these proteins were also
reduced in control unstressed females with respect to control males
(Synapsinlla, NK: p=0.04; Syntaxin, NK: p=0.0005; Munc-18, NK: p=0.0002).
Levels of Synapsin Iab were not affected by PRS or sex when analysis was
conducted on all groups, whereas a separate analysis in males indicated a
marked reduction in PRS group (n=6-7 rats/group; F11=9.550, p=0.010).
Concerning Rab3a, PRS modified protein expression levels (PRS effect, n=6
rats/group; F,20=5.785, p=0.025) by reducing Rab3a in males (NK: p=0.026),
with a trend for reduced levels in control unstressed females with respect
to control males (PRS x sex interaction, Fa,20-3.947, p=0.06). PRS also reduced
Synaptophisin (SYP) in males while increasing it in adult females compared
to the corresponding control groups (n=6-7 rats/group, PRS x sex interaction,
F,21=6.546, p=0.018). Finally, PRS reduced levels of VAMP (Synaptobrevin)
with greater extent in males (PRS effect, n=6-7rats/group, Fu21=5.468,
p=0.029) and a trend for a sex effect (F121=3.504, p=0.075) indicated a
reduction of VAMP in control unstressed females with respect to males. In
aged rats (Fig. 4B), we observed a PRS x sex interaction (n=6-7 rats/group)
for protein levels of Syntaxin (F21=6.774, p=0.016) and Rab3a Fq,22=4.770,
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p=0.039) with reduced levels in male PRS rats (NK: p=0.004; Fisher LSD:
p=0.02, respectively) and female controls (NK: p=0.004; Fisher LSD: p=0.03,
respectively) with respect to control males. With respect to SYP, a main sex
effect (n=6-7 rats/group, Fu,23=9.25, p=0.006) indicated a reduction of protein
levels in females with respect to males in the control group (NK: p=0.010).
A separate analysis in the male aged group, revealed a near to significance
PRS effect for lower levels of SYP in PRS males (n=6-7 rats/group, F,11=4.590,
p=0.0550). Thus, the PRS induced-reduction of presynaptic vesicles-

associated proteins in the ventral hippocampus of males persisted up to

ageing.
C'ONTM -P‘RSN[ CONTF -PRSF
(A) ADULT RATS (3-5 mo.)
=15 -
-
= */#
= o g Rty b S — * 8
L .
g 11 .
.E L ] ™
=
R
g 0.5 -
z
[
E E
A |
P a

Rab3a Syntaxin Afunc-18 5YP Synapsin Ta'b Synapsin ITa VAMP

(B} AGED RATS (21-22mo.)
=15 -
= * /1t * /3t ok
S
2 14
=
=
=
Rl
§=
£ 0.5
=
=
= 1]
e Rah3a Syntaxin Munc-13 SYP Swvnapsin Ia/'b Symapsin ITa VAMP

Figure 4. PRS induces in adult rats a sex-specific reduction of presynaptic vesicles-
associated proteins in the ventral hippocampus, which persists in aged males.
Immunoblots analysis of presynaptic vesicles-associated proteins in synaptosomal
fractions obtained from the ventral hippocampus of adult (A) and aged (B) PRS and control
unstressed rats of both sexes. Values are expressed as means + S.E.M. (n=6-7 rats/group).
PRS x sex interaction: */# =p<0.05; **/## =p<0.01; ***/### =p<0.001. PRS effect: PRS vs. Control
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*=p<0.05; * e=p<0.01; ® ® ® = p<0.001. Sex effect: Females vs. Males * =p<0.05; * % =p<0.01;
* % * =p<0.001.

11.4 DISCUSSION

PRS induced a sex-dimorphic pattern in emotional reactivity in the
elevated-plus maze, with reduced open arm exploration (risk-taking
behavior) in males while enhancing it in females. The same profile was
observed in spatial recognition memory, with reduced recognition score in
PRS males and higher recognition memory in PRS females. Furthermore,
this dimorphic pattern persisted in aged rats. Thus, our findings indicate
that PRS accelerates cognitive decline in males, since reduced recognition
score was already present in adult males, and increases resilience in
females, while control unstressed adult females, which also displayed
reduced risk-taking behavior, presented a lower recognition score with
respect to control males and PRS females. Interestingly, the cognitive
performance in PRS animals mirrored the PRS sex-dimorphic emotional
phenotype, which is repeatedly observed in adult (Zuena et al., 2008) as
well as old animals (Veraeghe et al., 2022). Therefore, emotional reactivity,
which is disrupted by PRS in a sex-dependent way, shapes the outcome in
cognitive performance. Of note, in humans, social cognition such as
interpersonal functioning is impaired in young adults displaying social
anxiety during COVID-19 pandemic (Alvi et al.,, 2022). Moreover, in
humans, cognitive flexibility and decision-making processes are reduced by
anxiety. In animal models, exploratory/risk-taking behavior is reduced by
stress (Park and Moghaddam, 2017). Remarkably, AMPA/GABA balance
was in accordance with the sex-dimorphic changes induced by PRS on
emotional/cognitive behaviors. Indeed, we observed in PRS males a clear

reduction in the density of both GluA2 and GluA3 subunits in the dorsal
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hippocampus and the prefrontal cortex of adult and elderly male PRS rats,
compared with the unstressed controls. In PRS females, GluA2 was
increased in the dorsal hippocampus, while both GluA2 and GIuA3
subunits were reduced in the prefrontal cortex. Thus, AMPAR expression
profile in these two brain regions is in total agreement with the behavioral
phenotype in risk-taking and recognition memory induced by PRS with
impaired performances in males. Interestingly, GluA2 displayed a
sex/region-dependent profile, so that changes in dorsal hippocampus were
compensated by an opposite profile in the prefrontal cortex. Indeed, GluA2,
which is increased in females and reduced in males in the dorsal
hippocampus, was reduced in females and did not change in males in the
prefrontal cortex. Therefore, ionotropic AMPARs and in particular GluA2,
are actively involved in the shaping of the emotional cognitive profile
induced by PRS. On the other hand, no differences due to PRS were
observed in the ventral hippocampus. This is not surprising in the ventral
hippocampus where presynaptic mGlu2/3 and postsynaptic mGlub
receptors as well as the excitatory machinery were mainly regulated respect
to ionotropic glutamate receptors (Verhaeghe et al.,, 2022). Moreover,
previous data in aged animals indicate that PRS does not alter the
expression of ionotropic glutamate receptors in the ventral hippocampus,
besides reduced levels of NMDA GluN1 receptor in aged males, while
ionotropic receptors (both NMDA and AMPA) are reduced in the dorsal
hippocampus of PRS aged males (Verhaeghe et al., 2022). So, PRS modifies
ionotropic receptors in the dorsal hippocampus and mGluRs in the ventral
hippocampus. The al subunit of the pentameric GABA receptor was also
studied in adult and aged rats of both sexes. PRS enhanced the expression

of the a1l subunit of GABAx in the dorsal hippocampus of both sexes and
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reduced it in the prefrontal cortex exclusively in females. In aged PRS
subjects a reduction of GABAa-al subunit protein levels in the prefrontal
cortex was observed in the male gender. There were no changes in other
brain structures, while PRS reduced GABAa-a1 only in the prefrontal cortex
of aged males. Of note, PRS had no effect in the ventral hippocampus for
AMPAR and GABAa-al subunits. Interestingly, in the ventral
hippocampus all females, independently of PRS, displayed higher levels of
GluA3 and GABAA4 subunits, evidencing a peculiar sex effect. As a whole,
PRS males did not display notable changes in GABA in the ventral
hippocampus, thus reinforcing previous evidence (Marrocco et al., 2012;
Laloux et al, 2012). In PRS females, we observed a compensatory
mechanisms of the levels AMPA/GABA receptors mediated by the dorsal
hippocampus with respect to prefrontal cortex, which is in agreement with
their behavioral resilience. It is widely accepted that GABAs, NMDA and
AMPA display a sequential participation in neuronal excitation during
development in the hippocampus, with GABA acting as an excitatory
transmitter in early postnatal stage, and glutamatergic synaptic
transmission being first purely NMDA receptor-based and lacking
functional AMPA receptors (Ben-Ari et al., 1997). Of note, the silencing of
ionotropic receptors is able to alter GABAARs synaptogenesis during
development, while excitatory synaptic transmission is normal in
hippocampal neurons devoid of GABAa (Duan et al.,, 2019). Therefore,
excitatory/inhibitory balance seems to be mostly dependent of
glutamatergic transmission. This specific functional hierarchy could
explain the lack of effect of PRS on GABA neurotransmission in the ventral
hippocampus of PRS males. In fact, because PRS males exhibit a hypo-

glutamatergic synapse, one possible consequence would be a weakened
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glutamate input on the configuration of GABA neurotransmission that
remains unchanged. In support of this hypothesis, although the effect of
PRS on glutamate/GABA depolarization-evoked release has not been
investigated in females yet, we observed that PRS females display higher
levels of both GluA2 and GABAa in the dorsal hippocampus. The
expression profile in the AMPA/GABA balance observed in PRS adult
females could also explain their increased stress resilience resulting in
increased risk-taking behavior and better cognitive performance
(Verhaeghe et al., 2022). Altogether, the data obtained indicate the
involvement of excitatory/inhibitory imbalance as potential molecular
mechanism in memory impairment, which is sex-dependent in the PRS rat.
In the ventral hippocampus, the expression of the presynaptic vesicles-
associated proteins was selectively reduced in PRS males, while no changes
were observed in females. In particular, learning processes are modulated
by synapsins (Kushner et al., 2005; Porton et al., 2010; Barbieri et al., 2018),
which are involved in the clustering of synaptic vesicles to the reserve pool
near the release sites, but also by synaptophysin, which acts as a regulator
of the SNARE complex (Hinz et al., 2001; Li et al. 2017). Their reduction in
males, but not PRS females, is thus in agreement with the reduced cognition
score in PRS males. Of note, synapsin Ia/b is the only SNARE protein, which
keeps being downregulated by PRS also in the dorsal hippocampus of adult
males (Marrocco et al., 2012). Notably, we observed a similar scenario, with
a selective sex-dimorphic effect, also in the ventral hippocampus of aged
rats. In particular, PRS reduced the expression of Rab3a and syntaxin in
aged males, whereas no alterations were found in the expression of any
synaptic-vesicles proteins in PRS females. Therefore, the sexually

dimorphic effects induced by PRS on SNARE proteins persisted throughout
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ageing and was exclusively at the expense of proteins specifically deputed
to glutamate release such Syntaxin and Rab3a. The results we obtained,
highlight that PRS induces alterations that are strictly sex-dependent,
consistently with previous data obtained in PRS rats at different ages
(Reynaert et al., 2016; Morley-Fletcher et al., 2019; Verhaeghe et al., 2022).
Indeed, PRS demasculinizes males that exhibit a profile similar to that of
female unstressed rats. Measuring of sex hormones in plasma indicates
decreased plasma testosterone and increased dihydrotestosterone levels in
PRS males, while PRS reduced estradiol plasma levels in females. A
reduction in testosterone levels represents a lifelong endocrine outcome of
PRS, having been observed in fetal, adult and aged life (Ward and Weisz,
1984; Reynaert et al., 2016; Verhaeghe et al., 2022). To our knowledge, the
few studies comparing the expression of AMPAR with respect to biological
sex, suggest a modulation of AMPAR by estradiol which appears however
region specific. For instance, estradiol is without effect on AMPAR binding
density in the hippocampus and the dentate gyrus, but it reduces AMPAR
binding density in the striatum, the frontal cortex and the nucleus
accumbens (D’Souza et al.,, 2003). Moreover, expression of AMPARs
GluA2/A3 in the hypothalamus is 2-fold higher in unstressed females with
respect to males in gonadectomized animals after estradiol
supplementation, with no changes in septum or amygdala (Diano et al.,
1997). This estradiol-dependent modulation is also true for GABA, at least
in the hippocampus, where several studies indicate a role for estradiol-
dependent formation of new spines (Woolley and McEwen, 1992), which
requires modification of GABAergic transmission in developing and adult
hippocampus. Indeed, during development, estradiol would increase the

impact of excitatory GABAergic transmission to hippocampal neurons,
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while in the adult brain, estradiol would suppress GABAergic inhibitory
transmission (Wo¢jtowicz and Mozrzymas, 2010). As a consequence,
increased excitability in CA1 is favored, and the formation of new dendritic
spines is facilitated. Finally, levels of estradiol are higher in PRS aged males
(Verhaeghe et al., 2022), which display reduced levels of GABAx-al in the
prefrontal cortex. Also, the activity of aromatase, the enzyme that converts
testosterone to estradiol, is upregulated by PRS in males and
downregulated in females in the dorsal hippocampus, but there is no effect
of PRS on aromatase in the ventral hippocampus or prefrontal cortex
(Verhaeghe et al., 2022). This supports a sex steroid-dependent region-
specific regulation of AMPARs and GABAa-al subunit, which is
modulated by PRS. In conclusion, our findings strongly support the idea
that early-life stress causes long-lasting effects on brain development in a
sex-dependent way and provide the first evidence that ageing processes of
cognition and AMPA/GABA transmission are selectively accelerated in
males and that females are protected against PRS. Our findings may
contribute to take into account a sex approach in pharmacological treatment
strategies involving glutamate transmission, which would take into account

individual variability programmed by early life stress.
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GENERAL DISCUSSION AND CONCLUSIONS

Early adverse events impair the emotional, psychological, and social well-
being of children and youth, causing long-term alterations in brain
architecture programming and increasing vulnerability to stress-related
disorders (Brown et al., 2009; Kessler et al., 2010; Friedman et al., 2015).
Employing animal models of postweaning social isolation and perinatal
stress, I investigated the role of glutamatergic neurotransmission in the
manifestation of aberrant emotional, cognitive and social phenotypes
induced by stress early in life. The main results of my research activity can
be summarized in the following two points: (i) the absence of social stimuli
during adolescence induces neurochemical and behavioral phenotype that
mimics some behavioral features of a mouse model of autism spectrum
disorders (Caruso et al., 2022); (ii) perinatal stress (PRS) induces long-term
emotional, cognitive and biochemical programming alterations in a sex-
and age-dependent way. Particularly, stress-induced alterations of
cognitive performance, social interaction, and reactivity to novelty during
the critical periods of life converge toward severe impairment of glutamate
neurotransmission (i.e., metabotropic glutamate receptors of type II and
AMPA glutamate receptors), underscoring its key role in determining and
maintaining the proper developmental trajectory of individuals across the
lifespan. On the one hand, these findings add to the growing literature
suggesting that glutamate neurotransmission is deeply involved in the
pathophysiological mechanisms of stress-related disorders; on the other
hand, they add evidence to the complex picture of molecular actors
involved in the manifestation of behavioral disruptions observed in stress-
related disorders. Particularly, the identification and characterization of

molecular pathways susceptible to stress-induced alterations in early life
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could provide new insights into the developmental trajectories determining
the manifestation of maladaptation programmed by early adverse events
and underlying the development of psychopathology in adulthood. These
findings could pave the way for the development of innovative
pharmacological treatment strategies for neuropsychiatric disorders
involving glutamatergic neurotransmission and taking into account sex-

and age-dependent individual variability programmed by early life stress.
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