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VGAT vesicular GABA transporter
vGIuT1 vesicular glutamate transporter 1
vGIuT2 vesicular glutamate transporter 2
VHPC ventral hippocampus

WFA Wisteria floribunda agglutinin
WMV white matter volume
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1. Introduction
1.1. The devastating consequences of early-life maltreatment.

Maltreatment experienced in early life (early-life maltreatment; ELM), i.e. during
childhood and adolescence, represents a major risk factor in the development of
psychopathologies in later life [1-7]. ELM includes any acts or series of acts of
commission or omission by a parent or other caregiver that causes harm, potential for
harm, or threat of harm to a child (generally interpreted as under 18 years of age), even if
harm was not intended [8]. It is usually divided into five types: physical, sexual and
emotional abuse and physical and emotional neglect [9]. Out of these subtypes, neglect
has often received the least attention, even though it is one of the most common forms of
maltreatment and can be even more detrimental than physical or sexual abuse [8,10,11].
Overall, ELM is a widespread issue affecting millions of children worldwide each year,
with global prevalence rates ranging from 12-36% per each subtype according to self-
reports [9].

A history of ELM shows an especially high incidence in individuals with
psychiatric disorders. A study by Struck et al. revealed that while a history of moderate
to severe ELM was present in 15.0% of healthy controls, patients diagnosed with
schizophrenia/schizoaffective disorder, bipolar disorder, major depressive disorder, or
persistent depressive disorder had an ELM prevalence of 56.1%, 56.3%, 57.1% and
75.4%, respectively [12]. Another study by Li et al. reported that 58.59% of depression
and anxiety cases can be potentially attributed to ELM globally, and estimate that
reducing ELM by 10-25% could prevent 31.4 — 80.3 million depression and anxiety cases
worldwide [7].

It has been proposed that ELM induces a cascade of molecular and
neurobiological changes, leading to ecophenotypic variants that form a clinically distinct
population compared to non-maltreated psychiatric patients [13]. Indeed, ELM has been
linked to younger age of onset [12,14-17], greater severity of symptoms [12,16,18], a
more unfavorable course of disease [14,16,17,19], elevated risk of suicide [16,18,20] and
higher chance of comorbidities [14-16,18]. Patients with a history of ELM also show
poor treatment response compared to non-maltreated controls [17-19].

ELM-induced psychopathologies commonly affect the social domain, and may

include disruptive, aggressive, or withdrawn behavior that begins at an early age [21].



These and additional internalizing and externalizing problems extend into adulthood
[22,23], carrying a potential increase of self-harm [24-27] and criminal behavior
[2,28,29], including violence [30,31]. Social interactions form an essential part of our
society. Navigating through social networks with aberrant social behavior can generate
constant difficulties for people with a history of ELM, causing additional distress and
increasing allostatic load, which may result in a cycle of worsening symptoms and lead
to altered stress-reactivity [21].

Apart from individual effects, the consequences of ELM also place a heavy
burden on society, as reflected by exorbitant, ever-increasing economic costs [32,33].

The above highlights that ELM-induced psychopathologies are linked to grave
consequences involving both the self and others and warrant intervention. The added
difficulty of ELM-related mental health disorders displaying increased treatment-
resistance urges the development of novel treatment methods. However, in order to devise
effective intervention strategies, elucidating the neurobiological mechanisms underlying

ELM-induced psychopathological effects is imperative.
1.2. Early life as a vulnerable developmental period for social adversity.

Childhood and adolescence represent time windows when dynamic changes take
place in the central nervous system. Grey matter volume increases at a fast pace in the
first few years after birth as synapses are formed and overproduced in waves during
synaptogenesis [34-36]. This is followed by synaptic pruning, when unused synapses are
weakened or eliminated, whereas active synapses are maintained and strengthened in a
neuronal activity-dependent way [37]. Experience-driven activation of neural systems
thus ensures that each individual’s brain networks are selectively molded to
environmental demands.

Total grey matter volume peaks before 5-7 years of age in humans [38,39], after
which it begins to decrease as pruning takes place [34-36,39]. Parallel to this, white
matter volume gradually increases with the myelinization of existing axons, solidifying
neural pathways and restricting plasticity [38,40-42]. The developmental curves of grey
matter volume are sequential and hierarchical; lower-order sensory cortices develop first,
while regions that subserve more complex functions and thus integrate more information,
e.g. higher-order association cortices, mature later [43]. Concordantly, commissural and

projection fibers involved in more basic processes mature earlier, whereas association



fibers partaking in more complex tasks, especially frontal-temporal ones (such as the
cingulum, uncinate fasciculus and superior longitudinal fasciculus), show prolonged
maturation and decline at a slower rate [38,40,41].

Given that, as highlighted by studies with humans, most grey and white matter
restructuring takes place during childhood and adolescence (Fig. 1.), and pruning is
selectively influenced by environmental stimuli [44], social adversities experienced
during this time could leave a devastating impact on the developing brain and lead to
subsequent psychopathologies [45]. Indeed, a history of ELM has been associated with
disturbances in grey matter volume [46], white matter volume [47], or even altered
functional connectivity between regions of the social behavioral network [48-50].
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Figure 1. Developmental trajectories based on MRI scans and age ranges of incidence
for major psychiatric disorders. Top, normative developmental trajectories of the median
for each global MRI phenotype and key maturational milestones, as a function of age
(log-scaled). Circles show the peak rate of growth trajectories for each category.
Triangles show the peak volume of each category. Bottom, age range of incidence for
each of the major psychiatric disorders represented in the MRI dataset; black boxes
indicate the age when these conditions are generally diagnosed. MRI, magnetic
resonance imaging; AD, Alzheimer’s disease; ADHD, attention deficit hyperactivity

disorder; ASD, autism spectrum disorder (with the inclusion of high-risk individuals that



have a confirmed diagnosis at a later age); ANX, anxiety or phobic disorders; BD,
bipolar disorder; GMV, grey matter volume; MDD, major depressive disorder; SCZ,
schizophrenia. WMV, white matter volume; yr, year; Figure adapted from Bethlehem et
al. [51] licensed under CC BY 4.0.

To summarize this section, childhood and the adolescent period are characterized
by dynamic, large-scale changes in brain structure and function, and these changes are
influenced by environmental experiences. As such, early life marks a vulnerable period
when social adversities could leave a lasting impact on developing brain networks.

Still, human neuroimaging studies allow for large-scale observations and
conclusions only, whereas the precise understanding of cellular and molecular processes
underlying ELM-induced behavioral and structural changes is crucial in order to develop

novel treatment methods, highlighting the importance of preclinical research.
1.3. Critical period plasticity.

Critical periods (CP) denote time windows of heightened plasticity during brain
development when networks possess the ability to make fast, dynamic changes as an
adaptive response to environmental experience [52,53].

CPs have first been described in the visual system of cats in the groundbreaking
work of Wiesel and Hubel [54-56]. In these studies, one eye was deprived of vision in
kittens either from birth or later in life for various periods of time, after which the
responsiveness to light stimulation of neurons in the visual thalamus (lateral geniculate
nucleus — LGN) and primary visual cortex (V1) were measured. Closure of one eye for a
brief postnatal period (2-3 months in kittens but varies from weeks to years proportionally
to the lifespan of the species) caused amblyopia or permanent loss of vision through the
deprived eye despite no damage in the retina, LGN or V1. Under normal conditions, the
LGN sends thalamocortical axons that serve each eye to layer IV of V1. In V1, inputs
from each eye converge and compete for space, producing alternating ocular dominance
columns [57,58]. Monocular deprivation during development expands the columns
serving the normal/open eye at the expense of columns responding to the deprived eye,
which become reduced in size and complexity [59,60].

Much of what we know about critical period regulation comes from preclinical

studies investigating the visual cortex and other, mainly sensory systems. Based on these



findings, key principles and processes have been described pertaining to critical period
plasticity.

First of all, critical periods denote temporary time windows during development,
and high plasticity associated with critical periods substantially decreases after closure
[61]. For example, monocular deprivation in adulthood produces no detectable effects as
opposed to early-life deprivation [56]. Though some level of plasticity can remain in
adulthood, the magnitude and speed of changes differentiate CP plasticity from adult
plasticity, the latter of which is slower and involves more modest alterations in brain
networks [44,62].

Second, though the basic wiring and connections of networks are genetically
determined [63-66], refinement of brain circuits involves neuronal activity. At first,
internally generated spontaneous activity shapes connections [67], which eventually gives
way to experience-dependent neuronal activity to fine-tune networks according to
environmental demands [68]. As such, it has been shown that experience can influence
the onset and course of CPs. Lack of experience, e.g. rearing animals in the dark since
birth causes delayed onset and decelerated course of the critical period in the visual
system [69]. However, environmental enrichment is enough to induce critical period
closure in dark-reared rats similarly to normally-reared ones [70].

Third, the maturation of inhibitory neurotransmission constitutes a key part of CP
processes [52,71]. It has been proposed that inhibition gradually represses the response
to spontaneous intrinsic activity and promotes experience-driven input, switching
learning from internal cues to external signals [72].

CP plasticity is tied to the maturation of a particular interneuron subtype,
parvalbumin-expressing (PV+) interneurons (INs). PV+ INs are the most abundant
interneuron subtype in the neocortex [73]. Owing to their specialized cellular and
molecular properties, PV+ INs exert reliable, fast, strong and temporally precise
inhibition onto neighboring pyramidal neurons, making them crucial players in the
generation of network oscillations [74]. Maturation of PV+ INs follow a functional
hierarchy, appearing first in sensory regions and progressively extending to more
complex association cortices (Fig. 2.) [75,76], coinciding with the developmental timing
of grey matter volume changes and suggesting that critical periods progress sequentially
also. PV+ IN maturation and gamma-aminobutyric acid (GABA) neurotransmission are
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sensitive to sensory experience [77,78] and have strongly been implicated in the
regulation of critical period onset [52,79-84], establishing their role as pivotal plasticity
switches [82].
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Figure 2. Sequential CP plasticity periods described in the mouse brain. The trajectories
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denote the time windows for peak plasticity in the barrel cortex, auditory cortex, insular
cortex, amygdala, visual cortex, and higher associational cortices. Local maturation of
parvalbumin-containing interneuron circuits in each brain region is associated with
decreased plasticity and critical period closure. PV, parvalbumin. Figure used from Reh
etal. [71].

Fourth, brain-derived neurotrophic factor (BDNF), arguably the most studied
member of the neurotrophin family of growth factors, partakes in several plasticity-
related processes, including neuronal differentiation and maturation [85], synapse
formation [86,87], modulation of synaptic strength [88,89], and critical period onset
[90,91]. Unlike other growth factors that are mainly secreted in a constitutive way, BDNF
possesses neuronal activity-dependent promoters [92-94], which allow environmental
stimuli to induce BDNF expression via experience-dependent activation of relevant
neuronal circuits. In line with this, it has been shown that activity-dependent promoter 1V
of BDNF is necessary for the maturation of cortical inhibition [95]. Visual system
experiments have displayed that light regulates the expression of BDNF messenger
ribonucleic acid (mRNA) in the visual cortex, but even in absence of light, i.e. in dark
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rearing conditions, CP can be induced by overexpression of BDNF [96,97]. Under normal
rearing conditions, BDNF overexpression induces precocious CP [90] which involves the
accelerated maturation of inhibition [91].

Fifth, CP closure involves both functional and physical molecular brakes that
consolidate the changes made during maturation [82]. One of these well-described
physical brakes are perineuronal nets (PNN). PNNs are specialized extracellular matrix
structures that preferentially surround PV+ INs, dividing PV+ INs into two main
subpopulations: those that are enwrapped by PNNs (PV+PNN+) and those that lack PNN
(PV+PNN-) [98-102]. PNNs restrict developmental plasticity [79,103,104], likely by (1)
acting as a physical barrier between neurons and advancing axons [105-107], (I1) acting
as a scaffold for chemorepulsive axon guidance signals [108], (I11) limiting lateral
diffusion of receptors at synapses [109], and (1V) enabling fast-spiking properties of PV+
INs by acting as an ionic buffer [110,111]. Organization of PNNs is experience-dependent
[112] and begins by the end of the critical period [103]. Lack of experience delays PNN
appearance, and degradation of PNNs induces CP-like plasticity [103].

In summary, CPs are finite time windows of high plasticity during development
that are dynamically regulated by experience. Experience-driven neuronal activity
induces the expression of critical period onset regulators, such as BDNF, which promote
the maturation of inhibition. Cortical information processing becomes more efficient as
mature PVV+ INs increase the signal-to-noise ratio. Finally, experience-dependent changes
made during the CP are consolidated with the appearance of PNNs and other factors that

promote CP closure.
1.4. Prefrontal cortex maturation: a critical period for social behavior?

Social behavior, defined as ,,all behavior that influences, or is influenced by, other
members of the same species” [114], involves the rapid (I) perception and broadscale
integration of various factors related to the opponent or group (e.g. rank, emotional state)
and inner state of the self (e.g. motivational or emotional state); (11) prediction of the
potential consequences of actions; and (111) response-selection: selecting an action that
maximizes reward and/or minimizes harm [115]. Social interactions are thus highly
complex and are regulated by various overlapping and densely interconnected circuits,
where each brain region can participate in the regulation of multiple behaviors, while each

type of behavior is regulated by multiple regions [116,117]. As such, key hubs of the
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social behavioral network, including (but not limited to) the hippocampus, amygdala and
prefrontal cortex (PFC), show protracted development, with a peak in adolescence
[39,43,118-120].

Neural processing of social information is of heightened importance in
adolescence, as this is a period when family likely becomes a less prominent factor in the
life of children and peers become more so [121,122]. Therefore, in order to maintain a
social support network, adolescents must go through social re-orientation as they integrate
themselves into a new network, which places added stress on brain regions regulating
social behavior [122].

Among these brain regions, the PFC is especially notable: aside from regulating
emotional behavior and controlling basic drives, the PFC has been regarded as the region
mainly responsible for the temporal organization of behavior in goal-directed actions
[123]. As such, the PFC is heavily involved in all three stages of social interaction
mentioned above [115], denoting it as a cardinal conductor of social behavioral networks.
Owing to its widespread intricate connections, the PFC is one of the last brain regions to
reach full maturation - it has been shown that the overproduction of dendritic spines
reaches a peak in late childhood and subsequent pruning begins in early adolescence, but
can last even until the third decade of life [124,125].

The protracted development of the PFC marks it vulnerable for an extended period
of time. Given its important role in emotion regulation and the organization of social
behavior, altered PFC maturation due to ELM could lead to abnormal social interactions.
Indeed, reports do show that ELM has been coupled with smaller PFC volume or reduced
cortical thickness [46,126-128], blunted PFC function [129], and ELM-induced changes
in the PFC have been associated with subsequent lifetime perpetration of aggression in
adulthood [130]. However, the neurobiological processes that could link ELM-induced
deficits in prefrontal networks to ELM-associated abnormal aggression and other
disturbances in social behavior remain largely unknown.

Current knowledge on CPs mainly came from the observation of sensory and
motor systems, but it remains to be seen if CP processes are universal across all cortical
areas. If so, do the same mechanisms govern CP plasticity in higher-order association
areas, i.e. the PFC?
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Recently, studies have begun to consider adolescence as a critical period for social
learning and PFC maturation [113,131-133]. As with sensory CPs, adolescence involves
the functional maturation of prefrontal PV+ INs: PV expression and GABAergic activity
increases during adolescence in rodents [134-137], and so does the build-up of PNNs
[136]. Humans and non-human primates also display PV+ IN maturation during
adolescence in the PFC as shown by PV mRNA expression, suggesting that PFC
development is conserved across mammalian species [138,139].

Signalling involving BDNF and its receptor, tyrosine receptor kinase B (TrkB),
are necessary for the development of PV+ IN-mediated perisomatic inhibition across
cortical areas [140]. In line with this, a study has shown that transgenic mice with reduced
TrkB/BDNF signalling displayed reduced PV+ IN-mediated inhibition, which was
associated with deficient prefrontal network dynamics and increased aggression [141].
Other studies have also strengthened the link between prefrontal PV+ INs and social
behavior: the number of PV+ INs has been shown to be associated with aggressive
behavior [142]; chemogenetic inhibition of PV+ INs impairs social interaction [143]; and
absence of social experience (i.e. social isolation) during adolescence has been shown to
disrupt PFC PV+ INs [144].

As mentioned before, prefrontal PNNs also appear over the adolescent period
[136,145,146]. Preclinical studies have revealed that PNNs are sensitive to perturbations
in early life including maternal deprivation, which decreases PNN expression around PV+
INs in subregions of the PFC [147]; and social threat, which increases PNN expression
and reduces inhibition in a subregion of the PFC, the anterior cingulate cortex (ACC)
[148].

The studies highlighted above suggest that PFC maturation shows a peak during
adolescence and involves similar mechanisms to those seen in sensory and motor cortical
CPs. Considering this, early-life adversities could have important implications in the
context of CP mechanisms. First of all, different types of ELMs could offset CP in
opposing ways: if we consider social adversities analogous to visual system experiments,
social isolation (i.e. lack of experience, analogous to dark rearing) could delay CP onset
whereas abuse (i.e. adverse ‘environmental enrichment’) could cause early onset of

maturation [149,150]. Second, the potential of manipulating CP plasticity in PFC
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development and social learning could bear promising therapeutic implications
[151,152].

Still, knowledge regarding the development of social behavior and PFC
maturation in association with CP mechanisms is scarce. Additionally, while increasing
evidence outlines the close relationship between PVV+ IN maturation and PNN deposition
in CP plasticity and social experience-dependent learning, there is an astonishing lack of
information on the specific role and properties of the PNN-enwrapped PV+ IN population
itself. To add further difficulties, the reliable differentiation between prefrontal
PV+PNN+ and PV+PNN- interneurons is not possible yet with current in vivo methods.
Thus, whether each subpopulation plays different roles in the regulation of social
behavior, whether ELM influences the two subpopulations in a distinct way, and whether
these potential changes contribute to ELM-induced abnormal social behavior remain to
be elucidated [153].

1.5. Fluoxetine induces critical period-like plasticity.

Fluoxetine is an antidepressant belonging to the selective serotonin reuptake
inhibitor (SSRI) class. Developed in the 1970s and approved for the treatment of
depression by the US FDA in 1987 [154], research on its mechanisms of action focused
on 5-hydroxytryptamine (5-HT)-neurotransmission, leaving its other properties
unexplored for years.

Some earlier studies have already suggested that fluoxetine is capable of
amplifying neuroplasticity [155], but it wasn’t until the groundbreaking paper of Maya
Vetencourt et al. [156] that induced CP-like plasticity by fluoxetine gained widespread
attention.

In the study, Maya Vetencourt et al. have shown that in rats that underwent
monocular deprivation, ocular dominance plasticity can be reinstated and visual functions
can be recovered in adulthood by chronic administration of fluoxetine. This was
accompanied by reduced inhibition and increased expression of BDNF in the visual
cortex. Indeed, it has been shown that BDNF/TrkB signalling is crucial for
antidepressant-induced behavioral effects [157], and that chronic, but not acute treatment
increases BDNF mRNA expression [158] via its activity-dependent promoters IV and VI

[159]. Apart from increasing BDNF, fluoxetine also exerts its effects by upregulating
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genes related to CP and synaptic plasticity [159,160], decreasing PV+ IN-mediated
inhibition, and decreasing PNNs that surround PV+ INs [160].

Fluoxetine also shows promising results in emotion-related paradigms: in a study
investigating fear extinction, only the combined treatment of extinction training and
chronic fluoxetine administration was successful in long-term fear erasure, whereas
neither treatment alone was capable of inducing an enduring loss of the fear memory in
adult animals [161]. Fluoxetine likely induced CP-like plasticity in the fear circuitry, as
shown by increased expression of BDNF in the basolateral amygdala (BLA) and the
hippocampus (HPC), reduction in the percentage of PV+PNN+ cells in the BLA and
cornu Ammonis 1 (CA1l) region of the HPC, and increased excitation in the BLA,
allowing experience-dependent remodeling of fear networks guided by extinction training
[161]. Other paradigms involving chronic social defeat stress have shown that fluoxetine
treatment is able to reverse social defeat stress-induced anxiety- and depression-like
behavior [162,163], and even some parameters of social behavior, i.e. sniffing and rearing
[162].

These findings could have crucial implications in the context of early-life
adversities and social learning, but the detailed investigation of chronic fluoxetine
treatment on social behavior in general and on ELM-induced abnormal social behavior
has not been performed yet. Such investigations require a robust preclinical model of
early-life adversity in which fluoxetine-induced mechanisms and behavior can be reliably
observed [164,165].

1.6. Modelling early-life neglect: post-weaning social isolation in rats.

Post-weaning social isolation (PWSI) is a laboratory model of early-life neglect.
In this model, following weaning on postnatal day 21 (PN21) rats are either housed
socially (in groups of 4) or are isolated (housed alone) for 8 weeks, until adulthood.

As mentioned before, ELM carries an increased risk for social behavior-related
disturbances [166], including the perpetration of violent crimes [167]. Comparably to
human studies, prior results from our research group show that PWSI in male rats induces
disturbances in social behavior. Notably, isolated rats display abnormal aggression in
adulthood that disregards species-specific rules, including an increased number of total
attacks, attacks aimed at the vulnerable body parts of the opponent, unsignaled attacks

(i.e. attack without warning or threat) and dismissal of the opponent’s behavioral cues,
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e.g. continued attack even when the opponent shows submission [168—170]. Isolated rats
also show increased defensive behavior and display behavioral fragmentation (i.e. fast
abnormal switching between elements of social behavior) [168-170]. Resocialization, a
laboratory model for behavioral therapy [171], fails to ameliorate PWSI-induced violent
aggression [172]. These results highlight that PWSI leads to enduring, treatment-resistant
social behavioral abnormalities, providing a suitable basis for finding novel approaches
in the intervention of ELM-induced psychopathologies.

While behavioral repertoires are largely specific to each species, aggression is a
general behavioral capacity that is seen across mammalians. Such class-common
behaviors have been shown to share elemental neural processes, and despite the functional
and anatomical differences of human and rodent PFC, it could be argued that rodent
models provide valuable insight into the prefrontal regulation of social functions,
including aggression [173].

Human studies show that the PFC is activated by aggressive actions [174], more
so in subjects with aggression-related psychopathologies [175,176]. Additionally, violent
offenders display chronic structural alterations in the PFC [177]. Preclinical models also
underline the PFC as a key regulator of aggressive behavior [178,179], and in the context
of modelling ELM, PWSI in rats induces hyperactivation in both main regions of the PFC,
i.e. the orbitofrontal cortex (OFC) and medial prefrontal cortex (mPFC) following
aggressive interaction [170,180]. In addition to functional changes, PWSI induces
structural changes also, which include the reduced thickness of the mPFC, reduced
vascularization, and decreased dendritic and glial density [180].

Based on our earlier research, PWSI induces a robust and enduring behavioral
phenotype, which is accompanied by structural and functional changes in the PFC,
making it an ideal model system to study the neurobiological underpinnings of early-life
adversities and explore novel treatment opportunities [165]. PWSI has largely been
investigated in rats, carrying certain advantages over mice: rats show a wider range of
social behavioral repertoire [181,182], show more affiliative social behavior [182], and
are the standard approach to test drug toxicology, efficacy and dosage in the
pharmaceutical industry versus mice [181]. Additionally, the studies investigating CP-
like induced plasticity by fluoxetine have been performed in rats [156,161].
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Still, studies in mice are rapidly gaining importance due to the increased use of
transgenic techniques. Mice also display more aggressive behavior than rats [182], which
could be beneficial in the investigation of the neural background behind PWSI-induced
abnormal aggression. However, before further experiments can take advantage of the
widespread technical opportunities offered by transgenic strains in the investigation of
PWSI and fluoxetine treatment, a detailed characterization of PWSI-induced behavioral

changes is imperative, which has not been performed in mice so far.
1.7. Summary of introduction.

Early-life social adversities leave a devastating impact on both the individual and
its environment. ELM-associated psychopathologies are clinically distinct, characterized
by increased severity and resistance to treatment, which warrants the development of
novel treatment methods.

Human neuroimaging studies show that early life is a dynamic period of large-
scale changes. Notably, brain regions of the social circuitry go through active remodeling
in adolescence as reintegration into new social groups takes place. The PFC is a central
hub in the regulation of social behavior and is characterized by protracted development
that peaks in adolescence, making it vulnerable to social adversities experienced in early
life.

Research suggests that adolescence is a CP for PFC maturation and is probably
governed by similar processes as those described in sensory CPs. Still, little is known
about social learning and PFC maturation in the context of CP mechanisms and how
maltreatment in early life may derail these. Additionally, PV+ INs and the PNNs that
enwrap them are critical orchestrators of CP timing, and PV+ INs have been established
to play a role in social information processing. But whether the two major PV+ IN
subpopulations are affected differently by early-life social adversities remains to be
investigated.

PWSI is a robust laboratory model of childhood neglect and its effects on social
behavior have been well-established in rats, making it an ideal candidate to study social
learning in the context of CP plasticity. Fluoxetine has been shown to affect plasticity in
sensory and even emotion-related paradigms in rats, and research suggests that social,

PFC-related tasks would be similarly affected.
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Still, despite the advantages of rats in social behavioral paradigms, the eventual
need for transgenic strains that facilitate the manipulation of selective circuits and
neuronal populations necessitate the use of mouse models. Unfortunately, a detailed
behavioral characterization of PWSI has not been performed yet in mice. Additionally,
while PWSI has been shown to induce disturbances in the structure and function of the
prefrontal cortex (PFC), little is known about how PWSI might impact PV+ INs and the
PNNs that enwrap these, CP regulators specifically associated with the closure of cortical
network development.

Here, I hypothesize that PWSI in rodents leads to social behavioral abnormalities
in adulthood, accompanied by changes affecting CP plasticity regulators, which
potentially contribute to the emergence of abnormal social behavior. Plasticity of social
behavior, i.e. the capacity for social learning presumably decreases by adulthood,
rendering social abnormalities resistant to change. Inducing CP plasticity in adulthood
with chronic fluoxetine treatment could allow for social learning beyond adolescence,
carrying exciting therapeutic implications in the treatment of childhood maltreatment-

induced psychopathologies.
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2. Objectives

In two sets of experiments, we aimed to investigate PWSI-induced social
disturbances, their association with social learning in adulthood, and PWSI-induced
changes in critical period regulators, i.e. PV+ interneurons and PNNs, in the PFC.

Experiment 1 - Fluoxetine and social learning in adulthood in PWSI rats:

In the first set of experiments described in the thesis, we aimed to investigate
whether fluoxetine, by inducing CP-like plasticity in adulthood, can provide capacity for

social learning.

- Since PWSI takes place during the presumed critical period of social learning, we
wished to verify that PWSI, i.e. social deprivation from weaning to adulthood,
disrupts the development of social behavior, leading to the emergence of abnormal
social behavior during social interactions.

- We wished to investigate whether PWSI-induced social abnormalities are resistant
to resocialization in adulthood, possibly reflecting critical period closure of social
behavioral development and prefrontal network maturation.

- We aimed to study whether reinstating critical period-like plasticity in adulthood
with chronic fluoxetine treatment could enable the possibility of social learning and
thus ameliorate PWSI-induced abnormalities in social behavior.

Experiment 2 — Behavioral characterization of PWSI in mice and the effects of PWSI

on prefrontal PV+ neurons and PNNs:

The second set of experiments investigates the behavioral output of PWSI in mice
including a detailed social behavioral characterization, and studies how PWSI affects
PV+ interneurons and perineuronal nets, established regulators of CP plasticity, in the
PFC. We differentiated between the two main regions of the PFC, the ventromedially
located OFC and the dorsomedially located mPFC, as they subserve different tasks and

could be impacted by PWSI in distinct ways.

- We aimed to investigate PWSI-induced behavioral changes via an extensive
behavioral test battery. We assume that PWSI-induced behavioral disturbances in
mice parallel those seen in rats. Notably, since PWSI takes place during the presumed
critical period of social behavioral development, we propose that disturbances

induced by PWSI will be specific to the social domain.
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The maturation of PV+ interneurons and the deposition of PNNs around PV+ INs are
tied to critical period closure, and it has been shown that prefrontal PV+ interneurons
are involved in the regulation of social behavior. Therefore, PWSI-induced
disturbances in social behavior must be reflected in changes affecting PV+
interneuronal networks. Here, we aimed to characterize changes in PV+ INs and
PNNs by measuring fluorescent intensity, studying input and output properties of
PV+ neurons and investigating whether PWSI-induced changes in PV+ neurons are
dependent on the presence of PNNSs, i.e. whether PWSI affects PV+PNN- and
PV+PNN+ interneurons differently.
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3. Methods
3.1. Fluoxetine and social learning in adulthood in PWSI rats
3.1.1. Animals

Male Wistar rats (Charles-River) acquired from the breeding facility of the
Institute of Experimental Medicine (Budapest, Hungary) were used in the first
experiment. Subjects were maintained at a temperature of 22 + 1°C and a relative
humidity of 60 + 10% in a 12:12h light cycle with lights off at 08:00AM. Food and water
were available ad libitum. Following weaning on PN21, rats were randomly assigned to
social housing (maintained in groups of 4) or isolation (maintained individually) in cages
sized 42 x 26 x 19 cm (Fig. 3.). As soon as socially-reared rats weighed 200 g, they were
transferred to cages measuring 60 x 38 x 19 cm. Behavioral testing started in adulthood
at PN77, when animals weighed 400-450 g.

Intruders used in the resident-intruder (RI) test were also male Wistar rats obtained
from the same source as the experimental subjects, and were kept under similar conditions
in groups of 6. Intruders weighed ~300 g at the time of testing.

All experiments were carried out in accordance with the European Communities
Council Directive of November 24, 1986 (86/609/EEC) and were reviewed and approved
by the Animal Welfare Committee of the Institute of Experimental Medicine
(PEI/001/30-4/2013).

3.1.2. Experimental design
3.1.2.1. Post-weaning social isolation and the first resident-intruder test

Following weaning, rats were either housed in groups of 4 (social rearing, n = 40),
or were housed alone (PWSI, n = 80) for 8 weeks, until reaching adulthood. In order to
avoid litter effects, rats from all litters were randomly placed into social or isolation
rearing. As such, socially-reared groups consisted of members from different litters.

To investigate the social behavioral effects of PWSI, rats underwent an RI test
right after the isolational period (RI Test 1), during the 11th postnatal week (Fig. 3. and
Fig. 5A).
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3.1.2.2. Resocialization and chronic fluoxetine treatment

After RI Test 1, PWSI rats either remained in individual housing (isolation; n =
40), or were placed into social groups consisting of four PWSI rats (resocialization; n =
40). Half of both groups, i.e. isolation-reared and resocialized, received chronic fluoxetine
(FLX) treatment over the three-week treatment period, while the other half of animals
were used as controls and received normal drinking water. FLX (fluoxetine
hydrochloride; Sigma-Aldrich, Budapest, Hungary) was administered via drinking water,
at a concentration of 0.2 mg/ml. Regularly recorded fluid intake and body weights
indicated that the average FLX intake was 5.9 + 0.1 mg/day for each rat (~14 mg/kg).
Under similar conditions, FLX has been shown to significantly increase neural plasticity
in rats [156,183]. FLX was added to the drinking water following the 1-hour observation
period, meaning that it did not influence behavior right after resocialization. PWSI rats
were allocated into the following four treatment groups: (1) ‘Isolation’, wherein subjects
were maintained in isolation following the first RI test, without receiving FLX treatment
(IsoVEH); (I1) ‘Resocialization’; wherein subjects were resocialized into groups of 4
after the first RI test, without receiving FLX treatment (ResVEH); (III)
‘Isolation+fluoxetine’; denoting subjects that were maintained in isolation after the first
RI and received FLX treatment (IsoFLX) and (IV) ‘resocialization+fluoxetine’;
denoting subjects that were resocialized after RI Test 1 and received FLX treatment
(ResFLX) (Fig. 3. and Fig. 5B). Resocialization and FLX administration lasted for 3
weeks. The social behavior of the newly created groups (resocialization and
resocialization+fluoxetine) was monitored throughout as described below.

After the first RI test, socially-reared rats were regrouped into groups of 4 where
at least 2 rats in the new groups remained unfamiliar to each other. This was done in order
to mimic resocialization in PWSI animals. Half of socially-reared rats received chronic
FLX treatment, resulting in two groups: (1) ‘Regrouping’; regrouped after the RI Test 1
and did not receive FLX treatment and (I1) ‘Regrouping+fluoxetine’; regrouped and
received FLX treatment (Fig. 3 and 6). The two groups were euthanized at the end of the
treatment period, along with PWSI rats. Brain samples were split into 2 main groups: 1)
immunohistochemical analysis of PV+ INs and PNNs; and retrograde viral tracing, 2)

gene expression-analysis using quantitative real-time polymerase chain reaction (RT-
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PCR). Due to the current regulations involving doctoral thesis requirements, the results
of brain sample analysis do not form part of the thesis, please refer to these in [184].

Social or
PWSI rearing PN77 Treatment and monitoring of behavior PN98
(8 weeks) RI Test 1 (3 weeks) RI Test 2

P perfusion

PN21

weaning ph v| 1solation n=20
. (IsoVEH) per group
% Z Resocialization
4 ’ ResVEH
% e ( )
4

Isolation
D +fluoxetine
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Figure 3. Experimental timeline. After weaning on PN21, rats were subjected to social

O]

rearing or PWSI for 8 weeks. Following the 8-week period, rats were subjected to a
resident-intruder test (RI Test 1) on PN77 in adulthood. After RI Test 1, PWSI rats were
divided into four groups for 3 weeks: half of the animals remained in isolation and either
received normal drinking water (IsoVEH) or chronic fluoxetine treatment administered
through their drinking water (IsoFLX), whereas the other half was resocialized into
groups of 4 PWSI animals and either received normal drinking water (ResVEH) or
chronic fluoxetine treatment (ResFLX). After RI Test 1, social rats were regrouped into
groups of 4 to mimic resocialization in PWSI rats, and either received normal drinking
water (RegVEH) or chronic fluoxetine treatment (RegFLX) for 3 weeks. The behavior of
rats was monitored throughout the 3 weeks. Following the 3-week treatment period, rats
were subjected to an RI test (RI Test 2), and were perfused under resting conditions. F,
fluoxetine; I1soFLX, isolation+fluoxetine; IsoVEH, isolation+vehicle; PN, postnatal day;

PWSI, post-weaning social isolation; RegFLX, regrouping+fluoxetine; RegVEH,
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regrouping+vehicle; ResFLX, resocialization+fluoxetine; ResVEH,
resocialization+vehicle; RI, resident-intruder test; V, vehicle.

3.1.3. Experimental procedures
3.1.3.1. The resident-intruder (RI) test

3 days prior to the test rats were placed into individual cages measuring 22 x 38 x
28 cm to establish territorial behavior. The test took place at the beginning of the dark
period under dim red illumination. During the test, a smaller-sized male intruder was
placed into the subject’s homecage for 20 mins. Behavior was recorded and analyzed by
an experimenter blinded to the conditions at low speed, with frame-by-frame analysis
when needed. We investigated the total number of biting attacks, their type (i.e. soft bite,
hard bite or skin pulling), and whether they were aimed at vulnerable or non-vulnerable
targets [169] (Fig. 4.). Hard bites were defined as attacks involving a forceful body
movement of the subject, usually jumping or stomping with the two hind legs, eliciting a
strong startle response and subsequent fleeing or other defensive/submissive behaviors
from the opponent. In contrast, soft bites involved minimal movement and elicited little
to no reaction from the opponent. Skin pulls denoted pulling the opponent’s skin with the
mouth. *Vulnerable target bites’ defined attacks aimed at vulnerable body parts of the
opponent, including the head, throat or belly.

Attack counts denoted quantitative aspects of aggression, while qualitative
aspects, i.e. the share of hard bites in the total attack count or aiming attacks at vulnerable
body parts of the opponent (i.e. the head, throat or belly) were used to differentiate

abnormal aggression from species-specific normal attacks [171].

Figure 4. Schematic drawings depicting types of attacks measured during RI. A, Skin

pull: a weak attack involving pulling the opponent’s skin with the mouth. B, Soft bite: a
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weak attack involving minimal movement from the attacker and little to no reaction from
the opponent. Vulnerable areas on the opponent, i.e. the head, throat and belly, are
marked with red. C, Hard bite: a strong attack involving the forceful body movement of
the attacker (attack jump or stomping with the two hind legs) that elicit a strong startle
response in the opponent and subsequent fleeing or other defensive/submissive behaviors.
RI, resident-intruder test. Figures were drawn by the author of the thesis.

3.1.3.2. Group monitoring during the 3-week treatment period

To investigate behavior during cohabitation, we studied aggressive behaviors
during the dark/active phase of the day (not included in the current thesis) and huddling
during sleep in the light/inactive phase, which is thought to indicate social cohesion [172].
Rats were distinguished using individual marks made with permanent hair dye.
Webcameras were placed above the cages and automatically took pictures 1, 2, 4, 6, and
10 hours after the beginning of the light/inactive period of each day. Huddling during
sleep denoted direct physical contact with cagemates while sleeping. Absence of contact
was scored as “0”, whereas at least one contact was scored as “1” irrespective to the
number of contacted cagemates. Scores coming from the 5 timepoints were averaged for
each individual daily to give their huddling score. Huddling was investigated every day
of the 3-week treatment/resocialization period.

3.1.4. Statistical analysis

Values shown in the text and figures indicate mean = SEM. For main effects we
used two-way or repeated-measures ANOVA, as described in the text. When necessary,
square-root-transformation was used on behavioral data to fulfill ANOVA requirements.
Post hoc analysis was performed by the Duncan test unless otherwise specified. The
StatSoft 12.0 software was used for regression analysis. Comparison between the
treatment groups and socially-reared groups was done by Student’s t-test. P-values lower
than 0.05 were considered statistically significant.
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3.2. Behavioral characterization of PWSI in mice and the effects of PWSI on
prefrontal PV+ neurons and PNNs

3.2.1. Animals

Male Crl:CD1 mice (Charles-River Laboratories) acquired from the breeding
facility of the Institute of Experimental Medicine (Budapest, Hungary) were used in the
second series of experiments. Animals were maintained in a 12:12 hour light-dark cycle
with lights off at 07:00AM, at a temperature of 22 + 1°C and a relative humidity of 60 +
10%. Food and water were available ad libitum, with the exception of the delay
discounting training and test period. Over the course of the experiment, body weights of
mice were regularly measured and did not show significant differences between groups
at any given time point. On PN21, mice were weaned and randomly subjected to social
(four animals per cage) or isolation (housed alone) rearing. Mice were housed in Plexiglas
cages measuring 36.5 x 20.7 x 14 cm. Intruders used in the resident-intruder test were
also male Crl:CD1 mice obtained from the same source, housed socially (in groups of 4-
5 mice per cage), and kept under similar conditions as the test subjects. All experiments
were carried out according to the Directive of the European Parliament and the Council
from 22 September 2010 (2010/63/EU) and were reviewed and approved by the Animals
Welfare Committee of the Institute of Experimental Medicine (PEI/001/2056-4/2015).

3.2.2. Experimental design

Following weaning on PN21, mice were housed in groups of four (social rearing)
or underwent PWSI (single housing) for 6 weeks. Mice from all litters were randomly
assigned to social or PWSI rearing to eliminate litter effects. Mice were subjected to a
behavioral test battery after reaching adulthood (PN63), which lasted from PN64 until
PN109 (refer to Fig. 5. for detailed timeline). Behavioral experiments were performed at
09:00AM, during the first half of the dark/active cycle. Following the open field test on
PNG64, we subjected all test animals to single housing and kept animals as such until the
end of the test battery. Mice underwent a resident-intruder test on PN67 (RI1) in order to
verify the appearance of PWSI-induced social disturbances and abnormal aggression
described in our previous studies in rats [168,170], and another RI test (RI2) was
conducted after the behavioral battery (PN109), to verify whether the PWSI-induced
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abnormal aggressive phenotype remained stable over time and to investigate fighting-
induced changes in the PFC.

Mice were perfused on PN109 under resting conditions or 90 minutes after the
second RI test. Sample sizes were n = 22 for PWSI mice, and n = 20 for social mice. All
test subjects underwent the behavioral test battery, except for the RI2 test. Here, mice
were divided into 4 groups: ‘social, baseline’ (i.e. perfused under resting conditions, did
not undergo RI2; n = 6), ‘PWSI, baseline’ (perfused under resting conditions, no RI2; n
= 6), ‘social, aggressive interaction’ (underwent the RI2 test; n = 14) and ‘PWSI,
aggressive interaction’ (underwent the RI2 test; n = 16). As such, every mouse endured
the same conditions up until they were split into four groups, whereas the split itself was
made in order to have baseline control groups for our histological analyses (i.e. resting
conditions versus aggressive interaction-induced prefrontal activation). Sample size
varied slightly between tests because of minor technical issues (e.g. damaged video
footage). Two social animals were excluded from the final analysis due to statistically
extremely outlying behavioral parameters in the RI tests (i.e. total bite and vulnerable
target bite values surpassed the mean by over 3 standard deviations; further description
of biting attacks can be found in 3.2.3.2.).
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Figure 5. Experimental timeline. Following weaning on PN21, mice were housed
socially (in groups of 4 animals per cage) or were subjected to PWSI (one animal per
cage) for 6 weeks, until adulthood (PN63). Afterwards, mice underwent a behavioral
battery that lasted until PN109. On PN109 subjects were split into 4 groups, and were
euthanized under baseline conditions or 90 minutes after aggressive interaction [153].
EPM, elevated plus-maze; OF, open field test; PN, postnatal day; PWSI, post-weaning

social isolation; RI, resident-intruder test; Sl, social interaction test.

28



3.2.3. Behavioral test battery
3.2.3.1. Open field test (OF)

A square black Plexiglas box measuring 40 x 36 x 15 cm was used to conduct the
OF test. Animals were placed into the middle of the box and were allowed to explore the
apparatus for 10 minutes under low light illumination (70 lux). After each test, the
apparatus was cleaned with water and dried thoroughly. Behavior was video-recorded
and the videos were subsequently analyzed by a blind experimenter using the H77+ event-
recording software (Jozsef Haller, Institute of Experimental Medicine, Budapest,
Hungary). Locomotion was measured via the number of line-crossings using a grid placed
over the recording. Other investigated parameters included the latency to enter the center
and percentage of time spent in the center. The center was defined as the central 20 x 18

cm area of the box.
3.2.3.2. Resident-intruder tests (R11, RI2) and escalation

All test subjects were transferred into individual cages with fresh corn cob bedding
3 days prior to the first RI test on PN67 (R11). This was done to ensure the emergence of
territorial behavior.

Resident-intruder tests: in the early hours of the dark cycle (09:00AM) under
dim red illumination, a smaller-sized novel male intruder was placed into the homecage
of the resident for 10 minutes. Behavior was video-recorded and analyzed as described
below.

Escalation: in the early hours of the dark cycle (09:00AM) under dim red
illumination, a smaller-sized male opponent was placed into the resident’s homecage for
5 minutes in a wire box the size of 18 x 12 x 10 cm. The test subject was able to see and
smell the opponent but was unable to make direct contact with it [185]. After the
escalation period was over, the wire box and the opponent contained in the wire box were
removed, and a novel smaller-sized male intruder was placed into the homecage of the
test subject for 10 minutes (the resident could interact freely with the intruder). Behavior
was recorded and analyzed as described below.

On PN109, mice were either perfused under baseline (resting) conditions or 90
minutes after aggressive interaction, i.e. the second RI test (R12). Behavior was video-

recorded and videos were analyzed by an experimenter blinded to the conditions, at low
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speed, with frame-by-frame analysis when needed. Test subjects were differentiated by
marks placed with permanent hair-dye. Parameters investigated were the latency to the
first biting attack, the total number of bites, the intensity of biting attacks (categorized as
soft or hard), and whether attacks were aimed at the vulnerable body parts of the
opponent, such as the head, throat, or belly (see Fig. 8B) [168,169]. Hard bites denoted
attacks delivered with a forceful body movement of the resident that induced a strong
startle response in the intruder (a large jump, fleeing, or other defensive behaviors).
Contrarily, soft bites did not involve excessive movement of the resident and induced
little to no response from the intruder at most [168]. We also analyzed the duration and
frequency of each behavioral type using the Solomon Coder event-recording software
(RRID:SCR_016041). The following behavioral types were differentiated: exploration
(rearing and any exploratory activity that is not directed towards the conspecific), sniffing
(non-aggressive sniffing of any body part of the opponent), grooming (self-grooming
movements), offensive behavior (attack bouts, chasing, tail-rattling, aggressive
grooming, mounting, punching and kicking), defensive behavior (defensive upright
posture, fleeing from the opponent), submission (being unmoving while being sniffed or
aggressively groomed by the conspecific, usually crouched low with eyes shut) and
vigilance (continuous tense or agitated observation of the intruder from a distance, with
the body constantly being directed towards the intruder) [153,186,187].

3.2.3.3. Social interaction test (SI)

Two unfamiliar experimental mice belonging to the same housing group (i.e.
social versus social, isolated versus isolated) were placed into a novel Plexiglas test cage
the size of 35 x 20 x 25 cm under low light illumination (70 lux). On the day before
testing, each animal was separately habituated to the novel cage for 15 minutes. Mice
were differentiated by marks painted with permanent hair-dye. On PN72, the pairs were
placed into the cage for 10 minutes and their behavior was video-recorded and analyzed
by an experimenter blinded to the conditions. We investigated the duration and frequency
of exploration (rearing and any exploratory activity that is not directed towards the
conspecific), sniffing (non-aggressive sniffing of any body part of the opponent),
defensive behaviors (defensive upright posture, fleeing from the opponent), offensive

behaviors (attack bouts, chasing, tail-rattling, aggressive grooming, mounting, punching
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and kicking), grooming (any self-grooming behavior) and digging activity (digging
through the corn cob bedding).

3.2.3.4. Delay discounting test

Our protocol outlined here follows the work of Adriani et al [188] and Aliczki et
al. [189]. Automated operant chambers were used for the test, equipped with two nose-
poke holes with LED lights and infrared sensors, a feeding device with a magazine where
sugar pellets could be held, and a chamber light (Med Associates, St. Albans, VT, USA).
The chambers were placed into soundproof wooden cubicles and were controlled by the
Med-PC IV software (Med Associates, St. Albans, VT, USA). The chamber lights
signalled the start of each trial. Between trials, the chambers were cleaned with 20%
ethanol and then dried. Mice were subjected to a restricted feeding protocol four days
before the start of the experiment (maintaining 85-95% of their original body weight) to
increase their motivation for food rewards.

Training phase: subjects were placed into the chambers for 30 minutes each day
during 8 consecutive days. Nose-poke responses given into one of the holes got rewarded
with a 45 mg sugar pellet (small reward), while responses given into the other hole were
rewarded with three 45 mg pellets (large reward). Both small or large rewards were
presented immediately after the response was given, and were followed by a 25 second
timeout period during which responses were registered but not rewarded. The side of the
nose-poke hole (left or right) associated with the large reward was balanced over subjects.
Throughout training, all mice developed a strong preference for the side that was
associated with the large reward.

Test phase: following the training, mice were subjected to a protocol that was
similar to the training phase, except the delivery of the larger reward was preceded by a
delay. The delay of the large reward was progressively increased each day (5, 10, 20, 30,
45, 60, 75, 90 s from day 1 to day 8, respectively). Small rewards were still delivered
immediately following the response. Responses made during the delays and timeout
periods were recorded but not rewarded. With the increasing delay in delivery, mice
gradually shifted their preference from the large reward to the small, but immediate
reward.

The number of total responses during training and testing can be used to

characterize the motivational state of mice, while inadequate responses (nose pokes made
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for the large reward during the delay and timeout periods) are considered to indicate
impulsive responses [190].

3.2.3.5. Elevated plus-maze (EPM)

The EPM consisted of two open arms (30 x 7 cm), two closed arms (30 X 7 cm
with 30 cm high walls) and a central platform (7 x 7 cm) 50 cm above the ground. The
EPM was made of gray Plexiglas. Mice were placed into the central part facing an open
arm and were allowed to explore the apparatus for 5 minutes under low light illumination
(70 lux). After each test, the EPM was cleaned with water and dried thoroughly. Behavior
was video-recorded and subsequently analyzed with the event-recording software
Solomon Coder. We measured locomotion via the number of closed arm entries. We also
investigated the percentage of time spent in the open arms and the ratio of open arm

entries and total arm entries.
3.2.3.6. Sucrose preference test (SPT)

A bottle was filled with 2% sucrose solution and was placed next to the bottle
containing drinking water in the homecage of the mice. The two bottles were left there
overnight (in the sense of human time and not the reversed dark/light cycle that mice were
kept under) and then measured on the following day for four consecutive days. The
starting side (left or right) of the sucrose solution bottle was balanced over subjects. The
position of the sucrose solution bottle and water bottle was switched daily. Sucrose
preference was measured as the percentage of sucrose consumption (g) divided by total

consumption (g).
3.2.4. Immunohistochemistry and confocal imaging
3.2.4.1. Fixation and tissue processing

Mice were placed under anesthesia using a mixture of ketamine and xylazine (16.6
and 0.6 mg/ml, respectively). Mice were then transcardially perfused using ice-cold 0.1
M phosphate-buffered saline and 4% paraformaldehyde in 0.1-M phosphate-buffered
saline solution (PBS), with a pH of 7.4. Brains were removed and post-fixed for 3 hours.
Following that, brains were cryoprotected in 30% sucrose in PBS for 48 hours at 4°C.
After sucrose cryoprotection, a freezing sliding microtome was used to cut 30 pm

sections. Sections were collected in a six-well plate with cryoprotectant (50% sodium
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phosphate buffer, 30% ethylene glycol, 20% glycerol) for storage, and were kept at
—20°C.

3.2.4.2. Fluorescent immunohistochemistry, confocal imaging, analysis of perisomatic

puncta densities and fluorescent intensities

The PFC-containing sections were incubated for 4 hours at room temperature, in
a solution containing 2% Triton X-100 and 10% normal donkey serum (NDS) in 0.1 M
PB. Then, sections were incubated at 4°C for four days in a solution containing 2% Triton
X-100, 10% NDS, 0.05% sodium azide, and different combinations of the following
primary antibodies and reagents: mouse anti-bassoon, rabbit anti-parvalbumin, mouse
anti-parvalbumin, guinea pig anti-parvalbumin, guinea pig anti-vesicular GABA
transporter (VGAT), guinea pig anti-vesicular glutamate transporter 1 (vGIluT1), rabbit
anti-vesicular glutamate transporter 2 (vGIuT2), mouse anti-potassium voltage-gated
channel, Shab-related subfamily, member 1 (Kv2.1) and biotinylated Wisteria floribunda
agglutinin (WFA) (see Table 1). The following secondary antibodies were used to
visualize the primary antibodies: DyL405-conjugated streptavidin, Alexa Fluor 488-
conjugated donkey anti-guinea pig, Alexa Fluor 488-conjugated donkey anti-rabbit, Cy3-
conjugated donkey anti-mouse IgG, Cy3-conjugated donkey anti-guinea pig IgG,
Alexa647-conjugated donkey anti-rabbit 1gG and Alexa647-conjugated donkey anti-
mouse IgG (see Table 2).

Confocal images were taken at 12-bit depth with 1024 X 1024 pixel resolution
using a Nikon A1R microscope fitted with an oil-immersion apochromatic lens (CFI Plan
Apo VC60x Oil, NA 1.40; z step size: 0.5 um; xy: 0.11 um/pixel). The density of puncta
surrounding the soma of PV neurons and Kv2.1 immunoreactive putative pyramidal
neurons was analyzed using a similar methodology. In the mPFC, 40 to 50 putative
pyramidal neurons were imaged per mouse in three different sections. 10-15 PV+ neurons
were counted in each animal per subregion, since the density of PV+ interneurons was
more limited. We used the NIS Elements Software (Nikon Europe; RRID:SCR_014329)
for image processing. The outline of every soma (i.e. the cell membrane) was delineated
manually, and this manual selection was further enlarged by 0.25 pum to form a “ring”
that covers the area surrounding the soma. vGluT1+Bassoon+ and vGluT2+Bassoon+
puncta in close proximity to PV+ or Kv2.1+ somata were considered to establish an

apposition (i.e. form putative perisomatic synapses). Bassoon is a presynaptic release site
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marker [191], while vGIuT1l and vGIuT2 indicate excitatory intracortical and
extracortical inputs, respectively [192-194], and Kv2.1 immunoreactivity was used to
identify pyramidal cells in layer 5 of the mPFC [195].

Using custom scripts in Fiji, labeling intensities of the perisomatic region and PV
somata were quantified in arbitrary units as the mean of all selected pixels. Intensities of
single neurons were plotted. Previously drawn regions of interest (ROIs) were used to
measure mean fluorescent intensity and integrated density in the area £0.25 um from the

cell border with the use of custom scripts [196].

Table 1. Overview of primary antibodies or reagents used in this study

Reagent Source Catalog No. Host Dilution RRID
Bassoon Abcam SAP7F407 Mouse 1:1000 AB_1860018
c-Fos Synaptic Systems 226 004 Guinea pig 1:4000 AB_2619946
1:3000 IF
Parvalbumin Swant PVv27 Rabbit 1:5000 AB_2631173
1:2500
Parvalbumin Sigma-Aldrich P3088 Mouse 1:5000 AB_477329
Parvalbumin Synaptic Systems 195 004 Guinea pig 1:2000 AB_2156476
VGAT Synaptic Systems 131 004 Guinea pig 1:1000 AB_88787
vGIuT1 Synaptic Systems 135 304 Guinea pig 1:1000 AB_887878
vGluT2 Synaptic Systems 135 402 Rabbit 1:1000 AB_2187539
Voltage-gated potassium channel ~ Neuromab 75-014 Mouse 1:1000 AB_10673392

type 2.1 (Kv2.1)

Wisteria floribunda agglutinin ~ Sigma-Aldrich L1516 — 1:500 AB_2620171

(WFA)
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Table 2. Overview of secondary antibodies used in this study.

Antibody Source Catalog No. Host Dilution RRID

Alexa Fluor 488 anti-guinea pig 1gG Jackson 706-545-148 Donkey 1:200 AB_2340472
ImmunoResearch

Alexa Fluor 488 anti-mouse 19G Jackson 715-545-151 Donkey 1:500 AB_2341099
ImmunoResearch

Alexa Fluor 488 anti-rabbit 1gG Jackson 711-545-152 Donkey 1:500 AB_2313584
ImmunoResearch

Alexa Fluor 488 conjugated streptavidin Jackson 016-540-084 1:500 AB_2337249
ImmunoResearch

Alexa Fluor 647 anti-mouse 19G Jackson 715-605-150 Donkey 1:500 AB_2340862
ImmunoResearch

Alexa Fluor 647 anti-guinea pig 19gG Jackson 706-605-148 Donkey 1:500 AB_2340476
ImmunoResearch

Alexa Fluor 647 anti-rabbit 1gG Jackson 711-605-152 Donkey 1:200 AB_2492288
ImmunoResearch

Alexa Fluor 647 anti-rabbit 1gG Jackson 111-605-003 Goat 1:500 AB_2338072
ImmunoResearch

Biotin conjugated anti-guinea pig 19G Jackson 706-065-148 Donkey 1:1000 AB_2340451
ImmunoResearch

Cy3-conjugated anti-guinea pig 19G Jackson 106-165-003 Goat 1:500 AB_2337423
ImmunoResearch

Cy3-conjugated anti-guinea pig 19G Jackson 706-165-148 Donkey 1:500 AB_2340460
ImmunoResearch

Cy3-conjugated anti-mouse 19G Jackson 715-165-151 Donkey 1:200 AB_2315777
ImmunoResearch

Cy3-conjugated anti-rabbit IgG Jackson 711-165-152 Donkey 1:500 AB_2307443
ImmunoResearch

DyL405 anti-mouse Jackson 115-475-003 Goat 1:500 AB_2338786
ImmunoResearch

DyL405 conjugated streptavidin Jackson 016-470-084 1:500 AB_2337248
ImmunoResearch
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3.2.5. Statistical analysis

Data are expressed as mean + standard error of the mean (SEM). Differences
between groups were analyzed in the Prism (GraphPad Prism Software Inc. San Diego,
California, USA) or Statistica 13.5 (Tibco, Palo Alto, CA, USA) softwares using
Student's t-test, or Mann-Whitney U test when the requirements for t-tests were not
fulfilled (i.e. when data did not follow a normal distribution, as verified through the
D’Agostino and Pearson normality test). In the case of the delay discounting and sucrose
preference tests, repeated measures ANOVA was employed. We used two-way ANOVA
for c-Fos activation and PNN-dependent analysis of puncta densities, followed by Fisher's
post hoc analyses. During the statistical analysis of individual cell numbers as a function
of group, we implemented both the factor “housing” and “animal identity” in an additive
fashion to a two-way ANOVA model. This way, the explanatory effects of the social
environment and individual variability of animals could be independently determined.
When performing the latter analyses, we used the R Statistical Environment (R Core

Team, 2022). The significance level was set at p < 0.05 throughout.
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4. Results
4.1. Fluoxetine and social learning in adulthood in PWSI rats
4.1.1. PWSI induces abnormal aggression in the resident-intruder test

In order to study the effects of PWSI on aggressive behavior, a resident-intruder
test was performed after the 8-week isolational period (Rl Test 1) (see Fig. 3. for
timeline). Similarly to earlier studies from our research group, PWSI induced abnormal
aggression compared to rats reared in social groups: PWSI rats displayed a higher number
of biting attacks (F(1,121) = 25.21, p < 0.0001) and a greater portion of these attacks were
aimed at vulnerable body parts of the opponent (i.e. the head, throat or belly; F(1,121) =
12.19, p < 0.001; Fig. 6A, left side). Additionally, the number of bites delivered shifted
from less damaging attack types in social rats to the more damaging hard bites in PWSI
rats (rearing x bite type interaction, F(2,242) = 4.23, p < 0.05, Fig. 6A, right side).

4.1.2. PWSI rats are capable of social learning

Huddling during sleep was measured as an indicator of social cohesion during the
3-week treatment period. On the first day, PWSI rats displayed low levels of huddling,
but the differences between the huddling behavior of social and PWSI animals gradually
disappeared over 1 week (day x rearing interaction, F(20, 580) = 6.88; p < 0.0001;
fluoxetine did not show any effects alone or in interaction; data not shown). Beginning
with the second week of treatment, huddling no longer differentiated the 4 groups (i.e.
RegVEH, RegFLX, ResVEH and ResFLX).

4.1.3. Social learning diminishes PWSI-induced abnormal aggression only when

combined with fluoxetine

To investigate the impact of treatments on aggressive behavior, rats reared in
PWSI underwent a second RI-test (R1 Test 2) after the 3-week treatment period, on PN98
(see Fig. 3. for timeline). The treatments altered aggressive behavior when compared to
RI Test 1 (bite counts: F(4,90) = 4.26, p < 0.01; vulnerable bites: F(4,90) = 3.13, p <
0.02), but each treatment showed prominent differences in their efficacy (Fig. 6B). While
resocialization alone decreased the number of biting attacks compared to RI Test 1
(repeated-measures ANOVA, test x resocialization interaction: F(1,48) =9.18, p < 0.01),

the percentage of vulnerable bites delivered was decreased only in the group that received
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the combined treatment (fluoxetine x resocialization interaction: F(1,48) =7.98, p <0.01).
Chronic administration of fluoxetine in itself did not affect any form of aggressive
behavior studied here. Importantly, the combined treatment ameliorated all three
measures of excessive and abnormal aggression: bite counts (4.2 + 0.7) and the percentage
of bites aimed at vulnerable targets (14.1 = 5.5%) decreased to reflect the levels seen in
socially-reared rats (shown on Fig. 6B left side, p > 0.05 for both parameters, two-tailed
unpaired t-test), while attack types shifted to less damaging ones, i.e. skin pulls became

more dominant than hard bites (Fig. 6B right side).
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Figure 6. Behavioral effects of PWSI, resocialization and chronic fluoxetine treatment.

A, Experimental timeline and aggressive behavior recorded during the first resident-
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intruder test. Following weaning on PN21, rats were subjected to social rearing or PWSI
for 8 weeks. After reaching adulthood, rats underwent a resident-intruder test (RI Test 1)
on PN77. During RI Test 1, PWSI rats delivered more biting attacks and a larger
percentage of these attacks were aimed at the vulnerable body parts of the opponent
(head, throat or belly) compared to socially-reared rats. When differentiating between
attack types, PWSI rats showed a preference for the more damaging hard bites over soft
bites or skin pulls. B, Following 3 weeks of treatment in adulthood, PWSI rats were
subjected to a second resident-intruder test, Rl Test 2 on PN98. While resocialization
alone was able to decrease the number of attack bites when compared to RI Test 1, only
the combination of resocialization and chronic fluoxetine treatment was able to decrease
both quantitative and qualitative aspects of aggression, i.e. the number of attacks, and
the share of attacks aimed at vulnerable targets. The combined treatment also shifted the
preference for hard bites towards the less damaging skin pulls. Data are presented as
mean = SEM. *p < 0.05, #p < 0.05, ¢p < 0.05, &p < 0.05. IsoFLX, isolation+fluoxetine;
IsoVEH, isolation+vehicle; PN, postnatal day; PWSI, post-weaning social isolation;
ResFLX, resocialization+fluoxetine; ResVEH, resocialization+vehicle; RI, resident-

intruder test.

The effects of chronic fluoxetine treatment in adulthood in socially-reared rats
were studied separately from PWSI rats because the social learning component of
resocialization was absent during the regrouping of socially-reared rats. In socially-reared
rats that were regrouped for 3 weeks to mimic the resocialization of PWSI rats, chronic
fluoxetine treatment decreased the number of attack bites (F(1,23) = 4.03, p < 0.05), but
did not affect the percentage of vulnerable attacks (F(1,23) = 1.26, p > 0.05, Fig. 7). When
compared to RI Test 1, neither treatment (regrouping alone or regrouping+fluoxetine)
affected behavior in RI Test 2 (number of attack bites: F(2,62) = 0.91, p > 0.05);
percentage of vulnerable target bites: F(2,62) = 0.64, p > 0.5, Fig. 7).
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Figure 7. The effect of chronic fluoxetine treatment on aggression in rats reared in
social groups. Rats subjected to social rearing underwent 3 weeks of treatment in
adulthood (PN77). Social rats were then regrouped into groups of 4 where at least 2 rats
were unfamiliar with each other. Half of regrouped rats received chronic fluoxetine
treatment (RegFLX). Regrouping alone or in combination with fluoxetine did not change
aggressive behavior in the RI Test 2 when compared to the RI Test 1. There were no
differences in the share of wvulnerable target bites. Rats submitted to
regrouping+fluoxetine delivered significantly less attacks compared to rats submitted to
regrouping alone and showed a reduction in the dominance of hard bites over soft bites.
Grey horizontal dashed lines indicate the mean observed in Rl Test 1. #p < 0.05; @p <
0.05 (Fisher post hoc test). PN, postnatal day; PWSI, post-weaning social isolation;
RegFLX, regrouping+fluoxetine; RegVEH, regrouping+vehicle; RI, resident-intruder

test.
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4.2. Behavioral characterization of PWSI in mice and the effects of PWSI on

prefrontal PV+ neurons and PNNs

4.2.1. PWSI induces abnormal aggression, disrupted behavioral organization and

behavioral fragmentation

In the second set of experiments, we sought to characterize the long-term
behavioral changes induced by PWSI in mice via subjecting them to post-weaning social
isolation for 6 weeks followed by a behavioral test battery designed to investigate social
and emotional domains (refer to Fig. 5 for detailed timeline).

PWSI mice displayed heightened aggression compared to socially-reared mice as
shown in the second RI test (see Fig. 8A for simplified timeline). Particularly, PWSI mice
showed a decreased latency of attack (U = 28, p = 0.005; Fig. 8B) and delivered more
biting attacks overall (U = 25.5, p = 0.001; Fig. 8B). Detailed analysis of aggressive
interactions also revealed that PWSI mice directed more attacks toward the vulnerable
body parts of the opponents, i.e. the head, throat or belly (U = 24.5, p = 0.002; Fig. 8B).
Moreover, PWSI mice delivered more violent hard bites compared to social mice (U =
27, p =0.003; Fig. 8B).

PWSI mice exhibited higher frequencies of offensive (U =12, p <0.001; Fig. 8C)
and defensive (U = 36.5, p = 0.010; Fig. 8C) behavior and displayed less submissive
behavior (U = 20, p < 0.001; Fig. 8C) compared to the social group. Interestingly, we
also observed that PWSI mice often engaged in vigilance-like behavior (i.e. agitated
observation of the intruder from a distance, with the body constantly being directed
toward the intruder) [186,187] compared to social mice (U = 6, p < 0.001; Fig. 8C). A
reduction in non-aggressive social sniffing revealed that PWSI mice spent less time with
social investigation (U = 22, p = 0.001; Fig. 8D). In turn, there was an increase in
grooming behavior (U = 35.5, p = 0.011; Fig. 8D) compared to social mice. Importantly,
the observed changes in offensive and sniffing behaviors considerably increased the ratio
of offense/sniffing events in PWSI mice (U = 16, p <0.001; Fig. 8E). PWSI also induced
a fragmented behavioral phenotype, shown by the increased number of behavioral
transitions (i.e. PWSI mice displayed rapid shifting between behavioral elements) (U =
16, p < 0.001; Fig. 8F).
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Figure 8. Post-weaning social isolation (PWSI) induced abnormal aggression in
conjunction with disrupted behavioral organization and behavioral fragmentation. A,
Simplified experimental timeline. Following weaning on PN21, mice were housed in
groups of 4 (social) or were housed alone (PWSI) for 6 weeks, until adulthood (PN63).
Mice were then subjected to a behavioral battery that lasted until PN109. Results shown
in B-F are from the second resident-intruder test (R12) conducted on PN109, highlighted

here with red-bordered yellow. B, PWSI decreased attack latency, increased number of
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attack bites and also increased the number of hard bites compared to socially-reared
mice. B, Far right: schematic drawing displaying the vulnerable body parts in blue (head,
throat, belly). PWSI mice targeted these vulnerable areas more often when attacking. C,
Frequency of agonistic behaviors recorded during the RI test. PWSI led to increased
frequency of offense, vigilance, defense and reduced submission. D, Frequency of non-
agonistic behaviors observed during the RI test. PWSI reduced sniffing and increased
grooming frequency. E, PWSI mice showed an increased ratio of offensive/sniffing events
in the RI test. F, PWSI induced behavioral fragmentation as shown by the number of
behavioral transitions in the Rl test (left). Representative temporal raster plots comparing
the behavioral organization of three social (top panels) and three PWSI (bottom panels)
mice during the RI test (right). A/l data are represented as mean = SEM. *p < 0.05, **p
<0.01, ***p <0.001. A, animal; PN, postnatal day; PWSI, post-weaning social isolation;

RI, resident-intruder test.

In order to verify the PWSI-induced aggressive phenotype previously reported in
our studies of PWSI rats [168,169] and to see whether PWSI-induced aggression
remained present after the behavioral battery, we subjected mice to an RI test after the
end of the post-weaning social isolation period and to another RI test following the
behavioral battery, before perfusion. Abnormal aggressive behavior was already present
during the first RI, conducted on PN67 (see Fig. 8A for simplified timeline) (significant
differences between PWSI and social mice in total attack bites during first RI, U =95, p
= 0.0152; percentage of vulnerable target bites, U = 70, p = 0.0008; Fig. 9.) and PWSI-
induced abnormal aggression was persistent over time, with the number of attack bites (U
= 25.5, p = 0.001; Fig. 9.) and share of vulnerable target bites (U = 33, p = 0.0048; Fig.
9.) remaining significantly elevated compared to social controls even following the

behavioral battery.
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Figure 9. PWSI-induced abnormal aggression remained persistent over time. A, PWSI-
induced abnormal aggression was already present in the first RI test (RI1) at PN67, right
after the isolation period, as indicated by the increased number of attack bites and larger
share of bites aimed at vulnerable targets (head, throat or belly). B, Abnormal aggression
remained persistent over time, indicated by the increased number of attack bites and
larger share of bites aimed at vulnerable targets in the second RI (RI2) test at the end of
the behavioral battery (PN109). All data are represented as mean = SEM. *p < 0.05, **p
< 0.01, ***p < 0.001. PWSI, post-weaning social isolation; RI, resident-intruder test.

Additionally, since emotionally driven reactive aggression is often characterized
by excessive aggressive outbursts to a perceived provocation [197], we predicted that
PWSI could amplify social instigation-evoked escalated aggression [185] (Fig. 10.).
Consistent with our hypothesis, PWSI mice subjected to social instigation showed a
robust elevation in the frequency of total attack bites (U = 67.5, p < 0.001; Fig. 10), hard
bites (U = 93.5, p = 0.007; Fig. 10.) and bites aimed at vulnerable body parts (U =54, p

< 0.001; Fig. 10.) compared to social controls.
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Figure 10. PWSI augmented escalation-evoked aggression. Left: schematic

presentation of the escalation procedure at PN70. Escalation increased the number of
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attack bites, hard bites and bites aimed at vulnerable targets in PWSI mice. All data are
represented as mean = SEM. ***p < 0.001. PWSI, post-weaning social isolation.

4.2.2. PWSI-induced disturbances are limited to social and reward-related domains and

do not affect non-social anxiety

Since PWSI-induced disturbances heavily affected the social behavioral domain,
we wondered if reciprocal social interactions could also be affected in a context that is
less aggression-promoting. As such, to investigate how PWSI affects social behavior in
neutral territory (i.e. unfamiliar for subjects) when engaging with a same-sized,
unfamiliar adult conspecific, we performed a social interaction test (SI, Fig. 11.). PWSI
mice displayed reduced sniffing frequency (U = 91, p = 0.005; Fig. 11.), a trend toward
increased defensive behavior (U =127, p = 0.078; Fig. 11.), and an increase in the ratio
of aggressive/social behavior compared to socially-reared mice (U = 87, p = 0.003; Fig.
11.). Non-social parameters remained unaffected by PWSI, as PWSI mice showed a
similar frequency of exploration (U = 171, p = 0.833; Fig. 11.), grooming (U = 162.5, p
=0.642; Fig. 11.), and digging (U = 147.5, p = 0.354; Fig. 11.) in comparison to the social
group.

Collectively, our data provide strong evidence that PWSI in mice leads to marked

social deficits, including increased and abnormal forms of aggression.
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Figure 11. PWSI-induced social deficits in the social interaction test. A, Schematic
depiction of the social interaction test at PN72 (left). Frequency of social behaviors
observed during the social interaction test. PWSI reduced frequency of sniffing and
marginally increased frequency of defensive behaviors. B, Frequency of non-social
behaviors was unaltered in PWSI mice during the social interaction test. J, PWSI mice

showed an increase in the percentage of offensive/social events compared to social mice
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in the social interaction test. All data are represented as mean = SEM. #p= 0.078, **p <

0.01. Agg, aggression.

Anxiety-like behavior was investigated via the open-field test (OF, Fig. 12A) and
the elevated plus-maze (EPM, Fig. 12B). PWSI did not affect anxiety-like behavior in the
OF, since both social and PWSI mice showed similar locomotor activity (U = 161.5, p =
0.477; Fig. 12A), time spent in the center (U = 184, p = 0.901; Fig. 12A), and latency to
enter the center (U =187, p=0.967; Fig. 12A). Similarly, PWSI did not affect locomotion
or anxiety parameters in the EPM test such as the frequency of entries into closed arms
(U=185.5, p=0.927; Fig. 12B), the time spent in open arms (U = 173, p = 0.666; Fig.
12B), and the ratio of open arm entries/total entries (U = 166.5, p = 0.535; Fig. 12B),
suggesting that the anxiety-like domain was not affected by PWSI.

Early-life adversities have consistently been linked to altered motivational state
and impulsivity in adulthood [198,199]. To investigate such implications, PWSI mice
were tested in the delay discounting paradigm using operant chambers (Fig. 12C). During
training, large reward preference showed a gradual increase in both PWSI and social
groups (no group differences, data not shown). With the introduction of delay in large
reward delivery, the preference for the small reward increased in both groups (F(7, 259)
= 39.845, p < 0.001, Fig. 12C), but PWSI did not induce changes in large reward
preference compared to social mice (F(1, 37) = 1.829, p = 0.184; Fig. 12C). However,
we observed a slight but significant decrease in the number of total responses given (F(1,
37) =5.286, p = 0.027; Fig. 12C) suggesting a lowered motivational state in PWSI mice.

To further study motivational and reward-related changes of PWSI, mice were
subjected to the SPT (Fig. 12D). While PWSI did not affect water consumption (F(1, 36)
= 0.520, p = 0.476; data not shown) or sucrose preference (F(1, 36) = 1.777, p = 0.191;
Fig. 12D), PWSI led to a slight but significant decrease in sucrose consumption (F(1, 36)
=4.157, p=0.049; Fig. 12D). This, coupled with the decreased number of total responses
in the delay discounting test might indicate a lowered reward value for sucrose in PWSI

mice.

Overall, the above results demonstrate that PWSI selectively induces marked
social deficits over multiple paradigms, with a slight indication of additional motivational

or reward-related disturbances.
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Figure 12. PWSI mice did not display non-social anxiety but showed reduced
motivation and sucrose consumption. A, Schematic drawing of the open-field (OF) test
used for measuring locomotor activity and anxiety-like behavior. PWSI did not affect
locomotion, time spent in the center, or latency of entering the center in the OF test. B,
Schematic drawing of the elevated plus-maze (EPM) test used for measuring anxiety-like
behavior. PWSI did not alter the frequency of entry into the closed arms, the duration of
time spent in the open arms, and the ratio of open arm entries/total entries in the EPM
test. C, Schematic drawing of the delay discounting paradigm used for measuring

impulsivity and motivational states. The dynamic of large reward preference remained
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unchanged by PWSI following the initiation of the delay period. PWSI led to a reduced
number of total nose poke responses following the initiation of the delay period. D,
Schematic drawing of the sucrose preference test. PWSI did not alter sucrose preference.
PWSI mice showed decreased sucrose consumption. All data are represented as mean +
SEM. *p < 0.05.

4.2.3. PWSI increased PV+ soma intensity and PNN intensity in the mPFC

Our previous studies of PWSI in rats and current study in mice (data not included
in the the present thesis) highlight that PWSI induces neuronal hyperactivation in
response to aggressive interaction within selective subregions of both main areas of the
PFC: the mPFC and the OFC [153,170,180]. The OFC and mPFC are both heavily
involved in emotion-regulation and behavioral flexibility, but subserve distinct roles
within these processes [45]. In our scientific paper of which this experiment forms a part
of, we have demonstrated that while both regions show marked neuronal activation (as
revealed by c-Fos expression) in response to aggressive interaction (RI), in PWSI mice
aggression-induced hyperactivation of the PFC was specific to the mPFC when compared
to social controls [153]. This suggests that PWSI might impact the OFC and mPFC in
distinct ways, warranting the investigation and comparison of both areas in PWSI-related
neurobiological changes.

In the PFC, PV+ neurons play an essential role in the maintenance of synaptic
excitatory/inhibitory balance during social behavior [144,200] and their function is
disrupted by early-life adversity [144,201]. Additionally, exposure to adverse experiences
has also been linked to aberrant PV soma and PNN intensities in the PFC [202,203].

Therefore, using high resolution confocal microscopy, we investigated how PWSI
affects PV soma and PNN intensities of PV+ neurons and PV+PNN+ neurons,
respectively, in the mPFC and OFC (Fig. 13A). Our results display that OFC and mPFC
PV+ neurons in PWSI mice had significantly greater PV soma intensity (OFC, U = 3992,
p =0.028; mPFC, U = 8612, p <0.001, Fig. 13B) compared to social mice. Intriguingly,
PV+ neurons that are enwrapped by PNNs also showed greater PNN intensity in PWSI
mice (U = 1663, p < 0.001, Fig. 13C). This change was specific to the mPFC, as no
significant differences in the intensity of PNN was observed between groups in the OFC
(U =1788, p=0.078, Fig. 13C).
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Figure 13. PWSI increased PV and PNN intensity in the mPFC. A, Representative high
resolution confocal images of PV+PNN+ neurons in the mPFC showing PWSI-induced
higher PV and PNN intensity compared to social mice. Scale bar, 20 um. B, Graphs
showing PV intensity of PV neuron somas (OFC, n = 92 neurons from 4 social mice and
n = 106 neurons from 4 PWSI mice; mPFC, n = 176 neurons from 4 social mice and n =
127 neurons from 4 PWSI mice). C, Graphs showing PNN intensity of PV+PNN+ neurons
(OFC, n =63 neurons from 4 social mice and n = 68 neurons from 4 PWSI mice; mPFC,
n = 75 neurons from 4 social mice and n = 70 neurons from 4 PWSI mice). All data are
represented as mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001. mPFC, medial

prefrontal cortex; OFC, orbitofrontal cortex; PNN, perineuronal net; PV, parvalbumin.

4.2.4. PWSI increased the density of excitatory cortical (vGluT1+) and subcortical

(vGluT2+) boutons surrounding the perisomatic region of PV+ neurons in the mPFC

Early-life adversity has been shown to affect the density of inhibitory synapses
[204], therefore we tested whether PWSI affected the density of vesicular GABA
transporter (VGAT+) immunoreactive inputs targeting the perisomatic region of PV+
neurons. PWSI did not affect the density of inhibitory inputs (OFC, t(90) = 0.693, p =
0.490; mPFC, t(323) = 0.16, p = 0.873 Fig. 14A-D).

Excitatory synaptic input can regulate the deposition of PNNs around PV+
interneurons [112,205]. Since we found that, as revealed by c-Fos staining, PWSI leads
to an increase in the recruitment of PV+ neurons following aggressive interaction in the
mPFC but not OFC (data not included in the thesis, refer to [153]), and that PNN
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fluorescence intensity also increased around PV+ neurons in the mPFC (Fig. 13C), we
asked whether PWSI affected the excitatory synaptic drive arriving onto the perisomatic
region of PV+ neurons. Therefore, we investigated the excitatory glutamatergic inputs
targeting the somata of cortical PV+ interneurons: intracortical (Fig. 14E-H) and
subcortical inputs (Fig. 141-L) which use presynaptic vesicular glutamate transporter 1
(vGIuT1) and 2 (vGluT2), respectively [192-194]. By applying multiple labeling
immunostaining and confocal microscopy, we assessed the density of vGIuT1l
immunoreactive (vGluT1+) and vGIuT2 immunoreactive (vGluT2+) synaptic puncta
apposing the somata of PVV+ neurons in combination with the presynaptic release site
marker Bassoon+ (Fig. 14F and Fig. 14J). There was a significant increase in the density
of both cortical and subcortical inputs targeting the somata of P\V+ neurons in the mPFC
of PWSI mice compared to social mice (vGluT1+Basson+ puncta, U = 5945, p < 0.002,
Fig. 14H; vGluT2+Basson+ puncta, U = 6455, p<0.001; Fig. 14L). The observed
increase in the excitatory drive was specific for the mPFC since no such changes were
detectable at the level of the OFC (vGluT1+Basson+ puncta, U = 6450, p = 0.273, Fig.
14G; vGluT2+Basson+ puncta, U = 4445, p = 0.273, Fig. 14K).

Based on our data, one might suggest that aggressive interaction-associated
recruitment of PV+ neurons in PWSI mice could have been due to an enhanced excitatory
drive arising from both cortical and subcortical sources.
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Figure 14. PWSI increased the density of excitatory cortical (vGluT1+) and subcortical
(vGluT2+) inputs targeting the perisomatic region of PV+ neurons in the mPFC. A,
Schematic presentation of a local inhibitory neuron (yellow) targeting the perisomatic
region of a PV+ neuron (magenta). Yellow circles depict the vesicular GABA transporter
(VGAT+) immunoreactive synapses analyzed in this experiment. B, Representative single
plane confocal images showing close appositions of vVGAT+ puncta (white arrowheads)
surrounding a PV+ neuron (magenta) from the mPFC of social and PWSI mice. Scale
bar, 5 um. C-D, The density of inhibitory inputs targeting the perisomatic region of PV+
neurons was unaffected by PWSI. Bar graphs showing the density of vVGAT+ puncta
surrounding the perisomatic region of PV+ neurons from the OFC (C) and mPFC (D),
respectively (OFC, n = 50 neurons from 4 social mice and n = 42 neurons from 4 PWSI

mice; mPFC, n = 163 neurons from 4 social mice and n = 162 neurons from 4 PWSI
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mice). E-L, The density of excitatory inputs targeting the perisomatic region of PV+
neurons was increased by PWSI in the mPFC. E, Schematic drawing depicting a local
putative pyramidal neuron (yellow) targeting the perisomatic region of a PV+ neuron
(magenta). Yellow circles stand for vesicular glutamate transporter type 1 (vGIuT1+)
immunoreactive synapses, and the blue dots in the center of these circles indicate the
Bassoon immunoreactive presynaptic active zones analyzed in this experiment. F,
Representative single plane confocal images depicting close appositions of
vGluT1+Bassoon+ puncta (white arrowheads) surrounding a PV+ neuron from the
mPFC of social and PWSI mice. Same magnification as in B. Bar graphs showing the
density of vGluT1+Bassoon+ puncta impinging on the perisomatic region of PV+
neurons from the OFC (G) and mPFC (H), respectively (OFC, n = 129 neurons from 4
social mice and n = 109 neurons from 4 PWSI mice; mPFC, n = 121 neurons from 4
social mice and n = 128 neurons from 4 PWSI mice). I, Schematic drawing displaying
extracortical excitatory inputs (yellow) targeting the perisomatic region of a PV+ neuron
(magenta). Yellow circles indicate vesicular glutamate transporter type 2 (VGIuT2+)
immunoreactive synapses with the blue dots in the center of these signaling Bassoon
immunoreactive presynaptic active zones analyzed in this experiment. J, Representative
single plane confocal images showing close appositions of vGluT2+Bassoon+ puncta
(white arrowheads) surrounding a PV+ neuron from the mPFC of SOC and PWSI mice.
Similar magnification as in B. Bar graphs showing the density of vGluT2+Bassoon+
puncta targeting the perisomatic region of PV+ neurons from the OFC (K) and mPFC
(L), respectively (OFC, n = 92 neurons from 4 social mice and n = 106 neurons from 4
PWSI mice; mPFC, n = 176 neurons from 4 social mice and n = 127 neurons from 4
PWSI mice). All data are represented as mean + SEM. ***p < 0.0001. mPFC, medial
prefrontal cortex; OFC, orbitofrontal cortex; vGAT, vesicular GABA transporter;
vGIuT1, vesicular glutamate transporter type 1; vGluT2, vesicular glutamate transporter
type 2.

4.2.5. PWSI increased the density of excitatory inputs targeting PV+ neurons in the

mPFC, irrespective of the presence of PNN

In the following, we asked whether the observed PWSI-evoked synaptic

imbalances in mPFC PV+ neurons are PNN-dependent. In line with previous observations

53



[206], PV+PNN+ neurons received more VGAT+ inputs compared to PV+PNN- neurons
(F(1, 310) = 11.46, p < 0.001, Fig. 15A and 15D). Accordingly, we also observed
increased perisomatic VGAT fluorescence intensity around PV+PNN+ neurons (F(1, 311)
=10.62, p=0.001), however, PWSI had no effect on the density of inhibitory inputs (F(1,
310) = 0.054, p = 0.823, Fig. 15A and 15D). In addition, we observed that the PNN
intensities of PV+ neurons showed a positive correlation with perisomatic vVGAT+ puncta
intensities (r = 0.768, p< 0.001, data not shown).

In the case of cortical excitatory inputs, our results display that PV+PNN+ neurons
received higher densities of vGluT1+ Bassoon+ inputs compared to PV+PNN- neurons
(F(1, 240) = 8.884, p = 0.003, Fig. 15B and 15E). PWSI resulted in higher densities of
vGIuT1+ Bassoon+ inputs targeting mPFC PV+ neurons (F(1, 240) = 12.14, p < 0.0001,
Fig. 15B and 15E), which did not depend on PNN coverage and housing interaction,
(F(1, 240) = 1.143, p = 0.286). No differences were seen in the intensity of vGIluT1+
staining (all p values > 0.05, data not shown). Additionally, PNN intensities of PV+
neurons positively correlated with perisomatic vGIluT1+ puncta intensities (r = 0.6182, p
< 0.0001, data not shown).

In the case of subcortical excitatory inputs, we detected increased vGIluT2+
Bassoon+ puncta densities in the perisomatic regions of PV+PNN+ neurons compared to
the PV+PNN- population (F(1, 299) = 12.36, p < 0.001, Fig. 15C and 15F). As with
cortical excitatory inputs, the significant increase seen in the densities of
vGIluT2+Bassoon+ inputs of PWSI mice relative to social mice (F(1, 299) = 29.94, p <
0.001, Fig. 15C and 15F) did not depend on PNN coverage (PNN and housing
interaction, F(1, 299) = 0.005, p = 0.941). In addition, PNN intensities of PVV+ neurons
positively correlated with perisomatic vGluT2+ puncta intensities (r = 0.2425, p < 0.003,

data not shown).
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Figure 15. PWSI increased the density of perisomatic excitatory inputs targeting PV+
neurons in the mPFC, irrespective of the presence of PNN. A and D, PV+PNN+
neurons receive more inhibitory inputs than PV+PNN- neurons in both social and PWSI
mice. A, Representative single plane confocal images showing immunoreactivity for PV
(magenta) and VGAT (yellow) as well as WFA staining for PNNs (cyan) for a PNN- (top
panel) and a PNN+ (bottom panel) PV+ neuron from the mPFC of social and PWSI mice,
respectively. White arrowheads indicate VGAT+ puncta. Scale bar, 1 um. D, Bar graphs
showing the density of VGAT+ puncta targeting the perisomatic region of PV+PNN- and
PV+PNN+ neurons in the mPFC (n = 87 PV+PNN- and n = 67 PV+PNN+ neurons from
4 social mice and n = 83 PV+PNN- and n =77 PV+PNN+ neurons from 4 PWSI mice).
B, C, E, and F, PWSI increased the density of intracortical and extracortical excitatory
inputs surrounding the perisomatic region of PV+ neurons and the presence of PNN is
associated with a higher densitiy of excitatory inputs. B, Representative single plane
confocal images showing immunoreactivity for PV (magenta), vGIuT1 (yellow) and
Bassoon (blue) as well as WFA staining for PNNs (cyan) for a PNN- (top panel) and a
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PNN+ (bottom panel) PV+ neuron from the mPFC of social and PWSI mice, respectively.
White arrowheads indicate vGluT1+Bassoon+ puncta. Scale bar, 1 um. E, Bar graphs
showing the density of vGluT1+Bassoon+ puncta targeting the perisomatic region of
PV+PNN- and PV+PNN+ neurons in the mPFC (n = 83 PV+PNN- and n = 38
PV+PNN+ neurons from 4 social mice and n = 88 PV+PNN- and n = 34 PV+PNN+
neurons from 4 PWSI mice). C, Representative single plane confocal images showing
immunoreactivity for PV (magenta), vGluT2 (yellow) and Bassoon (blue) as well as WFA
staining for PNNs (cyan) for a PNN- (top panel) and a PNN+ (bottom panel) PV+ neuron
from the mPFC of social and PWSI mice, respectively. White arrowheads indicate
vGluT2+Bassoon+ puncta. Scale bar, 1 um. F, Bar graphs showing the density of
vGluT2+Bassoon+ puncta targeting the perisomatic region of PV+PNN- and PV+PNN+
neurons in the mPFC (n = 101 PV+PNN- and n = 75 PV+PNN+ neurons from 4 social
mice and n = 57 PV+PNN- and n = 70 PV+PNN+ neurons from 4 PWSI mice). All data
are represented as mean = SEM. *p < 0.05, **p < 0.01, ***p < 0.005. PNN, perineuronal
net; PV, parvalbumin; vGAT, vesicular GABA transporter; vGIluT1, vesicular glutamate

transporter type 1; vGluT2, vesicular glutamate transporter type 2.

4.2.6. PWSI led to a reduced density of PV+ inhibitory boutons (baskets) targeting the
perisomatic region of pyramidal cells in the mPFC

PV+ basket interneurons are one of the main sources of perisomatic inhibition
onto excitatory neurons (Fig. 16A), ensuring synchronized modulation of cortical activity
via the regulation of oscillations [207,208]. To investigate whether PWSI affected the
output features of PV+ interneurons, we studied the vesicular GABA transporter
(VGAT+) immunoreactive inhibitory synapses of PV+ basket interneurons targeting the
soma of pyramidal cells in layer 5 of mPFC, identified by Kv2.1 immunoreactivity (Fig.
16E) [195]. Overall, PWSI induced fewer vGAT+ puncta (t(480) = 4.272, p < 0.001, Fig.
16C) and PV+ puncta (t(480) = 2.268, p = 0.024, Fig. 16B) around pyramidal neurons.
mPFC layer 5 (L5) pyramidal cells in PWSI mice received fewer inhibitory inputs from
PV+ neurons, since there was a reduction in the density of PV+vGAT+ puncta
surrounding Kv2.1 immunoreactive pyramidal neuron somata (t(480) = 2.895, p = 0.004,
Fig. 16D and 16E).
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Our data displays that PV+ inhibitory synaptic inputs to L5 pyramidal cells are
severely reduced after PWSI, suggesting less effective perisomatic inhibition in the
mPFC, which could contribute to the observed hyperactivation of the mPFC (data not

included in the thesis, refer to [153]).
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Figure 16. PWSI led to a reduced density of PV+ inhibitory boutons (baskets) targeting
the perisomatic compartment of pyramidal cells in the mPFC. A, Inhibitory axons of
PV+ neurons (magenta) targeting the perisomatic region of a pyramidal neuron (yellow)
forming PV immunoreactive basket-like innervation. B-E, PWSI decreased the inhibitory
output of PV+ neurons. Bar graphs showing the density of PV+ puncta (B), VGAT+
puncta (C), and vVGAT+PV+ puncta (D) impinging on the perisomatic region of putative
pyramidal neurons (n = 239 neurons from 4 social mice and n = 243 neurons from 4
PWSI mice). E, Representative single plane confocal images from the mPFC showing
immunoreactivity for PV (magenta) and vGAT (yellow) as well as voltage-gated
potassium channel type 2.1 (Kv2.1, white, labels the perisomatic membrane of neurons)
for social (top panel) and PWSI (bottom panel) mice, respectively. White arrowheads:
VGAT+PV+ puncta opposing the perisomatic compartment of putative pyramidal
neurons. Scale bar, I um. All data are represented as mean = SEM. *p < 0.05, **p <
0.01, ***p < 0.005.
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5. Discussion

Here, we have investigated the behavioral and plasticity-related effects of PWSI
in rodents, by studying the effects of plasticity-inducing chronic fluoxetine treatment on
social learning in adult PWSI animals and studying PWSI-induced changes in CP-
plasticity mediators, i.e. PV+ neurons and surrounding perineuronal nets, in the prefrontal
cortex, a key regulator of social behavior.

By subjecting mice to an extensive behavioral battery, we wished to achieve a
detailed characterization of the behavioral effects of PWSI in mice. Our results reveal
that, in line with our expectations, PWSI-induced alterations in social behavior parallel
those previously described in rats [168,184]. Notably, mice also develop abnormal
aggression (as shown by the decreased latency to attack, higher number of total attacks,
elevated number of violent hard bites and larger percentage of bites aimed toward
vulnerable body parts of the opponent), show an increase in defensive and offensive
behaviors at the cost of social sniffing, and display characteristic behavioral
fragmentation (i.e. rapid and inconsistent switching between behavioral elements
regardless of the social context).

Our detailed analysis of social behavior in PWSI mice also revealed the presence
of excessive social vigilance, a characteristic behavior that has not been investigated or
described in this paradigm before, even though hypervigilance to threat and negative
attention bias have often been associated with early-life maltreatment in human studies
[209,210]. PWSI leads to endocrine arousal in rats [169], and clinical studies also
highlight altered stress-reactivity as a consequence of neglect [211,212], providing a
feasible background for hyperarousal in the presence of the social opponent.

Behavioral fragmentation suggests an inability to recognize social cues and
deliver context-adequate responses, the parallels of which can also be seen in PWSI rats
[168] and humans that have experienced childhood maltreatment [213,214], indicating
ubiquitous social abnormalities caused by early-life adverse experiences.

In the delay discounting test, PWSI mice delivered less total responses compared
to social mice. Paired with the decreased sucrose consumption in the sucrose preference
test, these results potentially implicate that PWSI reduces the inherent reward value of
sucrose in mice. In line with this, a study of PWSI rats has shown dulled sensitivity to

sucrose in isolated rats [215]. The development of the dopaminergic system shows a peak
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in adolescence, during which dopaminergic innervation of the mPFC increases
progressively, and aberrant maturation induced by PWSI could underlie changes in
reward value [216,217]. Studies in humans also show that early-life adversities alter
reward-related accumbofrontal white matter tracts and induce behavioral alterations in
reward learning [47].

Whereas social disturbances display a consistent appearance across various PWSI
studies, non-social anxiety in PWSI animals varies highly over PWSI research. Some
studies show that PWSI mice display increased anxiety and fear responses [218,219],
however, our multi-domain test battery revealed behavioral disturbances that were mainly
exclusive to the social domain. A plausible explanation is that some isolation-induced
behavioral effects are strain- and test-specific or otherwise depend heavily on the
population that was investigated [220]. Another possible explanation is that PWSI mice
show highly variable state anxiety, and PWSI-induced trait anxiety could be hard to detect
using conventional test measures. Using a novel methodological approach that reliably
differentiates between state and trait anxiety, PWSI rats are indicated to have slightly
increased trait anxiety, but it remains to be seen whether the same is true for mice [221].

Importantly, both of our experiments highlight that the abnormal aggressive
phenotype seen in PWSI rodents is enduring and resistant to outward environmental
influences: abnormal aggression was present even after three weeks of resocialization
treatment in the first experiment in PWSI rats, or following the behavioral test battery in
the second experiment in PWSI mice [153,184]. These findings parallel the robust,
treatment-resistant phenotype of child maltreatment-associated psychiatric disorders
described in human studies [222].

Though our first experiment has revealed that PWSI rats are capable of social
learning, as shown by a gradual increase in huddling together during sleep under the 3-
week resocialization period (as opposed to sleeping alone and far apart from each other
at the start of cohabitation), resocialization in itself failed to ameliorate PWSI-induced
abnormal aggression in the resident-intruder test. This decreased capacity for social
learning in adulthood could reflect critical period closure in prefrontal network
maturation. Indeed, in the same study we have revealed decreased levels of the activity-
dependent BDNF I and IV transcripts in the infralimbic cortex (IL) of the PFC in PWSI

rats compared to socially-reared rats (data not included in the thesis, refer to [184]),
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suggesting decreased plasticity. Fluoxetine has been shown to induce CP-like plasticity
by promoting BDNF/TrkB signalling [151], and in our study, fluoxetine restored BDNF
levels in the IL to those of socially-reared rats (data not included in the thesis, see [184]).
Still, chronic fluoxetine treatment alone did not affect PWSI-induced abnormal
aggressive behavior, only the combination of fluoxetine and resocialization was able to
successfully diminish abnormal aggression. CP-like plasticity induced by fluoxetine
potentially rendered rats open to change, providing an opportunity for social experiences
to guide rewiring of the social circuitry through BDNF/TrkB signalling [150,151].

In further support of this, we were able to mimic the effects of the combined
treatment by pairing resocialization with IL-targeted activation of TrkB signalling using
dihydroxyflavone; whereas inhibiting TrkB signalling in the IL with the TrkB antagonist
ANA-12 completely abolished the effects of resocialization paired with chronic
fluoxetine treatment [184]. Our retrograde tracing studies additionally revealed the
potential of social network reorganization, showing an increased number of retrogradely
labelled neurons of the ventral hippocampus (VHPC) projecting to the mPFC in PWSI
rats that received the combined treatment. We also saw a decrease in PV+PNN+ labelling
in the vHPC, indicating increased plasticity in this region. In previous studies, we have
shown that aggressive interaction-induced hyperactivation in PWSI animals is not limited
to the PFC and involves other hubs of the social behavioral network, e.g. the medial
amygdala and mediobasal hypothalamus [170]. Together, these results suggest that
disturbances in the social behavioral network as a whole could contribute to PWSI-
induced social abnormalities, which are therefore not exclusively tied to the PFC. Still,
the PFC is suggested to be a key player in PWSI-induced abnormal social behavior, as
manipulating TrkB signalling in the IL alone was enough to abolish isolation-induced
abnormal aggression [184].

BDNF is tied to a number of critical period-related processes, including the
maturation of PV+ neurons, the formation of new synapses, and the pruning of unused
synapses [150]. In line with decreased prefrontal BDNF levels seen in PWSI rats, our
second experiment in PWSI mice revealed that PWSI also affected prefrontal PV+
neurons, as shown by increased PV+ soma fluorescent intensity and abnormalities in
synaptic input and output properties. Notably, we have also seen an increase in

intracortical and extracortical excitatory inputs arriving onto PV+ neurons in PWSI mice,
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and a decrease in PV+ inhibitory inputs targeting pyramidal neurons (Fig. 17). The
increase in excitatory inputs could suggest lack of synaptic pruning, since animals were
deprived of social experience during the adolescent critical period of prefrontal network
maturation, preventing the process of experience-dependent synaptic pruning. Supporting
this notion, a study that subjected mice to isolation in adolescence found elevated
dendritic spine densities in the PFC and increased levels of PSD-95, an excitatory
postsynaptic marker that determines the size and strength of synapses [223,224]. The
authors suggest that this could indicate precocious strengthening of synapses, making
them resistant to elimination [224,225].

PNNSs are involved in the stabilization of synapses [102], and deposition of PNNs
around PV+ neurons commonly herald the end of cortical critical periods [52]. As such,
increased PNN intensity around prefrontal PV+PNN+ neurons of PWSI mice potentially
reflects decreased plasticity. Following the suggestion of Li and colleagues [224,225],
higher PNN intensity could indicate precocious stabilization of synapses, rendering them
resistant to change. Importantly, these alterations could potentially contribute to the
robust, enduring phenotype of PWSI-induced abnormal aggression.

The elevated number of excitatory synapses arriving onto PV+ neurons could also
be a compensatory mechanism for the decreased PVV+ IN-mediated inhibition targeting
pyramidal neurons. Paradoxically, in this study we have found that mPFC PV+PNN+
neurons of PWSI animals show heightened activation following aggressive interaction
(data not included in the thesis, refer to [153]), but so does the mPFC in general
[153,170,180], indicating possible functional impairment of PV+ neurons. Since PV+ INs
are the most abundant interneuron-subtype in the PFC [73], abnormal function could
produce widespread imbalances in excitation/inhibition and impair social information
processing and action-selection. This could potentially explain behavioral fragmentation,
another robust PWSI phenotype, which involves the fast, inconsistent expression of
behavioral elements that disregard the social context.

Our results have further shown that PWSI-evoked synaptic imbalances did not
occur in a PNN-dependent manner, i.e. PWSI did not affect PV+PNN- and PV+PNN+
interneuron synapses in a distinct way. However, correlation matrices between the c-Fos
activation of the two interneuron subtypes and frequency of behaviors during the resident-
intruder test indicate that PV+PNN- and PV+PNN+ neurons regulate distinct aspects of
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social behavior, and PWSI-induced abnormal aggressive behavior is selectively
associated with PV+PNN+ neurons [153]. Methods with a better time-scale resolution,
such as calcium imaging with fiber photometry, could provide more direct proof of the
involvement of P\V+PNN+ neurons in PWSI-induced abnormal social behavior, however,
the reliable differentiation between PV+PNN+ and PV+PNN- neurons is not feasible in
vivo as of yet.

Taken together, our results display that PWSI-induced behavioral abnormalities
are largely specific to the social domain in both rats and mice, and aberrant maturation of
prefrontal PV+ interneurons potentially contribute to the PWSI behavioral phenotype.
Importantly, PWSI-induced abnormal aggression is enduring and resistant to
environmental influences unless plasticity is reinstated. Our work carries valuable
therapeutic implications, suggesting that the combination of plasticity-inducing
pharmacological treatment and psychotherapy could provide greater efficacy in the
treatment of ELM-induced psychopathological disorders: by increasing plasticity,
maltreatment-disrupted networks become open to change, allowing for therapeutic

interventions to guide reorganization of the social circuitry.
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Figure 17. Summary of PWSI-induced social behavioral and neurobiological changes.
PWSI led to the appearance of abnormal aggression in adulthood in both rats and mice.
Our research further revealed fragmented behavior in mice and excessive social
vigilance, increased offensive and defensive behavior, and decreased sniffing. In rats,
cohabitation of adult PWSI animals during resocialization revealed a capacity for social
learning, but abnormal aggression remained even after resocialization. PWSI-induced
behavioral changes were accompanied by changes in neuronal activity and plasticity-
related markers in the medial prefrontal cortex: our first series of experiments in rats
have shown decreased BDNF | and IV levels in the mPFC [184], and parallel to this, in
the mPFC of PWSI mice there was an overall increase in the density of synaptic inputs
targeting the perisomatic region of medial prefrontal PV+ neurons [153], including
cortical excitatory (vGluT1+, light gold color) and extracortical excitatory (vGluT2+,
dark gold) inputs. The increase in excitatory inputs surrounding PV+ interneurons did
not depend on PNN-coverage. PWSI also led to a reduction in the density of PV+
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inhibitory boutons (magenta) targeting the perisomatic compartment of pyramidal cells
in the mPFC. Additionally, mPFC PV+ IN somata and surrounding PNNs showed a
higher fluorescent intensity in PWSI mice compared to social mice. BDNF, brain-derived
neurotrophic factor; IN, interneuron; mPFC, medial prefrontal cortex; PNN,
perineuronal net; PV, parvalbumin; PWSI, post-weaning social isolation; vGIuT,

vesicular glutamate transporter.
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6. Conclusions

The main conclusions of our two experiments are as follows:

PWSI induces abnormalities in social behavior and reward-related behavior
o PWSI leads to abnormal aggression, increased defensive and offensive
behaviors and behavioral fragmentation as shown by the resident-intruder,
social instigation and social interaction tests
o PWSI leads to mild deficits in reward-related tasks as shown by the delay
discounting and sucrose preference tests
o Non-social anxiety was not present in PWSI mice, as revealed by the open field
test and elevated plus-maze
Social learning decreases in adulthood, rendering PWSI-induced abnormal
aggression robust and enduring
o PWSI-induced abnormal aggression is resistant to resocialization in adulthood
o PWSI-induced abnormal aggression is resistant to multiple testing (i.e. multi-
domain behavioral battery of) in adulthood
PWSI-induced abnormal aggression could only be successfully ameliorated by the
combination of plasticity-inducing chronic fluoxetine treatment and
resocialization
o Chronic fluoxetine treatment alone did not affect abnormal aggression in the
resident-intruder test
o Resocialization decreased quantitative (number of attack bites) but not
qualitative (attacks aimed at vulnerable targets, dominance of hard bites among
attack types) aspects of aggression
o The combination of chronic fluoxetine treatment and resocialization
successfully decreased both quantitative and qualitative aspects of aggression
PWSI leads to altered properties of medial prefrontal parvalbumin interneurons
o PWSI increases PV fluorescent intensity of PV+ interneuron somata
o PWSI increases fluorescent intensity of PNNs surrounding PV+ interneurons
o PV+ neurons of PWSI mice receive a higher number of intracortical and
subcortical excitatory inputs
o PV+ neurons of PWSI mice send fewer inhibitory synapses onto medial

prefrontal pyramidal neurons
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7. Summary

Here we have shown that PWSI, a laboratory model of childhood neglect, induces
abnormal aggression (shown by an increased number of total attacks, violent hard bites,
and attacks aimed at vulnerable targets), increased defensive and offensive behavior, and
behavioral fragmentation, i.e. rapid and inconsistent switching between behavioral
elements irrespective of the social context. Although PWSI-induced behavioral deficits
were mainly specific to the social domain, PWSI also affected reward-related tasks, but
did not increase non-social anxiety.

The capacity for social learning was limited in PWSI animals, as resocialization
alone was unable to decrease both the quantitative and qualitative aspects of aggressive
behavior, rendering PWSI-induced abnormal aggression robust and enduring.
Presumably, aberrant maturation of the mPFC, a key hub in the regulation of social
behavior with its peak maturation coinciding with the PWSI period, contributed to the
robust phenotype of abnormal aggression. Supporting this notion, we have found changes
in critical regulators of cortical plasticity in the mPFC. Notably, PV+ interneurons and
PNNs enwrapping them showed higher fluorescent intensity, PV+ neurons received a
higher number of both intra- and subcortical excitatory synapses, and delivered less
inhibitory synapses onto prefrontal pyramidal neurons. While chronic fluoxetine
treatment has been shown to induce developmental plasticity, fluoxetine treatment alone
was unable to affect abnormal aggression. Fluoxetine provided the opportunity for social
learning by increasing plasticity, however, resocialization was also required, offering a
social environment that would guide experience-dependent network reorganization of the
mPFC. Accordingly, the combined treatment successfully ameliorated both quantitative
and qualitative aspects of PWSI-induced abnormal aggression.

Our work carries valuable therapeutic implications, suggesting that the
combination of plasticity-inducing pharmacological treatment and psychotherapy could
provide greater efficacy in the treatment of child maltreatment-induced
psychopathological disorders: by increasing plasticity, maltreatment-disrupted networks
become open to change, allowing for therapeutic interventions to guide reorganization of

the social circuitry.
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