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1 Introduction

1.1 Autism Spectrum Disorder

1.1.1 Historical overview

Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by
deficits in social communication and the presence of restricted interests and repetitive
behaviors (1,2). The term "autism™ was first used by Bleuler to describe severely
withdrawn schizophrenic patients (3,4). Kanner later described ASD as "autistic
disorder,” “childhood autism,” or “infantile autism." He distinguished it from
schizophrenia by noting that children with ASD exhibited consistent behaviors from birth,
such as a preference for solitary activities and a heightened interest in non-living objects
(5). Kanner outlined key criteria for ASD, including a lack of interest in social interactions
and behaviors such as 'resistance to change' or ‘insistence on sameness." Around the same
time, Asperger identified similar traits in boys with normal intelligence and language
skills, coining the term "autistic psychopathy." These boys demonstrated difficulties in

social interactions, specific interests, and deficits in communication skills (6,7).

In the early editions (I-11) of the Diagnostic and Statistical Manual of Mental Disorders
(DSM), autism was initially classified as a subtype of schizophrenia, reflecting the limited
understanding of neurodevelopmental conditions at the time. However, as research
progressed and awareness of autism increased, it became evident that autism represented

a distinct disorder with unique characteristics (8).

With the publication of DSM-III, a significant shift occurred in the classification of
autism. It was no longer considered a subtype of schizophrenia but was instead recognized
as a separate entity within a new category known as Pervasive Developmental Disorders
(PDD). This marked a crucial step in acknowledging the distinct nature of autism and

paved the way for further research and understanding of the condition (9).

DSM-III primarily focused on infantile autism but also addressed other forms of autism,
including late-onset autism. The diagnostic criteria for autism outlined in DSM-III
included various behavioral and developmental characteristics, such as onset before 30
months of age, deficits in language development, and peculiar speech patterns like



echolalia and metaphorical language. Importantly, these criteria aimed to distinguish
autism from other psychiatric disorders like schizophrenia by emphasizing specific

behavioral patterns unique to autism (10).

In DSM-I111-R, a comprehensive set of 16 criteria was introduced, categorized into three

primary domains:

e Qualitative impairments in reciprocal social interaction
e Impairments in communication

e Restricted interests/resistance to change and repetitive movements

To receive a diagnosis of autistic disorder, individuals needed to meet a minimum of eight
positive criteria, with at least two from the social domain and at least one from each of

the other two categories (10,11).

DSM-IV aimed to streamline the classification of disorders associated with autistic
features, encompassing newly identified conditions like Rett syndrome (12). Diagnostic
subcategories, including autistic disorder, Asperger's disorder, PDD-NOS (Pervasive
Developmental Disorder Not Otherwise Specified), Rett's disorder, and childhood
disintegrative disorder, were grouped under the umbrella term "Pervasive Developmental
Disorders". However, studies highlighted significant variability in symptom severity both
within and between these subcategories (13-15). These discrepancies, coupled with
limited predictive capacity for later outcomes and diagnostic ambiguity, led to reliability

concerns. Additionally, treatment eligibility and coverage often hinged on these subtypes.

DSM-5 marks a significant shift from the previous multi-categorical diagnostic approach
to a single diagnosis based on multiple dimensions. This change addresses the challenges
in categorizing the diverse manifestations of autism into distinct subcategories, as

highlighted by past unsuccessful attempts (11,16).

In DSM-5, the term "spectrum™ is used to describe the disorder, recognizing the wide
range of presentations within ASD. This includes variations in social communication
difficulties. To receive an ASD diagnosis, individuals must meet criteria for specific
fixated interests and repetitive behaviors. Symptoms must appear in early development

and cause significant impairments in social, occupational, or other important areas of

10



functioning. Additionally, the diagnosis should not be better explained by intellectual
disability (17,18).

1.1.2 VPA Syndrome

Twin studies and extensive genetic investigations have not provided conclusive results
but emphasize the importance of environmental risk factors in the development of autism
(19,20). Consequently, researchers propose that the development of autism primarily
involves the interaction between susceptible genes and environmental factors (21,22).
Among these environmental factors, gestational exposure to Valproic acid (VPA) is

particularly noteworthy (23).

VPA, originally synthesized in 1882 by Burton as a derivative of valeric acid—a naturally
occurring fatty acid found in both plants and animals— remained pharmacologically
inactive until 1962, when Eymard serendipitously discovered its anticonvulsant
properties (24). Since then, VPA, a branched short-chain fatty acid, has been widely used
to treat epilepsy, bipolar disorder, migraine, and other neuropsychiatric conditions. Its
antiepileptic efficacy is primarily attributed to the modulation of ion channels and the
enhancement of gamma-aminobutyric acid (GABA) signaling. Furthermore, VPA
functions as a histone deacetylase inhibitor, promoting gene transcription by inhibiting

histone deacetylation and thereby increasing chromatin accessibility (25,26).

Reports since the early 1980s have indicated that exposure to VPA during pregnancy is
associated with an increased risk of congenital malformations and compromised
developmental outcomes (27-29). These adverse effects include impaired cognition and
neurodevelopment, as well as an elevated susceptibility to attention deficit hyperactivity
disorder (ADHD) and ASD. Initially overlooked, these associations are now recognized

as part of the Fetal Valproate Syndrome (FVS) phenotype (30-32).

Classical autism has been identified as one of the behavioral outcomes associated with
VPA exposure during pregnancy. In several reported cases, children born to mothers who
received VPA treatment during pregnancy exhibited various symptoms: 53% showed
poor social interaction, 49% demonstrated deficits in communication skills, and 46%

displayed insistence on routines (29,33,34).
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1.2 ASD CNS pathology

1.2.1 Explored differences in CNS

The physiological changes underlying the behavioral manifestations of autism are not yet
fully understood. However, numerous structural alterations have been identified through
advancements in neuroimaging technologies. Differences have been observed in the size
of various cortical and subcortical structures, alongside alterations in the microscopic
structure, connectivity, and developmental synchronization of these brain areas in
individuals with ASD. Subsequent functional Magnetic Resonance Imaging (fMRI)
studies have demonstrated that these structural changes are related to the behavioral

characteristics of autism.

1.2.2 Gray-matter differences

The first indication of structural changes in brain architecture in individuals with autism
was highlighted by Kanner, who observed that 5 out of 11 autistic children examined had
relatively large heads (5). Subsequent imaging studies revealed that individuals with ASD
exhibit a whole-brain volume enlargement of 5-10% (35-37). This enlargement affects
both gray matter (GM) and white matter (WM), particularly in toddlers and children, but
not in later developmental stages. This phenomenon suggests an early overgrowth
followed by a decelerated developmental trajectory (38-40). Moreover, research has
demonstrated that GM volume enlargement persists into adulthood (21-34 years), and

structural abnormalities correlate with autistic symptoms (41,42).

Further investigation into the theory of whole-brain enlargement was conducted through
a meta-analysis spanning from 2002 to 2010, which found no significant difference in
whole-brain GM volume in ASD patients (43). Later studies revealed age-dependent
disparities between autistic and typically developing (TD) brains, particularly in regions
including the parietal lobe, occipital lobe, temporal lobe, and cingulate gyrus (44). During
early childhood in ASD, enlargement primarily affects the frontal and temporal lobes and
the amygdala (45,37), followed by decelerated development in later years (10-15 years
of age) (46).

Publications have documented asymmetric decreases in various brain regions in ASD

children. For instance, the right superior temporal gyrus, associated with language (47)
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and social cognition (48), and the right inferior parietal lobule, implicated in image

thinking, imitative action (49), and eye contact (50), show significant reductions (44).

Additionally, structural changes include reduced regional GM volume in the right
orbitofrontal cortex and increased cortical thickness in the right pars triangularis (51),
along with decreased cortical thickness in the left orbitofrontal cortex and pars
triangularis (52). The pars triangularis may be related to expressive language deficits in
some individuals with ASD (53) and facilitates cross-talk with other social brain regions,
such as the pars orbitalis of the frontal lobe, potentially contributing to social

communication difficulties linked to higher autistic traits (54).

Furthermore, decreased GM volume has been observed in the post- and paracentral gyrus
and parahippocampal gyrus, while increases have been noted in the right-sided precentral
gyrus, fusiform gyri, left precuneus, and anterior cingulate cortex (52,55,51). The left
lingual gyrus also exhibits higher GM thickness (51). The lingual gyrus, along with the
lateral occipital cortex, fusiform gyrus, and posterior superior temporal sulcus, is crucial

for object/face recognition and following biological motion cues (56).

While a smaller right inferior parietal lobule is noted in children with autism, an
enlargement of the left inferior parietal lobule is observed in older ASD cohorts (44).
Additionally, the right middle occipital gyrus, responsible for processing body language
and emotional regulation (57), is enlarged (44). The left posterior cingulate gyrus, which
plays roles in cognitive control (58), conflict monitoring (59), and social cognition (60),

shows a decrease in volume in individuals with ASD (44).

fMRI studies have revealed significant differences in brain activity during tasks involving
the recognition of emotional states in others. In children with ASD, exposure to fearful
faces results in lower activation in key brain regions, such as the right amygdala, right
superior temporal sulcus, and right inferior frontal gyrus, compared to TD children.
Conversely, when presented with happy faces, children with ASD exhibit lower activity
in the left insular cortex (61,62).

Research has also identified distinct activation patterns in brain areas crucial for
communication, such as the left superior temporal gyrus (Wernicke's area) and left

inferior frontal gyrus (Broca's area), which play pivotal roles in language processing and
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higher-order communication skills. These differences in activation patterns may
contribute to the pragmatic language deficits often observed in individuals with ASD
(63).

These findings provide valuable insights into the neural mechanisms underlying
emotional processing and communication difficulties in ASD, illuminating the complex
interplay between brain function and behavior in individuals with neurodevelopmental
disorders. Studies have shown hypo-activation in the bilateral fusiform face area and
occipital face area during emotion processing (64-66). The anterior cingulate cortex
(ACC) is also crucial in regulating cognitive and emotional processing. Hypo-activity of
the ACC is strongly correlated with decreased function (67) and may contribute to
restricted and repetitive behaviors. During correct and error response tasks, the rostral
ACC shows higher activity in individuals with ASD (68).

Analysis of deeper brain structures, such as the basal ganglia and thalamus, reveals
increased GM volume in the bilateral putamen in individuals with ASD (51). This
increase is associated with restricted and repetitive behavior (69,70). The putamen and
the right globus pallidus exhibit age-related shape changes in ASD, characterized by a
reduction in tissue volume, leading to a more inwardly curved (concave) surface facing
the ventricular system. These maturational alterations may reflect underlying changes in
neuronal pruning, connectivity, or gray matter integrity. Additionally, an enlargement of
the surface area has been observed in the bilateral thalamus, with the right thalamus
showing similar localized inward curvature. The surface area of the left medial thalamus
has been found to positively correlate with ASD symptom severity. Among thalamic
subdivisions, the mediodorsal nucleus — a key hub for prefrontal-thalamic
communication — appears particularly affected and may contribute to executive function
deficits, while the pulvinar nucleus, involved in sensory integration and social attention,
also exhibits ASD-related alterations (71).

ASD children also show higher structural covariance between the putamen and the right
globus pallidus, potentially due to hyper-synchronous developmental coordination and
maturation (72). Conversely, decreased structural covariation is observed between the
right globus pallidus and the left nucleus accumbens, as well as between the left globus

pallidus and the right nucleus accumbens. Similar structural tendencies are noted in the
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thalamus, with decreased structural covariation between the left and right thalami.
Overall, covariance analysis reveals decreased inter-hemispheric structural covariation
and enhanced intra-hemispheric structural covariation. These subcortical structural
abnormalities collectively predict social communication difficulties and repetitive,

stereotypic behavior in ASD (73).

1.2.3 Microstructure

The differences in GM volume in individuals with ASD may be attributed to
microstructural alterations within cortical columns. Post-mortem studies have revealed
fewer minicolumns in the orbitofrontal cortex, which may explain the reduced regional
GM volume (74,75). This abnormal cytoarchitecture could result from differences in
neuronal migration within radial minicolumns (76), leading to reduced alignment and
increased density of pyramidal cells (51). Mislocated neurons may lose proper
innervation by fibers that normally travel to and target specific cortical lamina, resulting

in improper firing (77,78).

Misplaced neurons in individuals with ASD exhibit delayed maturation, immature
dendritic arborization and spine formation, insufficient dendritic spine pruning, and a
delayed switch from excitatory to inhibitory GABAergic synaptic transmission (79,80).
These individuals also show smaller cell size and increased cell density in regions such
as the hippocampus, limbic system, entorhinal cortex, and amygdala (81). Irregularly
distributed neurons and disruptions in the boundary between cortical layers IV and V,
particularly in the posterior cingulate gyrus, have also been observed (82). Additionally,
a decrease in 5-hydroxytryptamine (5-HT) receptors in the left posterior cingulate cortex
has been noted in individuals with ASD. 5-HT plays an important role in neuronal

migration, synaptogenesis, and nerve growth (83).

Microstructural changes can also result from atypical myelination development. Without
synchronized myelination, axons can be misrouted to incorrect areas of the brain, may

never reach their targets, or may arrive late, which can have devastating effects (84).

1.2.4 White matter
Another explanation for the expanded cortical surface in individuals with ASD involves

differences in WM structure. Research suggests that the enlarged gyrification and sulcal
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patterns might be caused by mechanical tension from axon fibers of white matter pulling
on the neocortex (85,86). Atypical cortical folding and accelerated cortical surface
expansion have been observed in the frontal lobe of children and adolescents with ASD
in several studies (87,88). However, differences in cortical thickness have not been found

in children with ASD before the age of two years (89).

Studies on connectivity in ASD have produced mixed results. Some researchers have
found long-range hyper-connectivity (90,91), while others have reported long-range
hypo-connectivity (92,93). These variations may reflect age-related patterns in WM
differences. Research on the default mode network (DMN), which includes the posterior
cingulate gyrus, retrosplenial cortex, lateral parietal cortex, medial prefrontal cortex,
superior frontal gyrus, and temporal lobe, shows that it is hypo-connected in adults with
ASD but hyper-connected in ASD children (94). These early developmental patterns and
age-related changes in frontal fiber tracts may underlie impaired social and

communication behaviors in ASD (95).

Additionally, studies have found local-range hyper-connectivity within the frontal lobe
and hypo-connectivity between the frontal cortex and other brain systems (96,97). This
hypo-connectivity predominates in cortico-cortical and interhemispheric functional
connectivity (98). Diffusion tensor imaging (DTI) studies also highlight these differences
in functional connections. Abnormalities in the WM structure of the corpus callosum,
frontal tract pathways, inferior longitudinal fasciculus, fronto-occipital fasciculus, and

superior longitudinal fasciculus have been reported (99,94,84,100).

Studies on thalamic connectivity have identified widespread hyper-connectivity between
the thalamus (including prefrontal, motor, temporal, and posterior parietal regions) and
the cerebral cortex (101-103). Functional connectivity analyses indicate that this hyper-
connectivity leads to decreased variance (flexibility) in these connections, correlating
with deficits in social motivation and social interaction in individuals with ASD
(104,105). Additionally, impairments in social cognitive tasks, such as face-name

associations, are linked to these connectivity patterns (106).

Similarly, hyper-connectivity has been observed in the striatal networks of individuals

with ASD (107,108). This connectivity pattern reflects an initial phase of overgrowth
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followed by a subsequent decline in volume, mirroring trajectories seen in gray matter
development in ASD (109).

1.2.5 Sex differences

Most of the knowledge about autism comes from observations of males, as ASD is more
prevalent in males. The male-to-female ASD ratio is estimated to range between 8:1 and
2:1 (110,111). Even after accounting for under- and misdiagnosis, as well as
camouflaging in females, the ratio remains at approximately 3:1 (112). This difference

may be explained by the hyper-masculinized brain theory.

Autistic individuals exhibit a masculinized shift in scores on two key sexually dimorphic
psychological traits: empathy and systemizing (113). There are regions in the brain where
size and function depend on exposure to sex steroids. Prenatal estrogens can dysregulate
many aspects of brain development in areas that are not restricted to sexual differentiation
(114). Excessive exposure to prenatal androgens results in the "masculinization” of
biological females, while an absence of androgens results in the "feminization" of
biological males (115,116).

Fetal testosterone levels predict GM volumes in a pattern reflecting more extreme
"masculinization,” including positive associations in regions linked to mental state
inference and negative associations in regions linked to language and emotional
processing (117). Moreover, the brain in different sexes presents age-dependent
sensitivity to sexual hormones. Age-related patterns of regional GM volumes are
generally more linear in males and curvilinear in females (118). Females show U-shaped

age patterns in GM development into puberty (119).

In contrast to GM, the development and myelination of WM in females persist into their
late 30s (120). Studies generally show that WM integrity is greater in male youth
compared to female youth (121). However, evidence suggests that androgens play a
significant role in brain development across sexes. These hormones have been linked to
pubertal changes in various brain structures, including those associated with the fronto-
parietal, limbic, ventral attention, default mode, and visual networks. Additionally,

androgens influence WM integrity in regions such as the thalamus, precentral gyrus, genu
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of the corpus callosum, superior and anterior corona radiata, and superior frontal WM
tracts (122).

1.3 Rodent VPA model

1.3.1 Face validity of model

The VPA syndrome and the VPA animal model can only mimic certain aspects of the
etiology of autism (123). While not all cases of ASD can be traced to VPA exposure, this
exposure may share pathways with other etiological factors leading to the development
of the disorder (124). Regarding face validity, human diagnosis of autism is based on
three core criteria: (1) qualitatively abnormal social interactions, (2) impairments in
communication, and (3) stereotyped and repetitive behavior with restricted interests and

resistance to change (125-128).

Animal models have demonstrated that these categories are altered in VPA-treated
animals. Social preference decreases in these animals, as evidenced by their reduced
inclination to spend time with a conspecific over an object in the three-chamber test
(129,13). Additionally, VPA-treated pups exhibit reduced ultrasonic vocalization,
indicating impaired communication skills (129,130). Several repetitive behavioral
aspects are also observed in the VPA rodent model, including increased
repetitive/stereotypic-like movements, elevated self-grooming, digging, jumping, and
headshaking (131-133,129). VVPA-treated animals also show increased re-entry into
previously explored arms in a Y-maze and increased marble-burying, both of which
indicate repetitive tendencies (134,135,133).

Rigidity is another observed trait in these animals, as VPA-exposed rodents demonstrate
reduced preference for unfamiliar conspecifics in Social Novelty Preference Tests (136).
This tendency is also evident in Novel Object Recognition Tests, where VPA-treated

animals spend more time exploring familiar objects than novel ones (137,124).

In rodents, the VPA-induced behavioral deficits are consistent with the unbalanced sex
ratio observed in human autism, where males are more often affected than females
(138,139). VPA-exposed males show more robust social impairments than VPA-exposed
females, while females are more likely to exhibit stereotypies and elicit shorter distress-
call durations (140,138,141,136,142).
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1.3.2 Rodent social behavior

Similar to humans, rodents exhibit significant changes in social interactions during
adolescence. Adolescent male rats show a greater preference for social stimuli in
conditioned place preference tests compared to adults (143,144). They also place a higher
value on peer-directed activities, including play behaviors, which is particularly evident
in males deprived of social interactions (145). This underscores the critical role of social

interactions during this developmental stage.

All mammals exhibit some degree of social behavior, but the extent of sociality varies
widely across species. While social behavior involves costs such as increased disease
transmission and competition for resources, it also offers significant benefits, including
enhanced predator detection, defense, and, in some species, cooperative breeding (146).

These benefits can drive the evolution of sociality, emphasizing its adaptive value.

For rodents, social interactions during adolescence are particularly important for their
social development. Disruptions in these interactions can lead to adverse social and
emotional outcomes in adulthood. Therefore, forming social connections during early
development is crucial for their proper growth, highlighting the similarities between

rodents and humans in the importance of adolescent social experiences(147).

Several studies have established that the so-called "social behavior network™ (SBN)
functions as an integrated circuit in regulating aggressive behavior (148). As shown in
Figure 1, the core nodes of the SBN are involved in regulating multiple forms of social
behavior, are reciprocally connected, and contain sex steroid hormone receptors. The
nodes that make up this network include the lateral septum (LS), preoptic area (POA),
ventromedial hypothalamus (VMH), anterior hypothalamus (AH), periaqueductal
gray/central gray (PAG), medial amygdala (meAMY), and bed nucleus of the stria
terminalis (BNST). Each of these brain regions has been shown to be important in

regulating both reproductive and aggressive behavior in mammals(149).
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Figure 1: The examined nuclei following the concept of the Social Decision-Making
Network created by O'Connell and Hoffman (149). The blue color represents the nuclei
of the Mesolimbic Reward System (MRS), the yellow nuclei represent the Social
Behavioral Network (SBN), and the green nuclei belong to both the MRS and the SBN.
The red-labeled nuclei are those involved in stress regulation in social contexts
associated with the habenulopeduncular axis. The purple areas are those found to show
differences in the autistic brain but cannot be attached to the previously mentioned
systems. Grey color represents the nuclei that served as control regions, as they do not
play a role in the regulation of behavior nor were differences found in them in autism
(150).
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For example, hypothalamic stimulation elicits a stronger aggressive response when SBN
nodes located in the forebrain (e.g., the BNST, LS, and meAMY) are activated
simultaneously (151). Similarly, the PAG is another node of the SBN that regulates
aggressive behavior in concert with the remainder of the circuit (152,153). In general,
regions of the SBN form an interactive network, and a single node can mediate many
behaviors, such as various forms of aggression (154-157). For instance, the POA
mediates male—male aggression (158), male sexual behavior (159,160), and maternal care
(161,162).

Besides sex-derived behaviors, animals must evaluate the relative importance and
implications of environmental stimuli to generate the appropriate behavioral response.
Many studies indicate that the "mesolimbic reward system™ (MRS) is the neural network
where the salience of such stimuli is evaluated (163,164). The dopaminergic pathway
most involved in reward is the mesolimbic system, formed by projections of midbrain
dopamine neurons from the ventral tegmental area (VTA) to the nucleus accumbens
(NAcc). The conventional reward system also includes the basolateral amygdala
(bIAMY), LS, ventral pallidum (VP), caudate putamen (CPU), hippocampus (HIP), and
BNST (165). Given the ancient nature of the functional contexts in which animals behave
(i.e., mate choice, male-male aggression, foraging, etc.), it is reasonable to hypothesize
that the mesolimbic dopamine system plays a conserved role in reinforcing these

behaviors in vertebrates (149).

The LS and BNST form the junction between the two networks. Both regions play a role
in social behavior and reward processing, making them well-positioned to serve as relay
stations that mediate information about the salience of social stimuli into adaptive
behavioral outputs, such as aggression toward an intruder or sexual behavior toward a
potential mate. These regions form the so-called social decision-making network
(SDMN), which appears to be involved in regulating many social and, more broadly,

reward-related behaviors (149).

The SDMN model primarily describes the regulation of reciprocal social behavior, with
notable modulation by an animal's stress levels, which significantly influence behavioral
outcomes (166). The habenulo-interpeduncular (mHb-IPN) pathway is particularly
involved in both addiction to multiple drugs of abuse and mood-associated conditions,
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serving as a junction for signaling underlying both sets of conditions (167). Specifically,

the mHb-IPN circuit has been implicated in mood-related conditions (168).

Lesions in projections from the bed nucleus of the anterior commissure, which terminate
in the dorsal subnucleus of the medial habenula (mHDb), disrupt fear-associated behavior.
Conversely, lesions in projections from the triangular septum, which terminate in the
ventral subnucleus of the mHb, disrupt anxiety-associated behavior (169). Additionally,
studies have implicated the interpeduncular nucleus (IPN) in regulating anxiety and fear,
with early research identifying a role for the IPN in the retention of avoidance
conditioning (167,170).

The mHb receives projections from several nodes of the SDMN, including the POA, LS,
and NAcc. Similarly, the lateral habenula (IHb) receives inputs from the SDMN,
including the meAMY, VP, and BNST (171). The IHb also acts on SDMN nodes,
including the VTA and PAG, via the rostromedial tegmental nucleus (172,173). The mHb
sends its densest efferent projections to the mesencephalic IPN through the core of the
fasciculus retroflexus (174), which, in turn, sends efferents to a variety of mid- and
hindbrain structures implicated in regulating affective states. These structures include the
hippocampus, lateral hypothalamus, VTA, septum, and POA (167,175-177).

Different habenular subnuclei selectively regulate various states of social behaviors. The
mHb-IPN pathway modulates experience-dependent behavioral responses, such as
anxiety, toward social threats (178).
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2 Objectives

This study investigates behavioral differences between normally developing CTR and
VPA-treated mice during social reinstatement with familiar animals following one day of
social separation. The goal is to identify nuclei that activate in parallel with these

behavioral changes, providing insight into the neural basis of altered social behavior.

Differences in nuclear activation across various social environments (social separation,
social reinstatement, and normal social conditions) are examined to determine how VPA
treatment modulates these patterns. The study explores whether social behavior can be
interpreted through the activity of nuclei within the Social Decision-Making Network
(SDMN).

Network-level analyses focus on identifying differences in the organization of activated
regions between VPA-treated and normally developing CTR mice, with attention to

potential shifts in functional connectivity and changes in regulatory hubs.

Functional connectivity alterations resulting from embryonic VPA treatment are assessed,
with emphasis on a priori identified networks and pathways. Core networks and hub

regions are identified a posteriori through data-driven analysis.

The study also aims to identify genes expressed during VPA treatment that influence tract
morphology development, comparing them to genes expressed at other developmental

stages.
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3 Materials and methods

3.1 Animals and housing conditions

Young adolescent C57BL/6 mice were used for this study. The animals were maintained
on a 12:12 light cycle, and food was provided ad libitum. For breeding, two female mice
were housed together in a single cage, and a male mouse was introduced to the cage for
24 hours for timed mating. The weights of the dams were monitored throughout the

experiment.
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Figure 2: Experimental design. The grey boxes represent the events of one day. The
mating of the parent animals was considered embryonic day 0.5 (E0.5). 500 mg/bwkg
VPA or physiological saline (PhS) injection was administered to the dam on E13.5. The
pups were kept with their dam until postnatal day 24 (P24). On P7, the sex of the pups
was validated, and some animals from the litters were taken for the Dopamine Enzyme-
Linked Immunosorbent Assay (DA ELISA) . On P24, directly after weaning, the animals
were tested for sociability using the three-chamber. After the testing groups of five were
formed, ensuring that group members were not from the same litter. On P31, two animals
were separated from the group (Sep, Sep+Soc) while one stayed with the groupmates
(Soc). On P32, one of the separated animals was reintroduced to the cagemates

(Sep+Soc), while the other remained alone (Sep).
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Animals that had gained more than 2 grams by the 13.5th gestational day were injected
subcutaneously with either VPA (Depakine® (400 mg/4 mL injection) at 500 mg/bwkg,

100 mg/mL) or with a volume-matching physiological saline injection.

The first cohort, which was used for DA ELISA, was separated from the dam and
sacrificed at P7. The sex of the pups was identified immediately before dissection. A total
of 23 pups were used in this experiment (NcTr-female= 5, NCTR-male= 5, NvpA-female= 6, NvPA-
male= 7) (Figure 2).

The pups in the second cohort were kept with their dam until the 24th postnatal day. For
this experiment, only male pups were used (n total = 41, nctr-soc = 7, NvPA-Soc = 5, NCTR-

sep+Soc = 8, NvPA-Sep+soc = 9, NcTR-Sep = 7, NVPA-Sep = 5).

The animal study was approved by the Food Chain Safety and Animal Health Directorate
of the Government Office for Pest County, Hungary (XIV-1-001-2269-4/2012;
PE/EA/926-7/2020).

3.2 Experimental design

3.2.1 Dopamine assay

3.2.1.1 Sample preparation

The P7 mice of the first cohort were decapitated, and their brains were removed, placed
in ice-cold saline, and then cut into coronal slabs using a brain matrix (Stoelting Co.,
USA). Two slabs, each 2 mm thick, were obtained from the appropriate coordinates.
These slabs were placed on a black aluminum box containing ice, and the regions of
interest were dissected from both sides under a stereomicroscope (Figure 3). The first,
more rostral slab was centered on the NAcc, also including parts of the olfactory tubercle
(TO), substantia innominata, LS, the nucleus of the diagonal band, and the bed nucleus
of stria terminalis. The second, more caudal slab was centered on the dorsal CPU, also
including a part of the globus pallidus. The dissected brain specimens (with the combined
bilateral samples counted as one) were immediately placed into pre-weighed plastic vials,

weighed, sealed, and stored at —80°C until further processing.
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Figure 3: Slices used for the sample preparation for the DA ELISA assay. The red line
represents the cutting line, while the yellow-filled areas are the regions of interest (ROI).
A indicates the dissected area for NAcc DA content measurement, which also includes
the substantia innominata (Sl), the olfactory tubercule (OT), and part of the LS. B

represents the slice from which the CPU sample was taken (179).

3.2.1.2 DA ELISA assay

For the quantitative measurement of tissue DA levels, the universal DA ELISA Kit by
BioVision (#K4219-100) was used. The protocol recommended by the manufacturer was
followed with minor modifications. The primary dilution of the tissue samples was set to
18 ml/g wet weight (instead of 9 ml/g) to obtain sufficient homogenate for duplicate
measurements. This dilution was accounted for in the final calculation of results. The
brain samples were homogenized in ice-cold PBS (0.01 M, pH = 7.4) by rapid sonication.
Halt (protease inhibitor, Thermo Fisher, 1:100) and EDTA (Thermo Fisher, 1:100) were
added to the PBS. The homogenates were then centrifuged at 5000x g for 5 minutes at

4°C, and the supernatants were recovered. From these, duplicate samples (2 x 50 ul) were
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transferred onto the ELISA plate. Based on preliminary experiments, the standard
calibration curve was adjusted by preparing and measuring two additional intermediate
dilutions (5 pg/ml and 2 pg/ml) compared to the recommended protocol, and the highest
standard concentration was reduced from 100 ng/ml to 25 ng/ml, in order to better match
the expected lower concentration range of the samples. Optical density was read using a
Bio-Rad iMark Microplate reader at 450 nm. The protein concentration of the supernatant
fraction of the brain homogenates was determined using the BCA method (180). Since
the protein concentration values proved to be highly uniform (owing to the adjustment of
the primary dilutions to the wet weight of the tissue), giving a mean + SEM value of
6992.261 + 70.809 pg/ml, the measured DA data were not standardized with the protein

values.

3.2.2 Three-chamber sociability test

On the day of weaning (Figure 2) for the second cohort, the "three-chamber” social
preference and social memory tests were conducted on the pups. The experimental setup
consisted of three Plexiglass boxes (19%45 cm) connected by doors measuring 10x7.5 cm
(Figure 2). In the initial session of the test, the animals were placed alone in the device
for 5 minutes to habituate to their surroundings. Each of the two side chambers were
equipped with an empty 7.5x7.5 cm metal cage, which later housed the unfamiliar mice
(181).

In the second session (Social Preference), a non-VPA-treated, age-matched mouse was
placed in the cage in one of the terminal boxes (randomly chosen), while the other
chamber remained empty. During this session, the test mice spent a total of 10 minutes in
the device. However, analysis revealed that the mice only spent an average of 5 minutes
actively exploring. Therefore, only the data from the first 5 minutes were analyzed for

statistical purposes.

In the third session (Social Memory), another unfamiliar, age-matched, non-VPA-treated
mouse was introduced, and the test mouse spent an additional 10 minutes in the device

(with 5 minutes used for statistical analysis) to assess social memory.

Video recordings were made for all three sessions, which were subsequently analyzed.

27



After the three-chamber test, the animals were placed in new home cages into groups of
five. Care was taken to ensure that the animals in each group were not closely related and
that each group consisted of a mix of VPA-treated (2 or 3) and CTR individuals. This
approach was intended to provide similar social conditions for animals originating from
different cages and treatment groups. The animals remained undisturbed under these

conditions for the next week.

On the 31st postnatal day, the groups were disbanded. One mouse from each group was
randomly selected and separated individually for 24 hours from the group (Sep group).

Another 3 mice were placed into a new home cage together for the next 24 hours (Soc

group).

Another animal was kept alone in its home cage to avoid the effects of a new environment.
After 24 hours two of the familiar groupmates were reintroduced to the cage for social
stimulation (Sep+Soc group). The first 10 minutes of the reinstatement were video
recorded and analyzed for behavioral data. The Sep+Soc animals spent 1.5 hours under
these conditions before being anesthetized and perfused. All of the animals spent 2 hours
deprived from food and water before they were anesthetized using isoflurane (Forane®)
and perfused with 20 ml of physiological saline followed by 20 ml of 4%
paraformaldehyde (PFA).

3.2.3 Immunhistochemistry

3.2.3.1 Sample preparation

The brains were stored in 4% PFA for one week at 4°C. One day before sectioning, the
samples were transferred to 25% sucrose diluted in 0.01M phosphate-buffered saline
(PBS). Fifty-micrometer slices were collected using a freezing microtome (Leica). The
appropriate sectional planes for immunohistochemistry were selected based on the Allen
Brain Atlas(182).

The slides were rinsed in PBS, and endogenous peroxidase activity was blocked using
PBS with 2% H20,. The slices were then blocked for 1 hour in a solution of PBS with
1% normal goat serum and 0.2% Tween-20. Following this, the slices were incubated
with an anti-c-Fos antibody (1:5000, Abcam, ab190289) in a solution containing 1%
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normal goat serum and 0.02% Tween-20 for 1 hour at room temperature, and then
overnight at 4°C.

The following day, the slices were incubated for two hours at room temperature in a
secondary solution (1:200, Biotinylated 1gG, Vector Laboratories). They were
subsequently incubated overnight at 4°C in an avidin-biotin solution (1:500, ELITE ABC
kit, Vector Laboratories) containing 0.01% Tween-20. The next day, the samples were
rinsed in PBS and then in Tris buffer (pH = 8.0). The samples were then incubated in a
3,3'-Diaminobenzidine + nickel chloride (NiDAB) solution (0.15 mg/ml DAB + 4.25

mg/ml Ammonium nickel sulfate Hexahydrate).

3.2.3.2 Image acquisition

Images of the entire brain areas were captured using a Nikon Eclipse E800 microscope

with 4X magnification.

3.23.3 ROI

We focused on socially relevant brain regions based on the Social Decision-Making
Network (SDMN) framework proposed by O’Connell and Hofmann (149). The network
was modified in several aspects, with each alteration supported by recent literature. For
instance, the Decision-Making Network was expanded to include the ACC, given its well-
established role in social cognition, emotional regulation, and decision-making (183).
Additionally, certain regions were divided into subregions to reflect functional
specialization: the POA was separated into lateral and medial subdivisions, with the
lateral POA associated with reward-driven motivation (184) and the medial POA
implicated in parental and aggression-related behaviors (185,186). Within the PAG, we
selectively included the dorsomedial (dmPAG) and dorsolateral (dIPAG) columns —
known to mediate social defensive behaviors (187,188) — while excluding lateral and
ventral columns primarily involved in non-social defensive responses (189,190).
Moreover, a third subnetwork, focusing on social stress processing, was integrated,
incorporating nuclei such as the IF, LHA, and meAMY, based on their established roles
in stress-reactivity and social challenge processing (191-193). Finally, regions implicated
in ASD but not traditionally categorized within the SDMN, such as the RSC, were
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included due to emerging evidence linking them to social salience and cognitive
dysfunctions in ASD (194-196) (Figure 4).

3.2.3.4 Cell counting

For every brain region one representative coronal section from the same rostrocaudal
coordinate was carefully selected based on anatomical landmarks to count the number of
c-Fos nuclei. To quantify the positive signals, a semi-automatic method in ImageJ was
utilized. The procedure included using the "Find Edges" plugin for background
subtraction, applying a "Gaussian Blur" filter, and then separating overlapping signals
using the "Watershed" function. The "Triangle" method was employed for thresholding,
and the counting of thresholded signals was conducted using the "Analyze Particles"”

function. The areas of ROI-s were also measured.
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Figure 4: Regions analysed for the immediate early gene activation. Dashed lines
indicate the outline of the ROI where c-Fos values were measured. To compare c-Fos
activity, the raw number of positive nuclei was used, with the dashed area values (mm?)

used for correction as an offset variable.
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3.2.4 Behavioral analysis

The videos captured during the Three-chamber test and the social reinstatement phase
were analyzed using Solomon Coder (197). For the Three-chamber test, the parameters
measured included the time spent in the peripheral two chambers and the middle chamber

over a five-minute period.
During the social reinstatement phase, various behaviors were measured, including:

e Anogenital sniffing: The animal's nose is brought close to the other animal's anal
area.

e Following: The test subject follows another moving animal at a distance of a few
centimeters.

e Allogrooming: The animal engages in grooming behaviors with its familiar
companions.

e Self-grooming: The animal cleans itself.

e Fighting: Aggressive, fast rolling-over behaviors are exhibited by two animals.

e Running away: The mouse rapidly flees from another approaching animal.

e Exploration: The animal actively examines the cage, separate from other animals.

3.3 Statystical analysis

3.3.1 Comparisons

The statistical analysis was performed using R.

For the analysis of the ELISA results, none of the data transformations met the
preconditions of the linear model. To address this issue, a non-parametric repeated
sampling test (198) was applied to the untransformed data.

To assess the time spent in different chambers during the three-chamber test, a linear
mixed model was employed using the formula: "Time spent in chamber ~ Embryonic
treatment * Chamber + random effect (Dam ID)". This model was applied to analyze the
time each subject spent in different chambers during the sociability test. The fixed effects
included Embryonic treatment (VPA-exposed vs. control) and Chamber
(empty/unfamiliar animal/familiar animal), with their interaction (Embryonic treatment *

Chamber) testing whether the preference for a chamber depended on the prenatal
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treatment. Additionally, we included a random effect for Litter/test subject’s ID to
account for potential similarities among pups from the same litter due to shared genetics
or prenatal environment. The time values for the middle chamber were excluded from
this test. To evaluate potential differences in locomotion, the number of entries into the
peripheral chambers was also compared. Pairwise comparisons were conducted using the

Tukey method from the ImerTest library.

To compare the laterality of brain areas, the density values of the left and right sides were
compared using a generalized linear model. The ID of the animal and the ID of the dam

were included as random factors in the model.

To identify nuclei activated either by social isolation or by social stimulation within the
treatment groups their cell density was compared to the average values of the saline
treated group kept in standard social environment (Soc group). Subsequently, a one-
sample t-test was employed to compare the density of each nucleus. To compare the
number of c-Fos positive cells between VPA-treated and control groups under different
social conditions, a negative binomial regression model with a log link function was

applied using the following formula:

c-Fos positive cell number ~ Embryonic treatment * Social state + random effect (Dam

ID/test subject) + offset(log(Area of nucleus)).

This model was specifically designed to examine whether c-Fos expression varied
depending on both prenatal VPA exposure and the social state experienced by the test
subjects. In this framework, embryonic treatment (VPA-treated vs. control) and social
state (Soc/Sep/Sep+Soc) were treated as fixed effects, and their interaction term allowed
us to assess whether the effect of social state on c-Fos expression differed between
treatment groups. To account for dependencies within the data, random effects were
incorporated. The Dam ID was used to control for shared genetic and prenatal
environmental factors among littermates, while the subject 1D accounted for repeated
measurements within individuals (specifically, bilateral sampling from the left and right
hemispheres). An offset term was added by including the logarithm of the area of the
nucleus analyzed. This normalization ensured that the number of c-Fos positive cells was

adjusted for the size of the brain region, preventing potential biases arising from
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differences in region size across samples. This modeling approach enabled a robust
evaluation of how prenatal VPA exposure and social conditions influenced neuronal
activation, while appropriately addressing biological clustering and technical variation.
For model diagnosis, Wald tests were used, and when the p-value was less than 0.1,
pairwise comparisons were performed. Contrasts were calculated separately for
individual brain nuclei. In cases where the p-value ranged between 0.05 and 0.1, Cohen’s
D values were calculated using the effsize library, and comparisons with an effect size
value greater than 0.8 were separately visualized (199). Due to the large number of
measured areas, p-values from the regressions underwent false discovery rate (FDR)

analysis using the Holm-Bonferroni method, with the threshold value set to 0.05.

For the comparison of behavioral data between VPA-treated and control animals within

each behavior type, two-sample t-tests were employed.

3.3.2 Network analysis
Our approach, combining c-Fos-based functional connectivity mapping with anatomical
constraints, is consistent with methodologies previously applied in network-level

analyses of immediate early gene expression (200,201).

The density of c-Fos-positive cells for each brain region was calculated by first summing
the total c-Fos-positive signals detected across both hemispheres, and across multiple
slides when applicable. The total cell count was then divided by the corresponding

summed area, yielding the c-Fos density value for each nucleus.

To account for potential lateralization effects, c-Fos densities were initially quantified
separately for the left and right hemispheres. Subsequently, hemisphere-specific values
were compared using within-subject statistical analyses. Since no significant
interhemispheric differences were detected in the CTR group, left and right hemisphere

values were averaged for each nucleus prior to subsequent analyses.

To characterize functional relationships between brain regions, all possible pairwise
Pearson correlation coefficients were computed within each experimental group, based
on the regional c-Fos density values. The resulting matrices contained both the p-values
and the coefficient of determination (R?) for each regional pair. R?-values, ranging

between -1 and 1, quantify the proportion of variance shared between two regions, thereby
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serving as a proxy for functional co-activation. These R? matrices were visualized as

heatmaps using the heatmaply R package (202).

3.3.3 Network construction

To enhance biological relevance and reduce the probability of spurious functional
connections, only correlations corresponding to known anatomical connections — as
identified in the Allen Mouse Brain Connectivity Atlas (203) (Figure 5) — were retained
for subsequent network analysis. This anatomical filtering ensured that observed
correlations likely reflected direct or monosynaptic communication rather than co-

activation due to shared upstream inputs.

Subsequently, further thresholding was applied according to two criteria: Only
correlations with p-values lower than 0.05 were considered significant, and correlations
with absolute R2-values greater than 0.7 were considered strong enough to infer functional

connectivity.

The remaining connections were visualized as undirected graphs using the igraph R
package (204). In these visualizations, edges between nodes (brain regions) represented
significant, strong functional links. The width of each edge was proportional to the R?-
value, and edge colors reflected the directionality (black: positive correlation; red:

negative correlation (Figure 12)).

3.3.3.1 Centrality measures

To quantify the functional importance of individual brain regions within the network, two
complementary centrality metrics were computed using the same package (204,205).
Degree centrality reflects the number of direct connections a node maintains. High degree
centrality suggests that a region is functionally well-integrated and interacts extensively
with other nodes in the network. In contrast, betweenness centrality measures how often
a node lies on the shortest path between other nodes(206,207). A high betweenness

assesses the extent to which a node lies on the shortest paths between pairs of other nodes.

UFVFW

It is defined as:
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where:

ouw. Number of shortest paths between nodes u and w
ouw(V): number of those paths that go through node v

A high betweenness score indicates that a node plays a key relay role, serving as a

functional bridge between otherwise disconnected parts of the network.

Both centrality metrics were computed for each region in both experimental groups, and
visualized to facilitate comparison. To identify functionally important "hubs", a stringent
dual-threshold criterion was applied: regions exceeding the 80th percentile in both degree
and betweenness centrality were classified as network hubs. This conservative approach
ensured that selected hub regions were not only highly connected, but also strategically

positioned to coordinate information flow between modules within the network. (201).

3.3.3.2 Cluster analysis

In addition to topology assessments based on centrality measures, a clustering analysis
was performed to identify tightly interconnected groups of brain regions (modules) within
the functional networks. Clustering was conducted using the Markov Cluster Algorithm
(MCL), an unsupervised method designed to detect highly connected communities within
complex networks (201,208). The MCL algorithm simulates random walks on the
network graph, leveraging the intuition that more random walks will occur within densely
connected subgraphs (clusters) than between them(208). For the statistical evaluation of
variations in connectivity strength within specific subnetworks, an analysis of variance
(ANOVA) model was employed, complemented by pairwise Tukey comparisons. The
investigation encompassed the examination of R? values, comparing the overall networks

with those specific to subnetworks.

3.3.3.3 Validation of network analyses

To validate whether the observed modular structures and network properties were
significantly different from random expectations, a control analysis was conducted using
randomly generated networks. A total of 1000 random networks were created, each
consisting of 10 brain regions randomly sampled from the complete set of 36 regions. For

each random network, functional connectivity matrices were constructed and analyzed
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identically to the experimental data, generating distributions of network metrics such as
mean degree, mean betweenness, and modularity. The properties of the experimental

subnetworks were then statistically compared against these random distributions.
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Figure 5: Matrix of the anatomical connectome used to threshold the correlational
matrices. The matrix was constructed using projectional data from the Allen Mouse Brain
Connectivity Atlas (209). Black squares represent the projectional connections between
areas, while white squares indicate the absence of direct connections. Blue indicates the
MRS, green represents the intersection between MRS and SBN, stands for the SBN,
red labels the nuclei involved in stress modulation, purple indicates areas where changes

were found in autism(195,210-212), and represents the control regions.
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3.3.4 Behavioral correlations

The previously utilized c-Fos density data were subjected to correlation analysis using
Pearson’s correlation to examine their relationship with the duration of various behaviors
observed during social reinstatement. Only correlations with p-values below 0.05 were
considered statistically significant. The correlations were color-coded: black for positive
correlations and red for negative correlations. The GGally package was employed for
visualizing these correlations (213).

3.4 ldentifying of potentially affected neurodevelopmental genes (gene
library analysis)

To investigate the genes active during the critical window of VPA administration, the
Allen Developing Mouse Brain Atlas (214) was utilized. Genes overexpressed in the
midbrain, diencephalon, and telencephalic vesicle at E13.5 were identified using the
Temporal Search feature. Since VPA administration is ineffective after E15 (215), genes
overexpressed at E15.5 were also collected for comparison. Genes uniquely
overexpressed at E13.5 but not at E15.5 were selected for further analysis to elucidate the

biological processes in which they are predominantly involved.

The enrichment analysis was performed using MouseMine to identify biological
functions significantly overrepresented in the list of differentially expressed genes.
Statistical significance was determined using the hypergeometric test, which calculates
the probability of observing at least k genes associated with a given category by chance,
based on the reference population. This method ensures that identified functional
enrichments are unlikely to occur randomly, providing insight into the biological

relevance of the observed gene expression patterns. (216).
M N-M
_ (k) (n—k
- N
(v)
where N is the total number of objects (e.g., all genes in the reference population), n is
the number of genes in the analyzed subset, M is the number of genes in the reference

population associated with the category of interest, and k is the number of genes in the

subset also associated with that category.
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Functional enrichment analysis of these genes was performed using the Holm-Bonferroni
correction for FDR and ensure statistical significance (217). Additionally, genes

exclusively expressed at E15.5 were analyzed to determine their functional roles.

This approach allowed the identification of specific genes and biological pathways
responsive to VPA during early embryonic development, offering insights into the
molecular mechanisms potentially underlying VPA-induced neurodevelopmental

alterations.
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4 Results

4.1 DAELISA

The non-parametric ANOVA model revealed that, for the CPU, there was no significant
difference in DA concentration between the CTR and VPA groups, regardless of
treatment or the sex of the animals (F(, 13.343) = 0.01, p = 0.923). However, in the NAcc,
the DA level was significantly lower in the VPA-treated animals (F(1, 15543) = 7.423, p =
0.015). No interaction between treatment and the sex of the animals was observed (Figure
6). A significant difference in DA levels was found between CTR and VPA males (F(, s)
=7.807, p = 0.023), while no significant difference was observed in females (F(1, 7.866) =
1.382, p =0.274).
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Figure 6: Results of the DA ELISA measurements. Block A represents the DA (ng/g)
measured from samples taken from the NAcc. * indicates significant differences in
dopamine levels between CTR and VPA-treated animals. Block B shows the measured

DA values from the samples containing the CPU (179).

4.2 Three-chamber sociability test

4.2.1 Habituation

During the habituation phase of the three-chamber test, no significant differences were
observed between VPA-treated and CTR groups in terms of the time spent in any of the
chambers (Figure 7/B) (Fs2) = 0.879, p = 0.353). However, paired comparisons of the
time spent in different chambers revealed a weak significant difference in the VPA-
treated animals (t@e) = 2.081, p = 0.047), whereas no such difference was observed in the
CTR group (tee) = 0.471, p = 0.642). There was no difference in the number of chamber
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entries between the CTR animals and the VPA-treated ones (F1,7713 = 1.2611, p =

0.2952), indicating no difference in the locomotion of the animals.
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Figure 7: Results of the three-chamber sociability test. Block A shows the experimental
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design and setup of the test device. Circles indicate the positions of cages containing age-
and sex-matched mice unfamililiar to the test subject. The text within the circles
represents the content of each cage during different test sessions. "E" stands for empty
cage, and "UK" stands for unknown individual. Block B depicts the habituation phase
where both cages were empty. In this phase, VPA-treated animals showed a slight side
preference (labeled by &). In the social preference phase (Block C), the cage previously
labeled E2 remained empty, while an unknown individual (UK1) was placed in E1l.
During this phase, CTR animals spent more time in the chamber containing the UK
animal than in the empty chamber (labeled by $). Block D represents the social memory
phase. The UK1 animal stayed in the same cage as the previous phase, while another
unknown animal (UK2) was placed in the previously empty chamber (E). In this phase,
CTR animals showed a preference shift, spending more time in the chamber with the UK2
animal compared to the previously empty chamber (E). This preference shift was not

observed in VPA-treated animals (difference labeled by #).
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4.2.2 Social Preference

In the social preference phase, a significant effect was found in the time spent in different
chambers (Figure 7/C) (Fus52) = 9.108, p = 0.004). However, there was no significant
interaction between treatment and time spent in the chambers (F 52 = 2.959, p = 0.091).
Pairwise comparison revealed that CTR animals spent more time in the chamber
containing unfamiliar mice than in the empty chamber (te) = 3.040, p = 0.005), while the
VPA-treated mice did not show a significant difference in time spent between the
chambers (tz6) = 1.035, p = 0.310).

4.2.3 Social Memory

In the social memory phase, no significant differences (Figure 7/D) were observed in the
time that animals spent in different chambers (Fus2) = 1.128, p = 0.293). However,
compared to the social preference phase, the time spent by CTR animals in the chamber
(Fas2 = 9.078, p = 0.004), which in this phase contained the novel animal, significantly
increased (t@e) = -3.000, p = 0.006). In contrast, the VPA-treated animals showed no such

preference change; their choice remained random (tee) = -1.078, p = 0.291).

4.3 C-Fos Activity

4.3.1 Laterality

Comparisons of the density values revealed differences in the interaction between VPA
treatment and laterality in three areas (central amygdala, cornu ammonis 3 of hipocampus,
dorsomedial hypothalamus (DMH)), specifically in the central amygdala (ceAMY) (2,
659.113) = 4.554, p = 0.033). In VPA-treated animals, the right-sided ceAMY exhibited a
higher density (t@s) = -2.029, p = 0.050), whereas CTR animals did not show lateralization
(tes.6) =0.960, p = 0.343). No significant differences were observed in the density of other
brain areas, therefore we combined the data of the two hemispheres for any further

analysis.
4.3.2 Activation pattern

Differences in the activation patterns of the observed 36 nuclei were assessed by
comparing the number of c-Fos positive cells, normalized to the region of interest (ROI)

area. Among the absolute control animals (saline treated and kept under a standard social
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environment), the interfascicular (IF) nucleus was the only one showing significantly
higher activation (te = 2.374, p = 0.028) compared to the average activation density
(14.197 c-Fos positive cellssmm?) (Figure 8).

Significant differences in activation, influenced by embryonic treatment and/or changes
in social environment, were observed in several other nuclei during the analysis (Figure
9).
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Figure 8: The measured c-Fos positive cell density in 1 mm? in CTR animals kept in an
undisturbed social environment. These values were used as baseline values for the
subsequent fold change diagrams. The different colors of the area names represent the
subnetworks to which the nuclei are assigned. Blue indicates the MRS, green represents
the overlap between MRS and SBN, stands for the SBN, red labels the nuclei
involved in stress modulation, purple indicates areas where changes were found in

autism, and represents the control regions.

4.3.2.1 Decision-Making Network

The CPU showed no significant difference in activation in the socially consistent
environment between the CTR and VPA groups. However, in the socially separated
environment (Figure 10), CTR animals exhibited higher c-Fos activity than VPA-treated
animals (y%, 41 = 6.376, p = 0.012; z(41) = 2.525, p = 0.056, Cohen’s d = 1.222).

Following separation, higher activity was observed in the NAcc among VPA-treated
animals compared to the consistent social environment ()1, 49) = 3.9523, p = 0.047; Z(49)
= -3.141, p = 0.009, FDR = 0.043). The NAcc of the separated animals showed higher

activation than those kept in a consistent social environment (%, 41) = 4.948, p = 0.026).
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Figure 9: Fold change in the density of c-Fos™ cells across brain regions in a constant
social environment (Soc group). Bar plots display the relative change compared to the
mean c-Fos density of CTR animals maintained in a consistent social environment, as
shown in Figure 8. Different colors indicate distinct functional groupings of nuclei: blue
marks regions of the MRS, denotes areas of the SBN, and green highlights nuclei
involved in both (SDMN). Red indicates stress-responsive regions influencing social
behavior, while purple represents autism-related areas not part of either main network.

Gray indicates control regions with no known social relevance.

Asterisks denote statistically significant differences between the CTR and VPA-treated
groups: a single asterisk (*) indicates a trend-level difference (0.05 < p < 0.1)
accompanied by a Cohen’s d greater than 0.8, double asterisks (**) indicate p < 0.05,

and triple asterisks (**) represent significance after FDR.
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Figure 10:. Fold change in the density of c-Fos* cells across brain regions in animals
subjected to social separation (Sep group). All values are expressed relative to the mean
c-Fos density of CTR animals maintained in a consistent social environment (Soc group;
see Figure 8). Colored labels distinguish functionally relevant brain networks: blue
indicates MRS, marks components of the SBN, green represents overlapping nodes
of both (SDMN), red includes stress-regulatory nuclei implicated in social modulation,
purple shows autism-associated regions not directly related to social behavior, and gray

indicates control areas (150).

Differences between CTR and VPA animals under the separation condition are marked
by asterisks (*), while deviations from the socially housed control group (Soc, Figure 9)
are marked by additional symbols: $ for CTR animals and & for VPA-treated animals.
All symbols follow the same three-tiered convention: one symbol indicates a trend-level
difference (0.05 < p < 0.1, Cohen’s d > 0.8), two symbols denote p < 0.05, and three

indicate significance after FDR correction.
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Figure 11:. Fold change in the density of c-Fos* cells across brain regions in animals
subjected to social reinstatement (Sep+Soc group). All values are expressed relative to
the mean c-Fos density of CTR animals maintained in a consistent social environment
(Soc group; see Figure 8). Colored labels distinguish functionally relevant brain
networks: blue indicates MRS, marks components of the SBN, green represents
overlapping nodes of both (SDMN), red includes stress-regulatory nuclei implicated in
social modulation, purple shows autism-associated regions not directly related to social

behavior, and gray indicates control areas.

Differences between CTR and VPA animals under the separation condition are marked
by asterisks (*), while deviations from the socially housed control group (Soc, Figure 9)
are marked by additional symbols: $ for CTR animals and & for VPA-treated animals.
All symbols follow the same three-tiered convention: one symbol indicates a trend-level
difference (0.05 < p < 0.1, Cohen’s d > 0.8), two symbols denote p < 0.05, and three

indicate significance after FDR correction.

While CTR animals presented a significant elevation (z@s1) = 2.224, p = 0.026), the VPA-
treated group differed only marginally, though the effect size was high (z@a1) = 1.915, p =
0.056, Cohen’s d = 1.321) (Figures 10, 11).

In the VP, a marginal difference was noted within the social environment between the
CTR and VPA groups (¥, 48) = 3.556, p = 0.059). Notably, VPA-treated animals
displayed diminished activity in the VP compared to CTR (z@s) = 1.736, p = 0.083). The
computed Cohen’s d value (Cohen’s d = 0.998) underscored a robust effect of VPA

treatment (Figure 9).
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For the bIAMY, social reinstatement led to heightened activity in both CTR (%@, s0) =
4.270, p = 0.039; z(s0) = -2.066, p = 0.039) and VPA-treated animals (zs0) = -2.214, p =
0.027). Social separation also resulted in marginally higher activation in the CTR animals
due to the social environment ()1, 40) = 5.966, p = 0.015; Z(40) = 2.443, p=0.069, Cohen’s
d =1.103) (Figures 10,11).

In the VP, a marginal difference was noted within the social environment between the
CTR and VPA groups (¢*q, 48 = 3.556, p = 0.059). Notably, VPA-treated animals
displayed diminished activity in the VP compared to CTR animals (zus) = 1.736, p =
0.083). The computed Cohen’s d value (Cohen’s d = 0.998) indicated a robust effect of
VPA treatment (Figure 9).

For the bIAMY, social reinstatement led to heightened activity in both CTR (%@, s0) =
4.270, p = 0.039; z(s0) = -2.066, p = 0.039) and VPA-treated animals (zs0) = -2.214, p =
0.027). Social separation also resulted in marginally higher activation in CTR animals
due to the social environment ()1, 40)= 5.966, p = 0.015; z@40) = 2.443, p = 0.069, Cohen’s
d = 1.103) (Figures 10, 11).

The ventral cornu ammonis 1 (vCA1L) of HIP showed differences between VPA-treated
and CTR animals only in the socially separated state (¥*@, 21y = 4.753, p = 0.029). In this
social environment, CTR animals exhibited higher activity than the VPA-treated group
(221 = 2.180, p = 0.029) (Figure 10).

The ventral CA3 (VCA3) showed significantly weaker activity in VPA-treated animals in
the undisturbed social environment compared to CTR animals (%@, 27)= 6.506, p = 0.011,
Z@7) = 2.785, p = 0.028). During reinstatement, vCA3 activity in VPA-treated animals
increased compared to the consistent social environment (ze7 = -1.961, p = 0.050,
Cohen’s d =0.907) (Figures 9, 11).

The ventral VTA showed a difference in activity only when the animals were separated
from their cage mates (%3, 41 = 7.148, p = 0.008). In this case, the nucleus exhibited
higher activity in the CTR group than in the VPA-treated group (z@1) = 2.674, p = 0.038)
(Figure 10).
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The ACC activity was significantly lower in VPA-treated animals under the long-term
social environment (y*y, 105 = 6.872, p = 0.009; z@105) = 3.074, p = 0.011). During
reinstatement, this activity significantly increased (zqos) = -3.468, p = 0.003). These p-
values remained significant after FDR analysis (FDR =0.034, 0.014). The activity during
social separation changed in the opposite direction ()21, sg) = 6.443, p = 0.011); in that
environment, the ACC of the VPA-treated group was less active than in the CTR group
(zgs) = 2.538, p = 0.011) (Figures 9, 10, 11).

4.3.2.2 Lateral Septum and Bed Nucleus of the Stria Terminalis

The LS and BNST exhibited an identical activation pattern during reinstatement. In the
standard social environment, both regions showed lower activity in VPA-treated animals
compared to CTR animals (LS: y?(1, 49) = 5.896, p = 0.015, z(49) = 2.095, p = 0.036; BNST:
x4, 105) = 11.105, p = 0.001, z(105) = 2.561, p = 0.010). Social reinstatement significantly
increased activity in VPA-treated mice (LS: z(@9) = -4.339, p < 0.001; BNST: z(05) = -
4.675, p < 0.001), while no significant differences were observed in CTR animals.
Following FDR correction, these results remained significant (FDRLs = 0.005, FDRgnsT
=0.005).

During social separation, the activity of LS significantly elevated in CTR animals (), 41)
= 4.452, p = 0.034; zu1 = 2.110, p = 0.035) and marginally in the VPA group (z@y =
1.716, p = 0.086, Cohen’s d = 0.937). Despite the elevation caused by the separation, the
basic difference between CTR and VPA groups remained (z@sy = 2.018, p = 0.044)
(Figures 9, 10, 11).

In the case of BNST, activity increased in both CTR (¥, 85) = 4.871, p = 0.027; z(gs) =
2.207, p =0.027) and VVPA groups (zs) = 2.858, p = 0.022). The pairwise comparison of
CTR and VPA treatments during separation resulted in a marginal difference with a high
effect size (z@s) = 1.786, p = 0.074, Cohen’s d = 1.156) (Figures 9, 10, 11).

4.3.2.3 Social Network

In the POA, none of the subregions differed in activation in the social environment due

to embryonic treatment. However, the medial preoptic area (mPOA) (%, 39) = 5.638, p =
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0.018) exhibited higher c-Fos activity as a result of social reinstatement, but only in CTR
animals (zmpoag) = 2.374, pmpoa= 0.082, Cohen’s dmpoa= 1.312; zZipoa@1) = 3.094, piroa
=0.011). The activity of mPOA increased due to social stimulation (%@, 49y = 4.081, p =
0.043; z@9) = -3.787, p < 0.001, FDRmpoa = 0.007). Social separation also resulted in
increased activity in the mPOA of CTR animals (%, 39) = 5.638, p = 0.018; zzg) = 2.374,
p = 0.018), though a marginal difference was observed between the CTR and VPA groups
in this environment (z@z9) = 1.837, p = 0.066, Cohen’s d = 1.111) (Figures 10, 11).

The lateral preoptic area (IPOA) showed a less pronounced difference during
reinstatement (%, 49) = 3.373, p = 0.066), but pairwise analysis revealed a difference
caused by stimulation within VPA-treated animals (z@a9) = -2.847, p = 0.004). During
separation, this nucleus presented the same pattern of activity change as the mPOA (%,
41 = 9.572, p = 0.002). The activity of the CTR animals significantly increased (z(@1) =
3.094, p = 0.011), resulting in a marginal difference between the activity of CTR and
VPA animals in this environment (z@e)= 1.767, p = 0.077, Cohen’s d = 1.554) (Figures
10, 11).

The activation of the VMH differed only during social separation (y?(, 37) = 7.888, p =
0.005). In this case, VPA-treated animals exhibited marginally lower activation, though
with a high effect size in the constant social environment (z@7) = -2.409, p = 0.075,
Cohen’s d = 1.342). Additionally, their activity was significantly lower than that of CTR

animals in the same social environment (z@7) = 3.732, p = 0.001) (Figure 10).

The activation pattern of the dorsolateral periaqueductal gray (dIPAG) differed only in
the separated animals (%1, 41) = 4.293, p = 0.038). During separation, the dIPAG of VPA-
treated animals was less active than in CTR animals (z@1) = 2.072, p = 0.038) (Figure 10).

4.3.2.4 Stress Network

The most prominent change resulting from social reinstatement was the activation of the
IF (%@, 21 = 12.044, p < 0.001). Under a constant social environment, no difference in
activity was observed between VPA-treated and CTR animals (z¢1) = 1.422, p = 0.155).
However, following social reinstatement, the activity in VPA mice increased significantly
(ze1 =-2.287, p <0.001, FDRr = 0.005) and reached a significantly higher level than in
CTR mice (zo1) = -2.716, p = 0.007) (Figure 11).
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The zona incerta (ZI) only showed a significant activation difference (¥, 37=8.735, p =
0.003) between socially separated CTR and VPA animals (z@7 = 2.955, p = 0.017)
(Figure 10).

The activity of the mHb differed significantly between CTR and VPA animals only while
they were separated from their cage mates (3%, 41) = 3.953, p = 0.047). Following
separation, the activity in CTR animals was higher than in the VPA group, despite the
large variance in CTR activity (z@1) = 1.972, p = 0.049). A marginal decrease in activity
was observed in VPA animals compared to the constant social environment (z@1) = -
1.732, p = 0.083, Cohen’s d = 1.074) (Figure 10).

The IPN (3%, 199 = 3.819, p = 0.051) exhibited lower activity in the VPA group in a
constant social environment (z@19) = 2.230, p = 0.026). As a result of reinstatement, the

activation increased significantly (zae) = -2.511, p = 0.012) (Figures 9, 11).

In the lateral hypothalamic area (LHA) (%@, 24) = 4.166, p = 0.041), baseline activity in
the undisturbed environment did not differ between the VPA-treated group and CTR
animals (z@4) = 1.548, p = 0.122). However, the activity increased significantly in VPA-
treated mice due to reinstatement (z(4) = -2.771, p = 0.006) (Figures 9, 11).

The activation of the basomedial amygdala (bmAMY) (¥, s0) = 10.824, p = 0.001) was
significantly lower in the VPA group than in CTR animals (zi0) = 3.201, p = 0.001,
FDRomamy= 0.029). Additionally, due to reinstatement, the activity increased
significantly in the VPA group (z@o) = -3.250, p = 0.001, FDRomamy= 0.029) (Figures 9,
11).

4.3.2.5 Putative non-social regions
Among the areas whose impact on social behavior is not well established but might
nonetheless be involved in autism, the retrosplenial cortex (RSC) showed a difference in

activity (%, 41) = 4.805, p = 0.028) between VPA-treated and CTR animals in the socially
separated situation (z@1 = 2.192, p = 0.028) (Figure 10).
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The dorsal CA3 (dCA3) (%, 49) = 4.726, p = 0.030) exhibited a significant increase in
activity in VPA-treated animals due to reinstatement compared to the social group (zo)
=-2.350, p = 0.019) (Figure 11).

Additionally, the two examined regions of the dentate gyrus (dGD and vGD) displayed
differences in activity under undisturbed social environments in VVPA-treated animals
compared to CTR animals (dGD: ¥?(1, 499 = 5.317, p = 0.021; vGD: ¥*@, 27y = 4.151, p =
0.042). Both regions showed higher activity in VPA-treated animals (dGD: z9) = 2.587,
p = 0.010; vGD: z¢7) = 2.416, p = 0.016), but only dGD showed a significant increase in
activity due to reinstatement (z@9) = -2.624, p = 0.009) (Figures 9, 11).

In the case of social separation, some non-social hippocampal regions were also affected.
The dorsal CA1 (dCA1) presented a different activation pattern in VPA-treated and CTR
animals (%, 41 = 7.465, p = 0.006), with significantly higher activity in the CTR group
than in the VPA group (z@1) = 2.732, p = 0.003). Additionally, the activation of the ventral
and dorsal regions of the dentate gyrus was higher in the VPA-treated group (vGD: 2,
20) = 9.236, p = 0.002; dGD: 2@, 41y = 4.809, p = 0.028) due to the social environment,
while the difference was marginal in the ventral dentate gyrus with a high effect size (z(o)
=2.487, p = 0.062, Cohen’s d = 2.892). In the dorsal dentate gyrus, the difference was
significant (z@a1) = 2.938, p = 0.017) (Figures 9, 10, 11).

4.4 Network Analysis

4.4.1 Visual Inspection of Network Structure

As illustrated in Figure 12/B,D, VPA-treated animals exhibit a denser network compared
to CTR animals (Figure 12/A,C). However, this network demonstrates less structural
organization than observed in CTR animals (Figure 12/A,B). Notably, stress-related
nuclei labeled in red are prominently centralized in the network of VPA-treated animals,

whereas in CTR animals, network distribution appears more heterogeneous.

In socially separated animals (Figure 12/C,D), the network of the VPA group appears
more condensed with more edges (Figure 12/D), while the network of CTR animals

(Figure 12/C) appears more linear and contains fewer connected nuclei. However, a
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condensed centrum can still be observed in CTR animals, albeit with stress-related nuclei

being more dominant in this case.
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Figure 12: Functional network of the animals drawn using the thresholded matrices (see
Figures 11/B,D and 12/B,D). Panels A and B represent the functional networks of the
CTR and VPA-treated animals during social reinstatement (Sep+Soc). Panels C and D
represent social separation (Sep). The width of the edges represents the correlation
strength, with black edges indicating positive correlations and red edges indicating
negative R’ values. Nodes without any edges have been removed from the network figure.
Different colored circles indicate the nuclei of the different subnetworks: blue indicates
the MRS, green represents the intersection between MRS and SBN, stands for the
SBN, red labels the nuclei involved in stress modulation, purple indicates areas where

changes were found in autism, and represents the control regions (150).
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4.4.2 Validation of Connectome Threshold
4.4.2.1 Statistical Analysis

Comparing mean correlation values from areas overlapping with the connectome to those
not overlapping, a significant difference was found in CTR animals (t = 1.980, df =
1004.2, p = 0.047). This suggests that correlations based on the observed neuronal
activation are more pronounced and coherent in regions corresponding to physiological
connections. This supports the notion that the observed functional connections align with
known anatomical connections in control animals. However, in VPA-treated animals, no
significant difference in connection strength was observed between the two networks (t =
0.479, df = 1010.2, p = 0.632), indicating that the co-activation of brain regions in the

VPA animals are more widespread but less specific.

The average edge strength, of the network, based on the anatomical connectome, showed
no difference from the strength of all edges in the socially separated animals (t = 0.027,
df =954.54, p =0.978) Since any stimulation during the 24 social separation is necessarily
less specifically activating c-Fos in the socially relevant brain regions than the sharp
stimulus of social reinstatement, functional subnetwork analysis has only been conducted

in the Sep+Soc groups.

4.4.3 Functional Connectivity after social stimulation

4.4.3.1 Connectome filtered and Random Matrix Analysis

In CTR animals, the average connectome-filtered correlation strength (Figure 13/A) of
the entire network exhibited weaker correlations compared to VPA-treated animals
(Figure 13/C) (t = 4.996, df = 1572.9, p < 0.001). Conversely, in a model simulating 1000
repetitions of correlation values between 10 randomly selected nuclei, no significant
difference was found in VPA-treated animals (t = -1.280, df = 858.69, p = 0.201).
However, CTR animals showed a significantly lower average correlation in the random
matrix (t = -6.209, df = 830.54, p < 0.001). Such a result suggests that in VPA-treated
animals, the nuclei are more interconnected, similar to a random, unspecific and possibly
disfunctional network. Degree and betweenness centrality analyses also indicate that the

degree values of VVPA-treated animals are significantly higher than those of the CTR
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group (W = 287.5, p < 0.001), showing a stronger connection between neighbouring
nodes. On the other hand, the betweenness values, which represents the effectiveness of
a network to convey information over larger distances do not differ significantly (W =
521.5, p = 0.142).

A similar trend was observed in the case of separated animals (Figure 14/A,C). While
VPA-treated animals exhibited more edges (higher degree value) (W = 376.5, p = 0.002),
the betweenness values did not differ (W = 694.5, p = 0.572).
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Figure 13: Heatmap illustrating the Pearson correlation strength of c-Fos activation
between nuclei of the animals during social reinstatement (Sep+Soc). Panel A represents
the correlation values of the CTR animals, with the connectome filter applied White areas
indicate regions that are not connected anatomically according to the connectome
(Figure 5). Panel C shows the correlation values of the VPA animals, also with the
connectome filter applied. Panels B and D represent the connectome filtered correlations
further thresholded for strong correlations (p < 0.05 and |R?| > 0.7), which are
considered as functional connectomes. Different colors indicate the different
subnetworks: blue indicates the MRS, green represents the intersection between MRS and
SBN, stands for the SBN, red labels the nuclei involved in stress modulation,
purple indicates areas where changes were found in autism, and grey represents the

control regions.
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Figure 14: Heatmap illustrating the Pearson correlation strength of c-Fos activation
between nuclei of the animals during social separated (Sep). Panel A represents the
correlation values of the CTR animals, with the connectome filter applied White areas
indicate regions that are not connected anatomically according to the connectome.
(Figure 5). Panel B shows the correlation values of the VPA animals, also with the
connectome filter applied. Panels B and D represent the connectome filtered correlations
further thresholded for strong correlations (p < 0.05 and |R?| > 0.7), which are
considered as functional connectomes. Different colors indicate the different
subnetworks: blue indicates the MRS, green represents the intersection between MRS and
SBN, stands for the SBN, red labels the nuclei involved in stress modulation,
purple indicates areas where changes were found in autism, and grey represents the

control regions (150).
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4.4.4 Functional Sub-networks

4.4.4.1 Analysis of Sub-networks

The analysis of sub-networks revealed that the average correlation strength of the entire
network is stronger than that of a network formed by randomly chosen edges from the
original network (t = -6.233, df = 827.06, p < 0.001, FDR p < 0.001) (Figure 15/A).
However, the correlation strength of the entire network in VPA-treated animals is stronger
than in CTR animals (t = 4.996, df = 1572.9, p < 0.001, FDR p < 0.001), while the
randomly generated network strength does not differ significantly from the VPA whole
network (t =-1.584, df = 854.49, p = 0.114). Within the social network, a sub-network of
the SDMN showed significantly weaker correlation in VPA-treated animals than in CTR
animals (t=-3.010, df =102.89, p = 0.003, FDR p = 0.009). However, the social network's
correlation strength in CTR animals was stronger than the overall network strength and
the randomly generated network (t = -2.694, df = 335.51, p = 0.007, FDR p = 0.001), but
this was not observed in the mesolimbic network (t = 1.699, df = 156.15, p = 0.091). The
SDMN did not differ between the two embryonic treatments (t =-0.707, df =419.44, p =
0.48). However, the correlation strengths in VPA-treated animals were significantly
weaker than the overall network’s strengths (t = -2.694, df = 335.51, p = 0.007, FDR p =
0.018).
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Figure 15: Average correlation strengths in the whole network (All), randomly
constructed network (Random) with edges chosen randomly from the whole network’s
pool in subnetworks (A), and the average connection strength of the network formed with
nuclei that do not belong to the subnetwork (B). Asterisk (*) represents the difference
between CTR (white bars) and VPA (black bars) treated group, p denotes the difference
from the randomly generated network. Symbols indicate FDR-adjusted significant

differences.

The connectivity within the stress-regulating network, differed the most between VPA-
treated and CTR animals (t = 5.968, df = 73.337, p < 0.001, FDR p < 0.001) The most
tightly connected subnetwork in VPA-treated animals was the so-called stress network
(Figure 15/A), which, in terms of its internal connections, was significantly stronger than
in CTR animals (t = 5.968, df = 73.337, p < 0.001, FDR p < 0.001). The edge strength of
the stress network also differed from the overall network (t = 5.542, df = 46.726, p <
0.001, FDR p < 0.001).

To test whether the connectivity differences appear only within the sub-networks we
analyzed the connections outside the sub-networks (Figure 15/B) VPA-treated animals in
the SDMN network presented stronger peripheral connectivity with nuclei outside SDMN
(t=3.193, df =403.1, p = 0.002, FDR p = 0.004). In terms of peripheral connections, the
two SDMN-forming subnetworks, only the mesolimbic subnetwork's connections were
stronger in VPA-treated animals compared to CTR (t = 2.275, df = 342.21, p = 0.024,
FDR p = 0.048), while the social network showed no difference in peripheral connections
(t=1.379, df = 327.51, p = 0.169). The stress network also showed stronger peripheral
connections in VPA-treated animals (t = 2.943, df = 312.27, p = 0.003, FDR p = 0.009).
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4.4.4.2 ldentification of Functional Core Networks- Social reinstatement

In addition, the mesolimbic and social networks as documented by O'Connell(149),
cluster analysis revealed that in CTR animals, two subnetworks formed the functional
core of the entire network. One of these two subnetworks consisted of nuclei clustered
around the vCA1, while the other was centered around the BNST, as revealed by the
cluster analysis (Table 1). Both regions were among the ones that exhibited the highest

degree and betweenness values (Figure 16).

Following MCL analysis, the nuclei forming one cluster with vCAL included the dmPAG,
dIPAG, originally part of the social network, and vVPAG, which also appeared among the
nuclei with the highest betweenness values, along with the RSC, which did not belong to

any of the previously mentioned networks. This network was named vCAL core.
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Figure 16: Degree and betweenness centrality values of the socially reinstated
(Sep+Soc) of CTR (A, C) and VPA treated (B, D) animals. Degree centrality values (A,
B) representing the number of connections (edges) belonging to specific nuclei.

Betweenness
Batweenness

Betweenness centrality values (C, D) representing the extent to which a node (nucleus)
lies on the shortest path between other nodes (nuclei). The dashed line represents the
borderline of the 80% percentile of the highest centrality values. The color of the columns
represents which subnetwork the nucleus belongs to: blue indicates the MRS, green
represents the intersection between MRS and SBN, stands for the SBN, red labels
the nuclei involved in stress modulation, purple indicates areas where changes were

found in autism, and represents the control regions.
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The correlation strength in the CTR group was significantly higher in this subnetwork
than in the entire network (t = 6.027, df = 20.416, p < 0.001, FDR p < 0.001; Figure 15).
It was also stronger in the VPA group (t=19.157, df =41.881, p < 0.001, FDR p <0.001).
The connection strength differed between CTR and VPA animals, but this difference
disappeared after FDR correction (t = -2.292, df = 22.479, p = 0.032, FDR p = 0.061).

The nuclei clustered around BNST included the LS, theoretically also a hub of the SDMN
with BNST, the mPOA and IPOA, nuclei of the social network, and the EW, which is
outside of the SDMN. This network was named BNST core. The BNST core network of
the CTR group had significantly stronger connections than that of the VPA group (t =
3.156, df = 11.875, p = 0.008, FDR p = 0.019) similarly to the entire social network. The
strength of the peripheral correlation values was also calculated, but none of the core

networks had higher inner correlation values than the complete network.

Table 1: Clustering of brain nuclei based on MCL analysis under social separation (Sep)
and social reinstatement (Sep+Soc) conditions.Nuclei within the same cluster are listed
together in one cell. Clusters containing hub nuclei (underlined) are designated as cores
clusters. Colors indicate functional classification: blue — MRS; green — MRS/SBN
overlap; yellow — SBN; red — stress-related nuclei; purple — autism-associated areas;

grey — control regions.

Spual Cluster Nuclei Spaal Cluster Nuclei
enviroment enviroment
dCA2, y ,
PVT, dGD, vGD, DMH 1P, PVT, dCAL
CPU, VTA, LS CPU, vCA3
vCAl, ,
NAcc, , ARC, EW vCA1 core , VPAG, RSC
VCAL, vCA3, IF NAce bl,ﬁ:,/w' VA
Sep
LS, BNST, )
ACC, ) Sep +Soc BNST core N JEW
, ZI, LHA,
Zl, LHA, IPAG, vPAG DMH
VP, bIAMnTI'-II;NI?-ITt; ACC, 1PN,
IPN core IPN, ceAMY, bmAMY, ceAM\;,Cl:\r;\AMY,
RSC, dCA1, dCA3
VP, mHb, IPAG,
ARC
dCA2, dGD, vGD
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4.4.4.3 ldentification of Functional Core Networks- Social isolation

In the brain network of socially separated animals, only the IPN was above the 80%
percentile threshold in both degree and betweenness centrality values (Figure 17).
However, centrality analysis revealed a more widespread network around this nucleus
compared to socially reinstated animals. The VP and bIAMY from the mesolimbic
network, the BNST as the predicted hub region of the SDMN (and confirmed as a hub in
our study for social reinstatement), the meAMY from the social network, the mHb, IHb,
the ceAMY, and the bmAMY from non-social stress-regulating nuclei, and the RSC,
dCA1, and dCAS3, which are associated with autism but not assigned to social functions,
were organized around the IPN (Table 1). The comparison of this network, which could
be named core network for separation, showed that it has significantly stronger
intercorrelation (t = 14.766, df = 88.439, p < 0.001) than the average correlation value of
the entire examined network. Among the nuclei forming this subnetwork, the bIAMY and
mHb were also above the criteria for degree values, and dCA3 was above the criteria for

betweenness.
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Figure 17: Degree and betweenness centrality values of the socially separated (Sep) of
CTR (A, C) and VPA treated (B, D) animals. Degree centrality values (A, B)
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representing the number of connections (edges) belonging to specific nuclei. Betweenness
centrality values (C, D) representing the extent to which a node (nucleus) lies on the
shortest path between other nodes (nuclei). The dashed line represents the borderline of
the 80% percentile of the highest centrality values. The color of the columns represents
which subnetwork the nucleus belongs to: blue indicates the MRS, green represents the
intersection between MRS and SBN, stands for the SBN, red labels the nuclei
involved in stress modulation, purple indicates areas where changes were found in

autism, and represents the control regions (150).
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It is notable that the BNST acts as a hub in social reinstatement and appears in the core
network of socially separated animals too. Additionally, the dCA3 appears among the
nuclei with the most edges in both social environments, and the bIAMY holds a dominant

central position in both environments.

4.4.5 Behavioral analysis

The ANOVA analysis revealed that none of the measured behavioral types differed
between CTR and VPA-treated animals during the first 10-minute period of the social
reinstatement (texplorationy = -0.210, df = 76.6, p = 0.835; trighyy = -0.407, df = 76.6, p =
0.685; t(rollowing) = 0.066, df = 76.6, p = 0.948; t(Grooming) = 0.543, df = 76.6, p = 0.589; trun
Away) = 0.002, df = 76.6, p = 0.999; t(self-Grooming) = -0.134, df = 76.6, p = 0.893; t(anogenital
sniffing) = -0.744, df = 76.6, p = 0.459). (Figure 18).
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Figure 18: Results of behavioral analysis. Bar graphs illustrate the proportion of time

the animal spent engaging in a specific behavior during the social reinstatement.

However, the power analysis indicated a high effect of VPA treatment on elevated time
spent with anogenital sniffing (Cohen's D = 0.818) and a medium effect on reduced time
spent with allogrooming in VPA-treated animals (Cohen's D = 0.632) and more fighting
(Cohen's D = 0.581) the latter only occurring in the VPA animals.

The correlation analysis showed strong associations between the time spent on different

behaviors and the activation of certain brain areas (Figure 19). In CTR animals, more
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connections (8) were observed between brain areas and pro-social behaviors like
anogenital sniffing, following, and allogrooming compared to the VPA-treated group (2).
Conversely, in the case of antisocial behaviors (fight, run-away), the VPA group had
slightly more correlating nuclei (5) than CTR animals (3). Additionally, for neutral
behaviors (sitting, self-grooming, exploring the cage), CTR animals exhibited more
correlations (13) than VPA animals (3).

This suggests that while certain regions in CTR animals are more associated to specific
behaviors and are less tightly interconnected, the brain of VPA-treated individuals, with
its more widespread connections, appears is somewhat more disconnected from the actual

behavior of the animals.
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Figure 19: Correlation between behavior and c-Fos* cell density in nuclei showing
significant associations (p < 0.05, R? > |0.8|) during social reinstatement. Yellow
squares denote behavioral variables; circles represent brain regions, Different colored
circles indicate the nuclei of the different subnetworks: blue indicates the MRS, green
represents the intersection between MRS and SBN, stands for the SBN, red labels
the nuclei involved in stress modulation, purple indicates areas where changes were
found in autism, and grey represents the control regions. Edge color indicates direction
of correlation: black for positive, red for negative.
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4.4.6 Gene library analysis

Both the DA levels at the striatum and the functional connectome suggest an altered
pathway connectivity in the brain of the VPA treated mice. To test this hypothesis, we
checked in the Allen Developing Mouse Brain Atlas (214) whether there are a
proportionally higher number of developmental genes related to tract development are
active during the time of the embryonic development (E13.5) when the brain was exposed
to VPA. At the E13.5 stage, 234 genes were identified as enriched. Of these, 28 genes
were found to be crucial in regulating tract morphology development, with significant
ontology enrichment (adjusted p-value = 5*10°). At the E15.5 stage, 151 genes were
identified as enriched, 16 of which were involved in tract morphology regulation, also

indicating significant enrichment (adjusted p-value = 3.06*%10°).

When examining the genes that overlapped between the stages, it was found that 142
genes were unique to E13.5, while 59 genes were unique to E15.5. Further analysis of the
unique genes revealed that 16 genes at the E13.5 stage were involved in tract morphology
formation, showing significant enrichment (adjusted p-value = 1.15*107). In contrast, no
significant enrichment was found for genes involved in tract morphology among the

unique genes at the E15.5 stage.

These findings suggest that the regulation of tract morphology development is more
prominently influenced by the genes expressed at the E13.5 stage than those at E15.5.
This differential gene expression and enrichment highlight critical developmental

windows and specific genetic contributions to the formation of certain tracts.

67



5 Discussion

5.1 Sociability deficits

The results of the three-chamber test suggest that embryonic VPA treatment effectively
reduced the sociability and probably the social memory of the mice. The decreased
sociability is a key diagnostic criterion for ASD (16,129,136) and it implies that VPA
treated mice has an autistic like phenotype. VPA-treated animals showed less interest in
an unfamiliar, age- and sex-matched animal compared to CTR animals. These observed
differences were not due to motor impairments, as the number of entries into the lateral
chambers during the habituation phase did not differ between groups. This aligns with
previous studies demonstrating that ASD animals tend to show reduced interest in living
objects compared to inanimate objects or familiar environments, in contrast with the

natural tendency of rodents to explore unfamiliar mates (218).

In the social phase of the test, normally developing animals exhibited expected behavior,
spending more time in the chamber containing an unfamiliar mouse. By contrast, VPA-
treated animals spent equal time in the two lateral chambers, failing to exhibit this natural
preference (215,219). During the social memory phase, CTR animals demonstrated a
clear shift in interest towards new, unfamiliar animals. In contrast, VPA-treated animals
failed to differentiate between novel and familiar mates, suggesting impairments in social
memory or reduced interest in living objects. These differences may also be attributable
to early olfactory learning deficits, which are known to impair social recognition in VPA-
treated animals (220-222).

The lack of distinction between novel and familiar social cues, as seen in the three-
chamber test, supports the hypothesis of disturbances in social memory or sensory
processing, particularly olfaction. Rodents rely heavily on olfactory cues for social
recognition, and VPA-treated animals are apparently less sensitive or responsive to these
cues compared to normally developing animals. Previous studies have identified altered
connections between the olfactory bulb, retrosplenial cortex, and NAcc in VPA-treated
animals (140). These neural changes in olfactory processing could be analogous to face-

processing alterations observed in human autism (56,85,223).
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The fact that fighting only occurred in the VPA group further suggests that at least some
of the VPA-treated animals might not recognize familiar cage mates reintroduced after
separation, treating them instead as intruders. Since aggression is less frequent in
adolescent mice (especially in the C57BL/6 mice) than in adults (224), it was remarkable
that fights occurred in some of the VPA animals. These findings highlight the critical role
of social memory deficits and sensory disturbances, particularly in olfaction, in the altered

social behaviors observed in VPA-treated animals.

5.2 Activational pattern of ROI

Following the concept of the SDMN published by O’Connell and Hofmann (149), we
observed that many of the nuclei they identified are activated after social stimulation.
Although they did not include cortical areas, we incorporated the ACC into the MRS due
to its role in physical and emotional effort-based decision-making, as mesocortical DA
fibers project to it (225,226).

The activation patterns under three different social environments revealed a lateral
density difference in only one brain region of VPA-treated mice. Namely, the right

ceAMY of VPA-treated animals had a higher density of active cells.

These findings align with human studies, which have demonstrated that individuals with
ASD exhibit enhanced inter-hemispheric and decreased intra-hemispheric variance in
activity, connections, and brain area size (227,228). Such differences are observed in both
cortical and subcortical regions, including the basal ganglia and thalamus (229,108)
Notably, the cell density of the amygdala in ASD patients shows hemispheric differences,

and the right amygdala displays hypoactivation during emotion processing tasks (73).

As a central component of the MRS, the NAcc plays a crucial role in facilitating favorable
behavioral responses, either through the approach or avoidance of stimuli (149,230). In
our study, the activity in VPA-treated animals significantly increased during
reinstatement compared to a constant social environment. This overactivity, correlated
with fighting and might represent the lack of social motivation as observed in sociability
test, is most likely caused by inputs other than dopamine, since VPA treated mice had
generally lower dopamine level in the NAcc (at least in a young age). The NAcc is critical

for regulating motivated behaviors through subregion-specific manner (231,232). Prior
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studies have shown that social defeat stress specifically induces c-Fos expression in the

NAcc relative to novelty-induced exploration (233,234).

Additionally, studies using ASD model mice suggest that dopamine type 1 (D1) receptors
control fundamental mechanisms for regulating excitatory synaptic transmission and
glutamate-dependent forms of plasticity. Dopamine signaling through D1 receptors, but
not D2 receptors, is necessary for VTA stimulation-driven social behavior (235,236).
Activation of VTA-NAcc projections increases social interaction with a novel mouse,
although the activity of the VTA itself did not change in this social situation (236). As
the VTA plays a role in modulating salience, reward-seeking behavior, and motivation,

its elevated activity in socially separated CTR animals is noteworthy (149,237).

Further supporting this perspective, our study found that the NAcc of VPA-treated
animals displayed marginally elevated activity, but the VTA, which serves as the main
dopamine input to the NAcc, remained significantly less active than in CTR animals.
These findings suggest that the decreased dopamine levels in the NAcc of VPA-treated
P7 animals, compared to control animals, may also contribute to the observed differences

in activity.

Consistent with human studies, hypoactivity of the ACC in VPA-treated animals during
constant social environments strongly correlates with reduced communication functions
(67). Upon reinstatement to the social environment after the separation phase, VPA-
treated animals exhibited significantly elevated activity. The increased activity was
correlated with aggressive behavior, aligning with findings in humans that associate
increased aggression with brain activity in regions of emotional and behavioral control,
such as the ACC (238-240).

The most significant differential activation between CTR and VPA-treated animals
during social reinstatement was observed in the IF nucleus of the VTA (241). VPA
animals exhibited highly overactive IF activity during this phase. To better understand
this activation, it must be examined within the context of the whole network. The IF has
connections with the habenulo-peduncular pathway (formed by the mHb and IPN), which
plays an important role in modulating stress aversion and withdrawal (242-244). VPA

animals exhibited significantly elevated activity in the IF, IPN, and LHA during social
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reinstatement, suggesting that reuniting with cagemates resulted in more stress than being
kept alone. In contrast, CTR animals showed elevated activity in the mHb during social
separation, which is generally associated with mild stress (245,246). Behavioral
correlations indicate a similar pattern: during reinstatement, varied depending on the
treatment: In control animals the activity of the mHb correlated with self-grooming,
which is a non-social behavior and might be interpreted as self-separation, meanwhile in
the VPA animals it negatively correlated with following, a highly social interaction.
Although the causality between the brain activity and certain behaviors is undefinable by
our results, it seems that the more social VPA mice has lower mHb activity, ands less

social control mice has higher.

While the adjusted p-value was below the threshold for significant activation change in
the bIAMY from the MRS, it is noteworthy that activity elevated in both control and
VPA-treated animals during social reinstatement. The bIAMY, a key MRS modulator,
regulates goal-directed behaviors in emotional learning, including fear conditioning
(149). The overall activation of the bIAMY may lead to an excitatory drive on
downstream nuclei, including the NAcc, hippocampus, and hypothalamus, which

modulate reward, aversion, and motivated movement through D2 receptors (247-250).

In the case of the mPOA and the IPOA, different social contexts resulted in different
activation levels between CTR and VPA animals. In socially separated control animals,
both parts of the POA were more active than in a constant social environment, while the
activity in VPA animals did not change. The POA primarily plays a role in parental care
and male-male aggression (149). The GABAergic neurons of the mPOA are crucial in
regulating motivational states, which can be impaired in depression (251). The IPOA is
involved in the reinstatement of reward-seeking behavior, and the activation of the
general GABAergic population can generate anxiolytic effects (184,252). The fact that
the POA was activated oppositely in the two groups suggest that VPA mice percieve the

two social situations differently than controls.

Among the stress-regulating areas, an interestingly inactive region was observed in VPA-
treated animals. The bmAMY exhibited very low activity in VPA animals under a
constant social environment but became significantly more active during reinstatement.

The bmAMY, critical in differentiating social contexts, may represent a target for
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interventions aimed at mitigating social stress in ASD populations. This region
distinguishes between safe and aversive environments, decreases fear-related freezing,
and mitigates high-anxiety states (253). Chronic social stress causes a reduction in its

activity.

5.3 Functional Connectivity and Network Changes

As evidenced above, social environmental changes significantly impact brain activity
patterns in several brain regions. Given the correlational nature of our approach, it was
impossible to infer causality between the social stimuli, the brain activity and the actual
behaviors performed. Still our data were suitable to detect cross correlations between
brain regions and to reconstruct functional connectivity among them. It is well established
that embryonic VPA treatment induces widespread alterations in white matter volume
(254,255). Our research group also identified differences in the density of tyrosine
hydroxylase (TH)-positive cells in dopaminergic regions. Specifically, VPA-treated
animals exhibited a higher number of TH-positive cells in the substantia nigra compared
to CTR animals. Conversely, the density of TH cells in the VTA was lower in VPA-
treated animals (179). The mesolimbic tracts also showed defasciculation (179), resulting
alterations of the synaptic contacts within the basal forebrain (256) suggesting a
disfunctional dopaminergic connectivity. To better understand the extent of such
alterations and dysfunctions on the functional network of the socially relevant brain
regions, we analyzed the functional connectivity of key nuclei, focusing on direct

correlations supported by connectomic data.

During the social reinstatement phase, the timing of the actual social stimulus was
carefully controlled, providing the most accurate onset of activation patterns. In contrast,
the separation and long-term social phases lacked precise timing of c-Fos activity.
Analysis revealed that functional connections in CTR animals, overlapping with
anatomical projections exhibited higher correlation values compared to non-overlapping
ones. This supports the hypothesis that the functional connectivity was underlined by the
physiological data. Interestingly, this difference was absent in VPA-treated animals,
suggesting incomplete development or improper guidance of neural tracts. Indeed, VPA-
treated animals unlike controls possess widespread but poorly organized functional

connections that is not different from randomly generated networks. This suggests that
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embryonic VPA exposure disrupts the normal organization of neural connections,

potentially contributing to ASD-like behaviors.

Overall, mean correlation values were higher in VPA-treated animals compared to CTR
animals (Figure 20). These findings align with previous studies reporting structural
abnormalities in ASD, such as defects in neuronal migration, delayed maturation,
immature dendritic arborization, and insufficient dendritic spine pruning (80). Additional
changes in axonal myelination may lead to misrouted growth, delayed target arrival, or
connections failing to form altogether (84). Such disruptions manifest as intra-
hemispheric hyper-connectivity and interhemispheric hypo-connectivity in ASD
(96,97,99,105).

One of our earlier projects also identified misplaced neurons, with a reduced number of
TH+ neurons in the VTA and increased numbers in the substantia nigra. Additionally,
defasciculation of the mesothelencephalic pathway further highlights these structural
irregularities (179). Gene enrichment analysis during the VPA treatment window
identified 16 uniquely enriched genes, of which 8 (Aff3, Arx, Dcc, Efnbl, KIf7, Sox2,
Sox3, Tcf4) are implicated in autism (257-261).
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Figure 20: Heatmap illustrating the differences in Pearson correlation strengths of c-
Fos activation between CTR and VPA-treated animals during social reinstatement
(Sep+Soc). Red squares represent functional connections that are stronger in CTR
animals, while blue squares indicate connections that are stronger in VPA-treated
animals. White areas indicate regions that are not physiologically connected according
to the connectome. Different colors in axis label indicate the different subnetworks. Blue
indicates the MRS, green represents the intersection between MRS and SBN,

stands for the SBN, red labels the nuclei involved in stress modulation, purple indicates

areas where changes were found in autism, and represents the control regions.
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As O’Connell and Hoffman (149) constructed the SDMN based on similarities in
innervation and receptor characteristics across nuclei, our functional connectivity analysis
revealed a divergent pattern. While the MRS did not exhibit stronger internal connectivity
than random networks in the CTR group, the internal average connection strength of the
SDMN was higher than expected from randomly generated networks in both the control
and VPA groups The difference is clearly due to the social brain network showing a robust
internal connectivity which is diminished after the embryonic VPA treatment. In contrast,
the MRS, the stress network and SDMN as a whole retained stronger peripheral
connectivity—that is, stronger connections with regions outside its own subnetwork—
compared to random networks, particularly in VPA-treated animals. These three networks
also demonstrated enhanced peripheral connectivity in the VPA group. These findings
suggest that prenatal VPA exposure is associated with a shift toward a more diffusely

connected and less modular network architecture in both systems (Figures 13, 18).

This finding is further supported by the observation of defasciculation of the TH+ fibers
in VPA-treated animals, as the functional connections were mainly strengthened in the
VTA of the VPA group (179). Notably, while the nuclei of the MRS share the
characteristic of being innervated by dopaminergic input, they play roles in very different
social context tasks such as motivation, aversion, reward, or social memory
(149,233,249,262).

The SBN was the only a-priori defined sub network that presented increased internal
connection strength only in the CTR animals compared to the overall network and these
connections were also significantly stronger than in the VPA-treated animals. Such
differences suggest that SBN is disproportionately affected by the embryonic VPA
treatment. One of the definitions of the SBN is the occurrence of sex steroid receptors in
all of its nuclei (148,263). It has been proven that sexual steroids have a major effect on
the development of the grey matter, causing extreme masculinization of brain structures
in individuals with autism, which is linked to regions involved in language and emotional
processing (117). White matter myelination and integrity are also dependent on sexual
steroids, contributing to earlier maturation and increased rigidity of connectivity patterns
in male youth compared to female youth (120,121). VPA exposure decreased aromatase
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expression and estradiol levels only in the prepubertal male cortex (264). This could

potentially explain the sexual differences in the frequency of ASD (110,111).

Notably, the SBN primarily plays roles in sexual behavior, aggression, and parental care.
In our experiment, the animals were adolescents, a sensitive period for experience-
dependent social dominance plasticity (265). The disruption of the organizational effects
of sex steroids by VPA treatment may inhibit the plasticity related to social dominance

hierarchy, acting as a potent destabilizer of hierarchy plasticity (265,266).

The stress-regulating subnetwork, centered around the habenulo-peduncular pathway
(242), was the most internally connected in VPA animals than a random network, and its
outer connections were also stronger than those in CTR animals. Combining the NAcc's
role in social defeat stress (233,234), the reduction in social hierarchy plasticity (265), the
extensive VTA fibers (179), and the decrease in DA at terminals (266), we can conclude
that the social reinstatement likely caused an environmental challenge for VPA animals
likely caused an unpredictable environmental change. This challenge, coupled with their
reduced ability to socially adapt, likely resulted in a significant elevation of stress.
Compared to controls, both the MRS and the stress subnetwork of the VPA animals
exhibited weaker internal functional connection strength but stronger outer connections.
This strengthening of outer connections may be explained by the enhanced stress-
regulating subnetwork in VPA-treated animals.

The differences in degree centrality values illustrate this well, as nearly all nuclei of the
stress network in the VPA group have stronger connections. (Figure 21).

One of our goals was to identify the nuclei in the a-priori assigned sub networks that have
central roles in the processing of social stimulation. To identify these hub nuclei in the
network of CTR animals, we selected nodes/nuclei that both had the most
edges/connections and the highest betweenness centrality values. Based on these two
hubs we also a-posteriori identified the brain regions that form a core network around
them. The clusters were formed through a cluster analysis of edges weighted by the
correlation strength values of the nuclei. Nuclei within the same cluster as the hubs were

designated as part of the core network.

76



CTR-VPA

15

10

Degree
o
|

Figure 21: Difference in degree centrality values between the socially reinstated
(Sep+Soc) CTR and VPA groups. The values above the x-axis represent nodes (nuclei)
that have more connections (edges) in the CTR group, while the columns below the x-axis
indicate nodes that have more significant connections in the VPA group. Different colors
of the bars indicate the different subnetworks. Blue indicates the MRS, green represents
the intersection between MRS and SBN, stands for the SBN, red labels the nuclei
involved in stress modulation, purple indicates areas where changes were found in

autism, and represents the control regions.
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One of the two hub nuclei identified was the vCA1 region of the hippocampus, which is
part of the MRS. The vCA1 receives dopaminergic input and is involved not only in
spatial memory but also in the general storage of repeated experiences (149,267).
Moreover, the vCAL specifically plays a role in regulating social recognition memory
(268).

In addition to the vCA1, the dorsomedial, dorsolateral, and ventral (v) subregions of the
PAG are part of this core network. The PAG is generally described as a nucleus that elicits
inter-male aggressive behavior (149,269). The PAG also contains sexual steroid
receptors, aligning it with the SBN (149,270). When dissected into subnuclei, it is evident
that the dorsal nuclei primarily play roles in adaptive responses. These responses occur
as a result of repeated exposure to threatening members of the same species and are
characterized by a shift towards more socially avoidant behavioral strategies (271,272) in

healthy rodents.

The dmPAG plays a key role in regulating inter-male aggression (188). It interferes with
emotional judgments and mnemonic processes (187). Meanwhile, the VPAG appears to
be involved in more passive patterns of behavioral responses, manifested by immobility

and inhibition of the sympathetic nervous system (189,190).

Additionally, the RSC is part of this core network. The RSC is important for spatial
navigation and is involved in translating information between allocentric (world-
centered) and egocentric (self-centered) reference frames (273). It is also part of the
complex neural circuitry that mediates social cognition and fear-inducing context
memory (274,275).
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Figure 22: Difference in betweenness centrality values between the socially reinstated
(Sep+Soc) CTR and VPA groups. The values above the x-axis represent nodes (nuclei)
that have more central position in the network in the CTR group, while the columns below
the x-axis indicate nodes that have higher betweenness values in the VPA group. Different
colors of the bars indicate the different subnetworks. Blue indicates the MRS, green
represents the intersection between MRS and SBN, stands for the SBN, red labels
the nuclei involved in stress modulation, purple indicates areas where changes were

found in autism, and represents the control regions.

Analysis of the internal connection strength in the vCA1 core network revealed that both
groups exhibited higher within-network connectivity compared to the full network of all
measured nuclei (Figure 15). Notably, we cannot exclude the possibility that this internal
coherence was further enhanced in VPA-treated animals (VPA vs. CTR: 0.05<p<0.1).
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Such increased synchronization may reflect the coordinated recruitment of core regions
involved in spatial navigation, social recognition, and defensive responses during the
stimulation phase. Rather than suggesting intentional memory retrieval, this pattern is
interpreted as a functional signature of network activation in response to social stimuli.
In the VPA group, the enhanced connectivity might further reflect a reduction in network
specificity, consistent with less segregated functional organization under altered

neurodevelopmental conditions.

The hub of the second core network was the BNST, which was also previously identified
as a hub area of the SDMN due to its dopaminergic input and presence of sexual steroid
receptors, forming a connection between the SBN and MRS (149). The BNST plays a
role in aggression and reproductive behavior (276,277). Additionally, the BNST is crucial
for accurate social recognition and social context assessment through the integration of
relevant sensory information such as stress history, age, and the novelty of a given

conspecific (278).

The LS also belongs to this network and, like the BNST, intersects with the SDMN (149).
The LS mediates social behaviors including social aggression (e.g., attack, dominance),
social fear, and social play, as well as the evaluation of stimulus novelty in territorial
intruder tests (279-281).

This subnetwork also includes the medial and lateral POA, which are parts of the SBN
(149). The POA is primarily identified as a mediator of male-male aggression (158).
Increased c-Fos activation in the mPOA is associated with aggressive behavior, but the
mPOA also plays a role in regulating motivational states and social behaviors (70,251).
Activation of the IPOA has been observed after social defeat, involving the LS and BNST

(282). The IPOA is also involved in the reinstatement of reward-seeking behavior (184).

Surprisingly, the EW also takes part in this network. While the EW is primarily known
for its classical oculomotor function, recent studies indicate its role in attention, vigilance,
and fear responses (191,283-286).

The BNST core network considerably overlaps with the SBN, however it is more
confined. It defines a higher level of social recognition compared to the one centered
around the vCAL. In this network, the analysis of internal connection strength revealed
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that in VPA-treated animals, the connectivity immensely weakened (Figure 15). This
suggests that the recognition of cagemates and/or the recall of social and dominance
history did not function properly in these animals (223). As this is the network that
appears to be the most affected by VPA treatment, we identify it as a key pathway system

in autism.

The comparison of betweenness centrality, which serves as an indicator of hub status,
revealed that in the CTR group, the vCA1 and BNST occupy more central positions than
in VPA-treated animals. In VPA-treated animals, the vCA3 and bmAMY take more
central positions (Figure 22). The vCA3, similar to the vCA1, plays a role in social
memory. However, while the vCA1 is primarily involved in social recognition memory,
the vCAS3 is required for the encoding, but not the recall, of social stimuli (268,287). This
difference suggests that VPA animals might perceive and learn the social relations as new
during reinstatement despite of the earlier experience with their former cagemates, while

the controls recall the old relations in order to cope with the reinstatement (Figure 23).
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Figure 23: Functional connectivity of socially reinstated (Sep + Soc) animals, derived
from the corresponding network figure (see Figure 12). Black edges depict positive
correlations, while red edges indicate negative correlations. Asterisks (*) label the
identified hubs. Circles represent brain nuclei, and their color denotes subnetwork: blue
marks the MRS, indicates the SBN, green represents overlapping nodes (SDMN),
red highlights stress-regulatory regions, purple marks autism-associated areas not

directly involved in social behavior, and gray denotes control regions.
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In the case of socially separated CTR animals, the only hub region identified was the IPN,
previously recognized as a major nucleus regulating stress (288) (Figure 24).
Unsurprisingly, the cluster around the IPN contains the mHb, which plays a role in
chronic unpredictable mild stress regulation and, through the habenulo-peduncular
junction, modulates depression and anhedonia-like behavior (246). The IHb is also part
of this network, primarily involved in avoidance and the processing of aversive
information. Its activity increases in socially isolated animals (245,289,290). The IHb
receives numerous afferents and functions as a core regulator of both innate and learned
value-guided behavior (291). Among these afferents are the VP, BNST, and blIAMY,
which are involved in the core network found in the separated CTR animals and are nuclei
of the MRS (149,178,292).

Although not part of our core network, the Hb is tightly connected to the VTA,
significantly modulating MRS dopamine levels, and to the NAcc, regulating motivated
behavior (171,233,293). The core network processing separation also includes multiple
nuclei of the AMY, not just the bIAMY. From the SBN, the meAMY, which is involved
in anxiety-like and rewarding behaviors, may be sensitive to perturbations modulated by
adolescent experience (149,294). Additionally, amygdala areas that are not part of the
SDMN, such as the bmAMY and ceAMY, participate in the core network, playing
important roles in regulating aversive situations and stress-induced anxiety-like behavior
(192,295).

The RSC also appears in this network. Besides modulating social interaction, it plays a
role in processing spatially-related social information (195). The last part of this network
is the dCA3, which, through its connections with the LS, plays a major role in modulating
fear and anxiety-like behaviors (296,297).

The internal connectivity strength of this network in VPA-treated animals was weaker
compared to CTR animals. This may indicate that separation caused less stress for VPA-
treated animals. Given that VPA-treated animals exhibit reduced sociability, decreased
vocalization, and less social play(129,142,298), it is not surprising that isolation did not
result in as high activation and functional connection as seen in CTR animals. However,
it is important to note that this measurement was not as controlled as the reinstatement

phase, as there was no specific stimulation that we could control.
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Figure 24: Functional connectivity of socially separated (Sep) animals, derived from the
corresponding network figure (see Figure 12). Black edges depict positive correlations,
while red edges indicate negative correlations. Asterisks (*) label the identified hubs.
Circles represent brain nuclei, and their color denotes subnetwork: blue marks the MRS,

indicates the SBN, green represents overlapping nodes (SDMN), red highlights
stress-regulatory regions, purple marks autism-associated areas not directly involved in

social behavior, and gray denotes control regions (150).
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6 Conclusion

Unsurprisingly, the social stimulation differentially affected the brain activation of the
VPA and CTR mice in several brain regions. On the other hand, differential c-Fos
activation was also observed after 24 hours of social isolation. Since c-Fos activation
peaks 90 minutes after any stimulation (299), the latter result suggests that social isolation
poses a continuous demand for neural adaptation for at least one day. Therefore, it is not
as suitable as a control situation as one might expect. Partly for this reason, and partly
because VPA affects brain development rather unspecifically (300,301), it was
impossible to localize its effect to one or a few brain regions in any of the social situations
used in the present study. However, when we used a network analysis based on the

functional connectome, we found a priori defined brain networks to be affected.

In general, most of the brain regions were more interconnected in the VPA-treated
animals, which might reflect more developed white matter a trait found in autistic patients
(38,89). This parallelism is yet another factor suggesting that VPA-treated miceserve as
a valid model for idiopathic autism. The enhanced connectivity within stress-regulating
networks, particularly around the habenulo-peduncular pathway, and the weakened
connectivity within the social network point to an increased reliance on stress-related
responses in VPA-treated animals, potentially at the expense of more adaptive social

behaviors.

As we expected, pathways and networks that have already been described as affecting
social behavior, decision-making, and stress were disrupted by the VPA treatment.
However, to identify the regions and networks most affected, we constructed new
networks a posteriori using a less biased method (cluster analysis based on correlational
distances). The weakened internal connection strength within these a posteriori identified
networks, such as those centered around the vCA1 and BNST, suggests impaired social
recognition and memory recall in VPA-treated animals. Additionally, the shift in
centrality from the vCAL and BNST to regions like the vCA3 and bmAMY underscores
a reorganization of neural hubs that may contribute to the atypical social behaviors seen

in these animals.

85



Such atypical behaviors are most likely a result of increased stress during reinstatement,
as VPA-treated individuals fail to recognize their former cagemates as familiars, as
suggested by the altered centrality parameters of the ‘social reinstatement core network.’
The VPA treatment might also have resulted in decreased stress during social isolation,
probably influenced by the ‘isolation core network.” These findings align with the
observed decrease in sociability and increased stress responses in these animals,
reinforcing the idea that VPA treatment disrupts the balance between social and stress-
related neural circuits (136,142,302).

Network-based approaches (instead of focusing on just one or two brain regions) have
proven to be powerful methods for assessing the effects of embryonic VPA treatment on
the brain and the neural mechanisms behind social behavior. However, future research
would be more effective if it does not limit itself to previously described pathways but
instead measures all possible brain nuclei and identifies hub regions and affected

networks a posteriori using unbiased high-throughput methods (303,304).

The results of the present study contribute to the understanding of the neural mechanisms
underlying autism, particularly how prenatal exposure to VPA may lead to structural and
functional changes in the brain’s connectivity that manifest as social and behavioral
deficits commonly observed in ASD. To maximize their impact, future research should
consider focusing on hub regions identified by network-based approaches to explore the
specific pathways and molecular mechanisms involved in these changes, as well as to
identify potential therapeutic interventions that could mitigate the impact of these neural

alterations.
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7/ Summary

Autism Spectrum Disorder (ASD) is characterized by deficits in social communication,
repetitive behaviors, and sensory sensitivities, linked to disruptions in synaptogenesis,
neuronal migration, and neurotransmitter imbalances. Increasingly, ASD is recognized as
a disorder of neural connectivity, with altered synchrony across networks governing
social and emotional regulation. The Social Decision-Making Network (SDMN), a
conserved system regulating social behaviors, provides critical insights into ASD’s neural

underpinnings.

This study examines the effects of embryonic valproic acid (VPA) exposure—an
established rodent model of ASD—on social behavior and brain network connectivity.
Male VPA treated and control (CTR) animals underwent social separation and
reinstatement paradigms, revealing reduced social preference and impaired recognition
of conspecifics in VPA-treated animals. Connectivity analysis indicated significant
disruptions in SDMN function, with CTR animals displaying strong internal connectivity
between key regions, including the lateral septum (LS), bed nucleus of the stria terminalis
(BNST), and ventral pallidum (VP). In VPA-treated animals, SDMN connectivity was
diminished, while connections with stress-regulating areas, such as the interpeduncular
nucleus (IPN) and lateral hypothalamic area (LHA), were strengthened, reflecting
maladaptive stress engagement. c-Fos immunohistochemistry revealed hyperactivation of
the nucleus accumbens (NAcc) during social reinstatement in VPA-treated animals.
ELISA assays demonstrated significantly reduced dopamine (DA) levels in the NAcc,
suggesting a disconnect between heightened neural activity and deficient dopaminergic
signaling. Gene mapping highlighted dysregulated pathways involved in neuronal
migration and tract formation during the critical period of VPA exposure, reinforcing the

developmental basis of these connectivity disruptions.

These findings underscore ASD as a disorder of large-scale network dysfunction,
characterized by SDMN deficits, heightened stress pathway engagement, and
dopaminergic alterations. This network-level perspective offers new insights into ASD

pathophysiology and potential therapeutic strategies.
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