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Abstract

Background: Although extensively studied, the effect of antipsychotics has not been fully
elucidated at the brain network level. We tested the hypothesis that acute administration of
ketamine, haloperidol, and asenapine would modulate the functional connectivity of brain
regions relevant to the pathophysiology of schizophrenia. To assess putative changes in brain
network parameters and regional interactivity, we studied the transcript of Homerla, an
Immediate Early Gene that encodes a key molecule of the dendritic spine and that is involved

in synaptic plasticity and metaplasticity, after typical and atypical antipsychotic administration.

Methods: We conducted two sets of experiments based on quantitative topographic imaging
of Homerla transcripts and analyzed the pattern of expression for each of them in a
connectivity-based framework. In the first experiment, we analyzed Homerl induction in
different brain regions following the administration of haloperidol. Sprague-Dawley rats (n
=26) were assigned to vehicle (VEH; NaCl 0.9%) or haloperidol (HAL; 0.8 mg/kg). In the
second experiment, we analyzed gene expression after the administration of asenapine in rats
pre-treated or not with ketamine, mimicking acute glutamatergic psychosis vs naturalistic
conditions, respectively. Sprague-Dawley rats (n=20) were assigned to VEH or ketamine (KET;
30 mg/kg). Each pre-treatment group (n=10) was randomly split into two arms, receiving
asenapine (ASE, 0.3 mg/kg), or saline (VEH). Homerla mRNA levels were evaluated by in situ
hybridization. Signal intensity analysis was performed in 33 Regions of Interest (ROIs) in the
cortex, the caudate putamen, and the nucleus accumbens. We computed all possible pairwise
Pearson correlations among signal intensity values in each ROI and generated a network for
each treatment group in both experiments. We explored and compared network parameters
(e.g., network topography, integration, segregation, small-world organization, and node
attributes).

Results: Global efficiency and clustering coefficient of VEH and HAL networks were
significantly different. The caudate putamen subdivisions and cortical and striatal regions
displayed increased interactivity in the HAL network. On the other hand, it showed diminished
associations between the caudate-putamen and nucleus accumbens, as well as the cingulate
cortex and the anterior insula. Acute KET challenge was associated with negative correlations
between Indusium griseum (lIg) and remaining ROIs, which were not detectable in other
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treatment groups. KET/ASE group showed significantly higher inter-correlations between Ig
and lateral putamen, the upper lip of the primary somatosensory cortex, septal area nuclei, and
claustrum, in comparison to the KET/VEH network. ASE was able to modulate subcortical-

cortical connectivity and increase the centrality of cingulate cortex and lateral septal nuclei.

Conclusions: These results confirm and extend the clinical evidence that antipsychotics may

affect particular brain network features and the interaction of disease-related circuits.



1. Introduction

1.1. An overview of brain networks

The relevance of discrete functional patterns in neural circuits for brain high-level
integration has been recognized for a long time (Fornito, 2016; White et al., 1986). Anatomical
and functional connectivity is instrumental to enable neuronal computation, specificity of
neuronal physiological responses, as well as integration of clusters of signals (Fornito, 2016).
Sydney Brenner, the Nobel Prize in Physiology and Medicine, was the first to reconstruct the
brain-wide map of neural connections of Caenorhabditis elegans by electron microscopy,
laying the cornerstone of modern connectomics (White et al., 1986). In parallel and
independently, Falleman and Van Essen conducted several neuroanatomical studies on primate
brains in the attempt to delineate the hierarchical organization of cortical regions (Felleman and
Van Essen, 1991). In particular, they were the first to reproduce the connectivity of the macaque
visual cortex as a connection matrix, a compact description that takes the mathematical form of
a directed graph, summarizing the constellation of neural inputs and outputs (Felleman and Van
Essen, 1991). They highlighted the relevance of the anatomical organization of different areas
and the connections between them (nodes and edges, in the graph theory language). These lines
of investigations pointed to a complex connectivity architecture of the central nervous system,
defined “connectome”. The term “connectome” indicates the comprehensive structural and
functional description of the network elements and connections forming the human brain, but
it has been defined also as “the knowledge of all the pre- and post- synaptic connections of a
cell necessary to understand its role in a network” (Briggman and Denk, 2006), and “a
connectivity map in which multiple or even all neuronal connections are rendered” (Livet et al.,
2007).

The connectome is much more than an accumulation of a large number of empirical data.
The operative novelty is that the connectome may provide a mechanistic basis and the
theoretical rationale for understanding the functioning of the central nervous system. The
functional or anatomical connections may represent electrical junctions, chemical synapses, or
functional relationships (Sporns et al., 2005). In the presence of structural physical connections,
we refer to structural connectivity, whereas in the presence of statistical correlations between
measures of neuronal activity, we refer to functional connectivity.

However, links between nodes are characterised by a certain number of parameters, the
number and density, location in space, length and trajectory. These parameters reflect various
aspects of synapse morphology and functioning, the distribution of channels and receptors, and

signal amplification by transduction cascades (Sporns et al., 2005). If data applied to generate
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a connectome come from neurophysiological records, the nodes of the network correspond to
individual neurons, while in neuroimaging studies the brain is usually divided into regions of
interest (ROIs). Gene expression or proteomic values from different areas can also be used to
construct a connectivity map and interrogate functional relationships between a large number
of brain regions (Wheeler et al., 2014). Once nodes are defined, their mutual pairwise
correlations can be determined and assembled in the form of a connection matrix, which, in
turn, can be represented as a graph or network, offering a comprehensive set of information
capturing either global (network-wide) or local (node- or edge-specific) aspects of interactivity.

The basic characteristics of networks are summarized in Table 1.

Attributes/Properties Definition

A node is, together with edges, one of the two basic units of
Nod graphs. Nodes should reproduce discrete regions of interest with

ode
coherent patterns of extrinsic anatomical or functional

connections.

An edge is, together with nodes, one of the two basic units of
Eq graphs. Edges may represent functional connections

ge . . _ .
corresponding to magnitudes of correlations in activity and may

occur between pairs of anatomically unconnected regions.

Paths are sequences of distinct nodes and links. Paths in
anatomical networks represent potential routes of information
Path flow between pairs of brain regions. Lengths of paths estimate
the potential for functional integration between brain regions,

with shorter paths implying a stronger potential for integration.

Within a network, all pairwise connected nodes form a
Connected connected component. The number of connected components
components indicates the connectivity of a network; a lower number of

connected components suggests stronger connectivity.

Average distance is the average shortest path of a graph,

corresponding to the sum of all shortest paths between node
Average o ] ) ]
4 pairs divided by the total number of node pairs. It is a simple

istance
and general parameter of graph compactness, i.e., the overall

tendency of nodes to stay in proximity. A high average distance




indicates that the nodes are dispersed, implying little graph

compactness.

Average path length

The average path length is the expected distance between two

connected nodes in a network.

Degree The degree of a node is the number of edges linked to the node.
The network density is a normalized version of the average
Density number of neighbors, a parameter that indicates the average

connectivity of a node in a network.

Clustering coefficient

The clustering coefficient of a node is a ratio that compares the
number of edges between the neighbors of a node to the
maximum number of edges that could possibly exist between
the neighbors of that node. It is also known as segregation.

Global efficiency

Global efficiency is also defined as the average inverse shortest
path length in the network and represents a measure of network

integration.

Betweenness

The betweenness of a node is calculated considering couples of
other nodes and counting the number of shortest paths linking
them and passing through the node itself. Therefore, a high
betweenness of a node means that it is crucial to maintain
connections since it allows connecting network components that

otherwise would be disjointed.

Eigenvector centrality

Measure of the influence of a node in a network, by assigning
relative scores to each node based on their degree of connection,
and may be defined as a sort of weighted degree, derived by
structural topological properties of the underlying adjacent

matrix (eigenvector).

Table 1. Definitions in graph theory: network, node and edge parameters




1.2. Schizophrenia as a disorder of functional connectivity

Schizophrenia has been conceptualized as a neurodevelopmental disorder both of synaptic
plasticity and functional connectivity (Stephan et al., 2006; Stephan et al., 2009). Altered
synaptic morphology and function, potentially due to impairments in synaptic assembly,
synaptic maturation, and neurotransmitters’ signaling, which in turn might lead to aberrant
connectivity, have been involved in the molecular pathogenesis of schizophrenia.
Schizophrenia is therefore considered to belong to a group of disorders known as
synaptopathies, including non-syndromic intellectual disabilities, autism spectrum disorders,
schizophrenia, and Alzheimer’s disease (Grabrucker et al., 2011). The ‘“disconnection
hypothesis™ proposes that the core pathology of schizophrenia is an impaired control of synaptic
plasticity, affecting the functional integration of neural systems, i.e., dysconnectivity (Sapienza
et al., 2022). Anatomical dysconnectivity could arise from structural changes, i.e., “miswiring”
of association fibers at the cellular level; functional dysconnectivity could arise from aberrant
control of synaptic transmission and plasticity at the synaptic level (Stephan et al., 2006).

The hypothesis of schizophrenia as a dysconnectivity disorder has been validated by
connectomic studies (Bullmore and Vértes, 2013; Cao et al., 2015). Neuroimaging data from
the healthy population support the concept that the human brain may adopt a “small-world”
organization, characterized by short node-to-node distance and the concomitant presence of
highly clustered connectivity, ensuring the capability for specialized processing in local
neighborhoods, as well as integrated processing throughout the entire central nervous system
(Achard et al., 2006; van den Heuvel et al., 2008). These features may be significantly affected
in subjects suffering from schizophrenia, and network parameters such as global efficiency and
clustering coefficient, which respectively reflect measures of functional integration and
segregation, have been found altered in functional magnetic resonance imaging (fMRI)-based
studies (Bassett et al., 2012; Jiang et al., 2022; Lynall et al., 2010; van den Heuvel et al., 2013;
Wang et al., 2012). The structural connectome in schizophrenia tends to follow a more
segregated and less integrated network organization (Fornito and Bullmore, 2015; Narr and
Leaver, 2015). However, brain functional organization may exhibit a “randomized tendency”
in schizophrenia, e.g., increased global integration but decreased local segregation (Alexander-
Bloch et al., 2010; Lo et al., 2015; Lynall et al., 2010).

Abnormalities in multiple neurotransmitters have been involved in schizophrenia
pathophysiology and may lead to dysconnectivity or eventually be responsible for

dysconnectivity amplification.



The strongest evidence points to abnormalities in dopamine, glutamate, and serotonin
neurotransmission (Eggers, 2013; Park et al., 2022; Stahl, 2018). Signaling pathways activated
by these neurotransmitters converge on postsynaptic density (PSD), an electron-dense
thickening that includes hundreds of proteins localized at postsynaptic sites (de Bartolomeis
and Fiore, 2004). PSD characterizes large excitatory glutamatergic synapses and is considered
a structural-functional crossroad that may change synaptic strength in response to neural
activity, thus contributing to information processing (Kennedy, 2000). Indeed, PSD has been
involved in synaptic plasticity phenomena, since rearrangements in its structure and function
are currently supposed to underlie synaptic plasticity-related events, such as long-term
potentiation (LTP) and long-term depression (LTD)(Gold, 2012; Murakoshi and Yasuda,
2012). Recently, PSD has been associated in Genome-Wide Association Studies (GWAS) with
serious psychiatric disorders including schizophrenia (Devlin et al., 2015).

Among PSD proteins, Homer proteins are multimodal postsynaptic adaptors that regulate
PSD architecture (de Bartolomeis et al., 2022a). Homer genes encode a family of proteins
including three isoforms in mammals (Homerl, Homer2, and Homer3), which are
predominantly localized at the PSD, where they act as adaptors interacting with several PSD
proteins (Fig. 1)(Shiraishi-Yamaguchi and Furuichi, 2007).

Fig. 1. Long Homers may bind several targets within the post-synaptic density, e.g.,

molecules involved in calcium dynamics, in cytoskeleton architecture, receptor trafficking, and
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signal transduction. NMDAR =N-methyl-D-aspartate receptor;, AMPAR = a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid; mGIluR =metabotropic glutamate receptor;
TRPC = transient receptor potential cation channels; PSD-95 = postsynaptic density protein 95;
CAMKII = calcium/calmodulin kynase type II; GKAP = guanylate kinase-associated protein;

IP3R =inositol-1,4,5-trisphosphate receptor. Created with Biorender.com.

Homer proteins are divided into: a) long isoforms, which are constitutively expressed (i.e.,
Homerlb/c, Homer 2, and Homer 3), equipped with a N-terminal Ena/VVASP (EVH) domain
allowing the binding to other PSD proteins and a C-terminal coiled-coil domain allowing self-
assembly; b) short non-multimerizing splice variants of the Homerl gene (Homerla, Ania-3),
expressed in an activity-dependent manner, which lack the C-terminal domain and are therefore
able to interact with other PSD proteins but not to self-assemble (Shiraishi-Yamaguchi and
Furuichi, 2007). Homerla is an inducible Immediate Early Gene (IEG) expressed after neuronal
stimulation and acts as an endogenous “dominant-negative” by disrupting long Homer protein—
protein interactions, thus leading to rapid and transient rearrangements of long Homer clusters
and, in turn, of synaptic architecture (de Bartolomeis et al., 2022a). Its expression may be may
be affected by dopaminergic as well glutamatergic compounds (Buonaguro et al., 2017)
including antipsychotics (lasevoli et al., 2020; lasevoli et al., 2010a; lasevoli et al., 2010b)
alone or in combination (Tomasetti et al., 2011).

Homerla gene induction may lead to multiple intracellular signaling changes, including
activation of group I metabotropic glutamate receptors (mGIluRs)(Ango et al., 2001), and
modulation of mGluR-induced intracellular calcium release (Bockaert et al., 2021). At the
synaptic level, Homerla may play a pivotal role in activity-induced remodeling of pre- and
postsynaptic structures, being involved in glutamate-induced changes in the distribution of both
presynaptic proteins (such as synaptotagmin, synaptophysin, and synapsin) and post- synaptic
proteins (such as PSD-95, Homerlc, and Glur2 AMPA receptor subunits) (Inoue et al., 2007).
A growing amount of evidence indicates that Homer family protein dysfunctions might be
involved in the pathophysiology of neuropsychiatric disorders showing defects in synaptic
plasticity, such as schizophrenia (Gilks et al., 2010; Spellmann et al., 2011; Szumlinski et al.,
2006).

Noteworthy, the disruption of synaptic architecture may lead, in turn, to impaired interaction
among neuronal populations and abnormal functional integration of neural systems, namely

dysconnectivity and functional “miswiring” (Levitt et al., 2020).
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1.3. Antipsychotic effects on functional connectivity

Antipsychotic medications are the cornerstone of pharmacological therapy for
schizophrenia. Despite the well-established implications of dopamine D2 receptor (D2R)
occupancy in the mechanism of action of antipsychotics, it has been suggested that the effects
exerted on synaptic plasticity and metaplasticity may contribute to understanding the
neurobiology underlying the clinical response to antipsychotics (de Bartolomeis et al., 2022b;
Konradi and Heckers, 2001). In fact, several lines of evidence suggest that antipsychotics may
act by modulating the expression and functions of PSD proteins (de Bartolomeis et al., 2019;
de Bartolomeis et al., 2022b; de Bartolomeis et al., 2013; Tomasetti et al., 2017).

Preclinical studies have shown that Homerla expression can be induced by acute
administration of typical or atypical antipsychotics in brain regions relevant to the
pathophysiology of schizophrenia, in a region-specific manner and potentially depending on
the receptor occupancy profile (lasevoli et al., 2020) (Fig. 2).
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Fig. 2. Homerla significant induction elicited by different acute antipsychotic treatments at
different doses within regions of interest vs. vehicle. Black tones indicate high levels of

significance. Grey tones indicate moderate levels of significance.
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Moreover, antipsychotics may time-dependently disrupt the functional connectivity between
the medial frontal cortex, the hippocampus, and the nucleus accumbens, as measured by H,*0O
PET in patients with schizophrenia, with connectivity between the medial frontal cortex and
the hippocampus acting as a predictor of treatment response (Bolding et al., 2012). Long-term
treatment with antipsychotics has been shown to restore impaired functional connectivity within
the default mode network (DMN) and the external attention system (EAS), as revealed by a
longitudinal resting-state fMRI study (Deng et al., 2022). The DMN is a large-scale brain
network known to have highly correlated activities, particularly active when the subject is in a
state of conscious rest, such as daydreaming or mind-wandering, and deactivated in certain
goal-oriented tasks involving the EAS (Christoff et al., 2009).

Other longitudinal fMRI studies explored the effects of antipsychotic exposure in drug-naive
patients, investigating changes in network connectivity and properties (Hadley et al., 2016). For
instance, Hadley and colleagues demonstrated that 6-week risperidone treatment was able to
modulate the pattern of faulty connectivity (e.g., altered functional integration and segregation)
of brain networks but only in clinically responsive patients (Hadley et al., 2016). The same
group showed that, after only one week of risperidone administration, the ventral tegmental
area (VTA)/midbrain connectivity to bilateral regions of the thalamus was re-established
(Hadley et al., 2014).

However, there are few studies in which the effects of antipsychotics on the functional
connectivity of macroscale networks have been directly assessed, and antipsychotic treatment
is rather considered a confounding variable. Indeed, it may be difficult to distinguish the
structural and functional changes induced by antipsychotic drugs in the topography and
connectivity of networks from those produced by the disease itself, apart from studies
conducted in drug-naive subjects. In this framework, preclinical research may allow us to
address these limitations by assessing changes in functional connectivity following a
pharmacological challenge in animals, controlling for potential confounding factors.

Given the involvement of Homer family protein in the dysconnectivity found in
schizophrenia as well as in clinical response to antipsychotic administration, the expression of
Homerla may be properly used as an efficient tool for exploring antipsychotic-mediated
neuronal activation, as well as a molecular sensor of synaptic plasticity rearrangements (de
Bartolomeis et al., 2022a).

Based on these considerations, we decided to combine in situ hybridization (ISH)
measurements of Homerla expression with a graph theoretical approach, to develop a

functional mapping of glutamatergic synaptic plasticity events evoked by antipsychotics. In the
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present study we investigated the network effects elicited by two antipsychotic compounds
exhibiting significantly different D2/D1 receptor ratios, namely haloperidol and asenapine
(25:1 for haloperidol, and approximately 1:1 for asenapine) (Kusumi et al., 2015; Shahid et al.,
2009).

Haloperidol is one of the most frequently used antipsychotics worldwide (Dold et al., 2015).
Evidence exists that haloperidol administration may induce anatomical and molecular brain
changes, especially in the striatum in terms of regional brain volume, synapse morphology, and
synaptic protein levels (Benes et al., 1985; Konradi and Heckers, 2001; Park et al., 2019; Park
et al., 2018; Wiedemann et al., 1992). In preclinical studies, haloperidol has been shown to
induce Homerla expression in the striatum, with prominent effect-size on the dorsal and lateral
striatal regions and in the core and the shell of the nucleus accumbens (Ambesi-Impiombato,
A. et al., 2007; Tomasetti et al., 2007). These effects have been suggested to determine acute
and long-term changes in glutamatergic signaling, as well as in the dopamine-glutamate-
serotonin interplay. The above-mentioned effects of haloperidol can potentially modify
synaptic plasticity processes and dendritic spine morphology and, in turn, local and global
connectivity properties (de Bartolomeis et al., 2013; de Bartolomeis et al., 2014).

Although functional brain connectivity has been found to be largely modulated by
antipsychotics, the substantia nigra appears to be particularly affected; for instance, a single
acute dose of haloperidol was found to induce focal changes in functional connectivity between
this region and motor areas in rats, as revealed by a fMRI study (Gass et al., 2013). Decreased
connectivity between substantia nigra and frontal regions may possibly relate to its therapeutic
action. Moreover, Wheeler and colleagues evaluated the effects of chronic haloperidol exposure
on functional brain networks properties in rats, by performing a network analysis of IEG
expression pattern among 83 brain regions (Wheeler et al., 2014). They used zif268 mRNA to
map neural activation and demonstrated that haloperidol increased caudate putamen-thalamus
interactivity in comparison to saline/vehicle (Wheeler et al., 2014). By evaluating and
comparing the connectivity of the two generated networks, they found that chronic haloperidol
administration resulted in altered correlated activity between the caudate-putamen and
thalamus. Noteworthy, the caudate-putamen is the major input station of the basal ganglia
projecting to the thalamus by inhibitory and GABAergic fibers. Following haloperidol therapy,
Wheeler and colleagues found a significant inverse association between caudate-putamen and
thalamic activity, which may be explained by a stronger inhibitory input from the basal ganglia
to the thalamus (Wheeler et al., 2014).
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Acute administration of antipsychotics has been associated with a reduction in locomotor
behavior in animals (Irons et al., 2013; Wiley, 2008), as well as a fast-acting control of positive
symptoms of schizophrenia in humans (Kapur et al., 2005), thus representing a well-recognized
paradigm in preclinical research, allowing to make inference of relevant translational value.

Hence, in the first step of our study, we sought to determine the effects of a single acute dose
of haloperidol on resting-state functional connectivity in the rat, by exploring brain network
integration, segregation, and small-worldness measures, centrality metrics of network nodes,
and disease-related circuit interactivity as compared to a vehicle-generated network.

Asenapine is an atypical antipsychotic, which, differently from haloperidol, exhibits a potent
serotonergic activity and a peculiar action at D1 receptors (D1Rs) (Shahid et al., 2009). The
action at D1R sites is even more attractive since D1IR and N-methyl-D-aspartate receptor
(NMDAR) couple at the postsynaptic site in dendritic spines, enhancing reciprocal activity
through a positive feedback mechanism (Zhang et al., 2009). This compound has been found to
significantly induce Homerla in cortical and subcortical regions at medium and low doses (de
Bartolomeis et al., 2015). Therefore, the choice of atypical antipsychotic asenapine is due to a
larger NMDAR activation via post-synaptic D1Rs.

Therefore, as the second step in our study, we evaluated the administration of asenapine in
rats pre-treated with ketamine. In fact, the acute administration of ketamine represents a
validated animal model of schizophrenia (Neill et al., 2010). Ketamine acts as a NMDAR non-
competitive antagonist, inducing delusions and hallucinations in healthy subjects, symptoms
commonly observed in patients suffering from schizophrenia (Krystal et al., 1994). Unlike
stimulants and amphetamines, non-competitive NMDAR antagonists are able to produce
cognitive deficits characteristic of schizophrenia in addition to positive symptoms (Neill et al.,
2010).

In summary, we combined ISH technique with a graph theoretical approach to develop a
functional mapping of Homerla-based synaptic plasticity events in rats pre-treated or not with
ketamine, mimicking psychosis or naturalistic conditions, and subsequently exposed to
antipsychotics. We tested the hypothesis that acute administration of the prototypical
antipsychotic haloperidol and the atypical antipsychotic asenapine would significantly
modulate the functional architecture of disease-related circuits as well as the characteristics of

brain networks.
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2. Aim of the study

Here we tested the hypothesis that acute haloperidol and asenapine administration would
modulate functional connectivity within the glutamatergic system among brain regions relevant
to schizophrenia pathophysiology.

We took advantage of Homerla expression, a marker of neural activity involved in glutamate
transmission and synaptic plasticity, as a molecular tool to assess putative changes in brain

regional interactivity after acute treatment.
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3. Experiment n° 1
3.1. Material and methods

3.1.1. Animal treatment

Twenty-six male Sprague-Dawley (average weight 250 g) were obtained from Charles-River
Labs, Lecco. Animals were housed and let to adapt to human handling in a temperature and
humidity-controlled colony room with a 12 h/12 h light/dark cycle and ad libitum access to food
and water. All experimental procedures were conducted in agreement with the NIH Guide for
Care and Use of Laboratory Animals (NIH publication no. 85-23, revised 1993) and were
approved by local Animal Care and Use Committee. In order to minimize animal number and
suffering, we gathered data from ISH signals obtained by film autoradiography of four previous
experiments from our group (Ambesi-Impiombato, Alberto et al., 2007; de Bartolomeis et al.,
2015; lasevoli et al., 2010b; Tomasetti et al., 2007) in which rats were exposed to the same
investigational conditions: same antipsychotic dosage, same route of administration, same
timing of treatment and sacrifice, same equipment and same ISH procedures. Out of the total
number of haloperidol-treated and vehicle-treated animals, we took into consideration for the
analysis an equal number of cases and controls for which ISH was performed at the striatum
level. We excluded animals for which we had not the possibility to complete a signal
quantitation in all ROIs.

We included 26 animals assigned to receive vehicle (NaCl 0.9%, VEH, n = 13) or
haloperidol 0.8 mg/kg (HAL, n = 13). Haloperidol injectable solution (Lusofarmaco, Italy) was
dissolved in saline solution (NaCl 0.9%). Solutions were adjusted to physiological pH value
and injected intraperitoneally at a final volume of 1 ml/kg. HAL was administered at
behaviorally active doses (Tomasetti et al., 2007). Ninety minutes after treatment

administration animals were sacrificed by decapitation.

3.1.2. In situ hybridization (ISH) procedures

Brains were quickly removed and frozen on powdered dry ice, and then kept at — 70 >C until
sectioning. Serial coronal brain slices of 12 um were cut on a cryostat using the Paxinos rat
atlas as a reference (Paxinos et al., 1980) (approx. from bregma 1.20 mm to 1.00 mm). Care
was taken to select identical anatomical levels of treated and control sections using thionin-
stained reference slides. Sections were thaw-mounted onto gelatin-coated slides and stored at —

70 C for further analysis.
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The Homerla probe used for radioactive ISH was an oligodeoxyribonucleotide
complementary to bases 2527-2574 (GenBank accession number: #U92079; MWG Biotech,
Firenze). The probe was designed from sequences available in the GenBank database.
Confidence in the specificity of the probe was strengthened by a sequence search on Basic Local
Alignment Search Tool (BLAST) database in order to avoid cross-hybridization. Radiolabeling
and purification of oligonucleotide probes were conducted according to previously published
protocols (Ambesi-Impiombato et al., 2003). A 50-ul labeling reaction mix was prepared on ice
using diethylpyrocarbonate-treated water, 1x tailing buffer, 1.5 mM CoCl2, 7.5 pmol/ul of
oligo, 125 units of TdT and 100 uCi 35S-dATP. The mix was incubated for 20 min at 37 °C.
The unincorporated nucleotides were removed and separated from radiolabeled DNA using
ProbeQuant G-50 microcolumns (Amersham Biosciences). Hybridized sections were dried and
exposed to Kodak-Biomax MR Autoradiographic films (Sigma-Aldrich, Milano, Italy). A slide
containing a scale of 16 known amounts of 14C standards (ARC-146C, American Radiolabeled
Chemical, Inc., St. Louis, MO, USA) was co-exposed with the samples. Three adjacent animal
brain sections were shown on each slide. The autoradiographic films were exposed in a time
range of 10-45 days. The optimal time of exposure was chosen to maximize signal-to-noise

ratio while preventing optical density from exceeding the saturation threshold.

3.1.3. Image analysis
The quantitation of the autoradiographic signal was performed using a computerized image
analysis system comprising a transparency film scanner (Microtek Europe B.V., Rotterdam,

The Netherlands) and ImageJ software (v. 1.46v, http://rsb.info.nih.gov/ij/). The original

features of the scanned images were preserved. Signal intensity analysis was conducted on
digitized autoradiograms by measuring mean optical density within specific ROIs, and then
guantitation was carried out by two independent investigators. For eliminating assessment bias,
the investigators were blinded, i.e., not aware of the group allocation during quantitation
procedures. Signal intensity was measured in 33 different ROIs, listed in Table 2, at the
topographical level of the striatum (from Bregma +1.68 to +1.44), since it is believed to be one
of the main sites of action of antipsychotic drugs (McCutcheon et al., 2019). However, at this
topographical level, it was also possible to quantitate limbic and cortical ROIs. ROIs were
outlined on digitized autoradiograms through the oval template tool of ImageJ software. Inter-
rater reliability in quantitation was analyzed using Cohen’s kappa (x) and the minimum
acceptable was set at 0.8 (McHugh, 2012).
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Abbreviation

Brain region

LSV Lateral septal nucleus, ventral

Tu Olfactory tubercle

LSD Lateral septal nucleus, dorsal

LSl Lateral septal nucleus, intermediate
Icj Islands of Calleja

VP Ventral pallidum

Shi Septohippocampal nucleus

MS Medial septum

VDB Nucleus of the vertical limb of the diagonal band
IG Indusium griseum

Sldz Somatosensory 1, dysgranular zone
AlV Agranular insular area, ventral
S1ULp Upper lip of the primary somatosensory cortex
Gl Granular insular cortex

DI Dysgranular insular cortex

Ac_sh Accumbens nucleus, shell

Pir Piriform cortex

AID Agranular insular area, dorsal

LSS Lateral stripe of striatum

Cg2 Cingulate cortex, area 2

CP_DL Dorsolateral caudate putamen
CP_VL Ventrolateral caudate putamen
CP_VM Ventromedial caudate putamen
Col Cingulate cortex, area 1
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M2 Supplementary motor cortex

CP_DM Dorsomedial caudate putamen

Den Dorsal endopiriform nucleus

M1 Primary motor cortex

S1FI Somatosensory 1, forelimb region

Ac_co Accumbens nucleus, core

Cl Claustrum

S1j Somatosensory 1, jaw region

S1j0 Primary somatosensory cortex, jaw region, oral surface

Table 2. Regions of interest (ROIs) quantitated and corresponding abbreviations.

3.1.4. Data processing

Measurements of mean optical density within ROIs were converted using a calibration curve
based on the standard scale co-exposed with the sections. 14C standard values from 4-12 were
previously cross-calibrated to 35S brain paste standards, in order to assign a disintegration per
minute/milligrams (dpm/mg) tissue wet weight value to each optical density value through a
calibration curve. A “best fit” 3rd degree polynomial was used to this aim. For each animal,
measurements from three adjacent sections were averaged. In order to compare measurements
from four different autoradiographic films, relative dpm mean values were normalized
subtracting the background signal in order to remove the effects of different sheets of X-ray

film used and adjusted dividing by the value of genu of corpus callosum (gcc).
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3.1.5. Statistical methods

3.1.5.1. Gene expression comparison

Data for each region were derived by averaging measurements from three adjacent sections
of single animals. The Shapiro-Wilk test was used to check if relative dpm values followed a
normal distribution. The Student’s t-test was used to compare VEH and HAL values in each
ROI. The significance level for comparisons was set at 0.05. We applied Bonferroni correction
for multiple testing (adjusted p-value = 0.0015). JMP software version 9.0.1-SAS Institute Inc.
and IBM SPSS 25 software were used for statistical analysis.

3.1.5.2. Comparison of correlation matrices

Using the Homerla signals as dependent variables, we calculated the Pearson’s r for all
possible pairwise correlations between the 33 ROIs in each treatment group (i.e., VEH and
HAL) and two correlation matrices were generated. We used the permutation test based on
Fisher’s z transformation to compare correlation coefficients between groups (Sakaori, 2002)

and detect statistically significant differences (p-value< 0.05).

3.1.5.3. Descriptive analysis of networks

The correlation matrices were used to generate two networks showing the functional
connections among ROIs, separately for each treatment group. The connections between
regions were given by the Pearson’s correlation coefficients. We computed different network
statistics across several thresholds defined by the percentile of the observed correlation
coefficients distribution of each treatment group. We analyzed the connection density, defined
as the ratio of observed edges to the number of possible edges for a given network (Hu, 2018).

We evaluated also the global efficiency and clustering coefficient, measures of functional
integration and segregation, respectively (Cai et al., 2020). Global efficiency was defined as the
average inverse shortest path length in the network, while clustering coefficient was defined as
the global transitivity index and computed as the ratio of the triangles and the connected triples
in the graph. Network small-worldness was assessed by computing the small world index,
obtained by comparing clustering and path length of a given network to an equivalent random
network with the same degree on average that combines the clustering coefficients and the

global efficiency information.
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To ascertain whether the properties of the networks differed considerably between the
experimental and random control networks, 100 simulated networks were randomly generated
by permuting the values of the original networks for each threshold value from 0.05 to 0.95.
The statistics distribution generated under the random network hypothesis were depicted as box
plots. Moreover, we assessed basic centrality attributes of nodes such as degree, betweenness,
and eigenvector centrality at fixed thresholds of 80th, 90th and 95th percentiles of the
correlation distribution observed in each network. The degree of a node was defined as the
number of neighbours of the node, a very high degree of a node indicating a putative network
hub, namely a central node facilitating flow over a network (Power et al., 2013).

The betweenness centrality of a node is calculated considering couples of other nodes and
counting the number of shortest paths connecting them and passing through the node itself. This
metric is used to detect the amount of influence a node has over the flow of information in a
graph (Scardoni and Laudanna, 2012). Hence, a high betweenness of a node means that it is
essential to maintain connections among network components that would be otherwise
disconnected.

Eigenvector centrality measures the transitive influence of a node in a network, by assigning
relative scores to each node based on their degree. This metric may be considered as a sort of
weighted degree, derived by structural topological properties of the underlying adjacent matrix
(eigenvector) (Joyce et al., 2010).
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3.2. Results

3.2.1. Homerla comparison

The 33 ROIs selected for the network analysis were compared for their levels of Homerla
MRNA expression. Both raw and normalized gene expression data were assessed
(Supplementary Table 1). Gene expression values were compared both as raw and normalized
data (Table 3). Only the dorsolateral and ventrolateral caudate putamen showed significant
differences between VEH and HAL treatment when analyzing non-normalized data, with a
trend toward significance in both the dorsomedial (p = 0.08) and ventromedial (p = 0.06)
caudate putamen. After normalization, HAL group showed a significant increase in the
expression of Homerla mRNA in all caudate-putamen and accumbens regions as well as in the
nucleus of the vertical limb of the diagonal band, in comparison to VEH. Significant differences
in the lateral caudate putamen survived after the Bonferroni correction.

These outcomes were in line with earlier studies from our group (Ambesi-Impiombato, A.
etal., 2007; de Bartolomeis et al., 2015; lasevoli et al., 2010b). Representative autoradiographic
images of the VEH and HAL groups are shown in Fig. 3.

. . p-value p-value
Brain region (raw data) (normalized

data)
Lateral septal nucleus, ventral ns ns
Olfactory tubercle ns ns
Lateral septal nucleus, dorsal ns ns
Lateral septal nucleus, intermediate ns ns
Islands of Calleja ns ns
Ventral pallidum ns ns

Septohippocampal nucleus ns 0.069
Medial septum ns ns

Nucleus of the verticle limb of the diagonal band ns 0.048
Indusium griseum ns ns
Somatosensory 1, dysgranular zone ns ns
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Agranular insular area, ventral ns ns
Upper lip of the primary somatosensory cortex ns ns
Granular insular cortex ns ns
Dysgranular insular cortex ns ns
Accumbens nucleus, shell ns 0.006
Piriform cortex ns ns
Agranular insular area, dorsal ns ns
Lateral stripe of striatum ns ns
Cingulate cortex, area 2 ns ns
Dorsolateral caudate putamen 0.004 0.001
Ventrolateral caudate putamen 0.006 <0.0001
Ventromedial caudate putamen 0.06 0.004
Cingulate cortex, area 1 ns ns
Supplementary motor cortex ns ns
Dorsomedial caudate putamen 0.08 0.004
Dorsal endopiriform nucleus ns ns
Primary motor cortex ns ns
Somatosensory 1, forelimb region ns ns
Accumbens nucleus, core ns 0.003
Claustrum ns ns
Somatosensory 1, jaw region ns ns
Primary somatosensory cortex, jaw region, oral surface ns ns

Table 3. Results of Student’s t test comparing HAL vs. VEH groups throughout the 33

regions of interest. Comparisons were independently run with raw and normalized data.
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Significant values were outlined in bold. Significant p-values after Bonferroni correction were

given in red. Trends toward significance were given in italics. ns: not significant.

VEH HAL

Fig. 3. Representative autoradiographic film images of Homerla induction after acute
treatment with VEH and HAL. As can be easily observed, Homerla was significantly induced

by HAL administration in striatal subregions. VEH= vehicle; HAL= haloperidol.

3.2.2. Comparison between correlation matrices

The two Pearson correlation matrices are reported in Fig. 4. Noteworthy, the correlations
between the basal nuclei (i.e., septal nuclei, ventral pallidum, caudate putamen) and the
Indusium griseum became negative in HAL network. Additionally, the HAL network showed
stronger positive correlations among the caudate putamen subdivisions than the VEH network.
The two matrices were compared using the permutation test, and significant differences are
graphically displayed in Fig. 5. In 36 pairwise correlations, the Pearson’s r was significantly
different. It should be noted that the correlation coefficients in the HAL matrix were
significantly higher than those in the VEH in the following pairs: M2 and CP_DM, M2 and
CP_VL, and S1j and Ac_co (Fig. 5).
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a) = e bh)

VEH HAL

Fig. 4. Correlation Matrix for VEH (panel a) and HAL (panel b) groups. Variables are
grouped according to hierarchical clustering. According to the colour scale on the right of the
matrix, positive correlations are reported in blue, negative ones in red. VEH= vehicle; HAL=
haloperidol.

r HAL > VEH
e

Fig. 5. Differences between HAL and VEH correlation matrices. White squares indicate
couples of correlations in which HAL Pearson’s r is significantly higher than in VEH. On the

contrary, black squares indicate couples of correlations in which VEH Pearson’s r is
significantly higher than HAL. VEH= vehicle; HAL= haloperidol.
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3.2.3. Descriptive analysis of networks

3.2.3.1. Network properties

We observed that the connection density of HAL-treated and in VEH-treated networks was
comparable (Fig. 6). By looking at the graph (Fig. 6), we observed that for extreme threshold
values, the global efficiency was higher in the HAL network than VEH network. However,

compared to both treatment networks, randomly generated networks showed greater global
efficiency values (Fig. 7).
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Fig. 6. Connection density of VEH (given as green circles), and HAL (given as red squares)
networks across thresholds. VEH= vehicle; HAL=haloperidol.
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Fig. 7. Global efficiency values of VEH (green circles) and HAL (red squares) network
across the thresholds. Randomly generated networks (black box plots) exhibited higher global
efficiency compared to VEH and HAL networks. VEH= vehicle; HAL=haloperidol

At visual examination, the clustering coefficient was higher in the HAL network than in the
VEH network and random-generated networks (Fig. 8), with a sharp increase for very low
density (note that the r quantile = 0.95, retains a density of 0.02).

Small-world Index was higher for the HAL network than for the VEH network for threshold
values above r quantile= 0.60 (Fig. 9), with marked differences for lower network density.
These findings suggest that antipsychotics treatment enhanced the small-worldness of the brain
network, which was significantly structured and exhibited increased efficiency after HAL

administration.
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Fig. 8. Clustering coefficient values in VEH (green circles) and HAL (red squares) network

across the r quantile thresholds. Randomly generated networks (black box plots) exhibited a

lower clustering coefficient compared to VEH and HAL networks. VEH= vehicle; HAL=

haloperidol.
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Fig. 9. Small-world index values in VEH (green circles) and HAL (red squares) network
across the r quantile thresholds. Randomly generated networks (black box plots) exhibited a

lower small-world index compared to VEH and HAL networks

3.2.3.2. Network topographical comparison

In order to provide a more in-depth insight into brain network topography, we focused on a
few threshold values of interest. We considered three cut-offs: 80%, 90% and 95%. As
illustrated in Fig. 10, the functional networks HAL and VEH were structured differently and
displayed distinct topographical differences, particularly with regard to the inter-correlations
between cortical and striatal areas. In fact, the cingulate cortex, the primary and supplementary
motor cortex (Cgl, Cg2, M1 and M2), and anterior insular cortex (AlIV and AID) has stronger
functional relations within the VEH network in comparison to HAL network. By retaining the
top 10% strongest correlations, we observed that these connections were lost in the HAL-treated
group, whereas Cgl, M1, and M2 exhibited a high degree of inter-correlations with caudate-
putamen (CP_DM, CP_DL, CP_VL, and CP_VM). Additionally, the four subdivisions of
caudate-putamen (ventrolateral, ventromedial, posterolateral, and posteromedial subdivisions)
appeared to be highly connected to each other in the HAL network, but not in the VEH network.
Furthermore, strong inter-correlations between caudate-putamen and the core and shell of

nucleus accumbens were detectable in the VEH network but were not in the HAL network.
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Fig. 10. HAL and VEH networks were generated by retaining the 5%, 10%, and 20% of the
strongest correlations, respectively.
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3.2.3.3. Nodes attributes

After acute HAL administration, centrality metrics of discrete nodes of the network were

found to be steadily increasing with decreasing connection density values. In particular, the
degree and eigenvector centrality of CP_VL, CP_VM, CP_DM, CP_DL, and M2 were higher
for rare networks (tables 4 and 5). The betweenness centrality increased in AlV, S1dz, CP_VM,
CP_DL, CP_DM, GlI, DI, S1j, and s1j0 for less dense networks (table 6).

On the other hand, the degree of S1FL, S1j, DI, and CP_VM was higher in VEH network

(table 7), while eigenvector centrality and betweenness increased in S1FL, s1j, s1j0, and DI for

less dense networks (tables 8 and 9).

Therefore, centrality metrics were extensively modulated by HAL, particularly in the

caudate-putamen, insula, supplementary motor cortex, and somatosensory cortex, suggesting

that antipsychotic treatment may affect the organization of functional hubs.

ROI Degree 80% Degree 90% Degree 95%
CP_VL 0.076 0.092 0.136
M1 0.07 0.052 0
S1FL 0.065 0.052 0
Cl 0.06 0.052 0
CP_DL 0.06 0.079 0.182
CP_VM 0.06 0.067 0.182
AlV 0.059 0.026 0

slj 0.049 0.066 0.046
sldz 0.049 0.04 0
CP_DM 0.049 0.067 0.182

AC_Co 0.048 0.013 0
M2 0.044 0.079 0.182
Cg2 0.043 0.039 0
LSS 0.043 0.026 0
s1j0 0.038 0.052 0.046
S1ULp 0.038 0.026 0
Gl 0.038 0.039 0
DI 0.038 0.039 0
Col 0.033 0.066 0.045
AID 0.016 0.026 0
Den 0.011 0 0
MS 0.005 0 0
VDB 0.005 0 0
IG 0 0 0
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Pir 0 0 0
Ac_sh 0 0 0
LSD 0 0 0
LSI 0 0 0
LSV 0 0 0
Shi 0 0 0
Ij 0 0 0
VP 0 0 0
Tu 0 0 0

Table 4. Degree values for each node of the HAL network at different thresholds (80, 90
and 95%). Regions of interest given in red are those exhibiting increasing degree of connections
despite the lower density of the network.

RO Eigenvector Eigenvector Eigenvector
Centrality 80% Centrality 90% | Centrality 95%
CP_VL 0.08 0.13 0.165
M1 0.075 0.039 0
CP_VM 0.067 0.121 0.203
CP_DL 0.067 0.13 0.203
Cl 0.064 0.06 0
S1FL 0.062 0.019 0
slj 0.059 0.029 0
CP_DM 0.056 0.121 0.203
AlV 0.056 0.004 0
AC_Co 0.053 0.006 0
M2 0.051 0.132 0.178
s1j0 0.046 0.028 0
sldz 0.044 0.001 0
Cg2 0.044 0.07 0
Cgl 0.038 0.11 0.048
LSS 0.033 0 0
S1ULp 0.03 0 0
Gl 0.027 0 0
Dl 0.026 0 0
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Table 5. Eigenvector centrality values for each node of the HAL network at different

thresholds (80, 90 and 95%). ROIs given in red are those displaying increasing eigenvector

centrality despite the lower density of the network.

ROI Betweenness Betweenness Betweenness

80% 90% 95%
S1FL 0.159 0.166 0
M1 0.132 0.108 0
CP_VL 0.107 0.117 0
Cl 0.1 0.045 0
AlV 0.096 0.154 0
LSS 0.071 0 0
Cg2 0.051 0.003 0
sldz 0.048 0.139 0
AC_Co 0.043 0 0

CP_VM 0.042 0.003 0.111

CP_DL 0.038 0.024 0.111
Gl 0.025 0.095 0
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DI 0.025 0.067 0
S1ULp 0.022 0 0
CP_DM 0.014 0.003 0.111

slj 0.012 0.052 0

M2 0.007 0.005 0.667

s1j0 0.007 0.016 0
IG 0 0 0
Cogl 0 0.002 0
AID 0 0 0
Pir 0 0 0
Den 0 0 0
Ac_Sh 0 0 0
LSD 0 0 0
LSI 0 0 0
LSV 0 0 0
Shi 0 0 0
MS 0 0 0
VDB 0 0 0

Icj 0 0 0

VP 0 0 0

Tu 0 0 0

Table 6. Betweenness centrality values for each node of the HAL network at different

thresholds (80, 90 and 95%). ROIs given in red are those exhibiting increasing betweenness

centrality despite the lower density of the network.

ROI Degree 80% Degree 90% Degree 95%
M2 0.06 0.118 0
S1FL 0.06 0.079 0.137
D) 0.06 0.093 0.182
AlV 0.06 0.079 0.045
slj 0.055 0.079 0.136
M1 0.049 0.053 0.045
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CP_DL 0.049 0.052 0.045
Col 0.044 0.053 0.045
AID 0.044 0.066 0.045
Den 0.043 0.039 0
LSS 0.043 0.013 0
s1j0 0.038 0.04 0.091
sldz 0.038 0.026 0.046

CP_DM 0.038 0.013 0.046

CP_VL 0.038 0.039 0.046

Cl 0.033 0.026 0
Cg2 0.032 0.026 0

Ac_sh 0.032 0.013 0

LSV 0.032 0 0
Gl 0.027 0 0

CP_VM 0.027 0.04 0.046
VP 0.027 0.013 0

S1ULp 0.022 0.026 0

AC_Co 0.022 0.013 0.046

Pir 0.016 0 0
LSD 0.005 0 0
LSI 0.005 0 0
IG 0 0 0
Shi 0 0 0
MS 0 0 0
VDB 0 0 0
Icj 0 0 0
Tu 0 0 0

Table 7. Degree values for nodes of the VEH network at different cut thresholds (80, 90 and

95%). ROIs given in red are those displaying increasing degree of connections despite the lower

density of the network.
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Eigenvector

Eigenvector

Eigenvector

ROl Centrality 80% Centrality 90% Centrality 95%

(D) 0.084 0.126 0.224
M2 0.081 0.141 0
S1FL 0.08 0.115 0.196
AlV 0.08 0.097 0.087
slj 0.071 0.1 0.2
CP_DL 0.069 0.075 0

M1 0.068 0.085 0.077
AID 0.066 0.096 0.087
Cgl 0.058 0.06 0
Den 0.048 0.029 0
s1j0 0.046 0.019 0.092
sldz 0.046 0.004 0.036
Cg2 0.043 0.042 0

Gl 0.031 0 0

Pir 0.026 0 0
LSV 0.024 0 0
S1ULp 0.023 0.004 0
LSS 0.012 0.001 0

Cl 0.011 0.005 0
CP_DM 0.007 0 0
CP_VL 0.006 0 0
AC_Co 0.006 0 0
Ac_Sh 0.004 0 0

VP 0.004 0 0
CP_VM 0.003 0 0
LSD 0.001 0 0

LSI 0.001 0 0

IG 0 0 0

Shi 0 0 0

MS 0 0 0
VDB 0 0 0
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Table 8. Eigenvector centrality values for each node of the VEH network at different cut

thresholds (80, 90 and 95%). ROIs given in red are those exhibiting increasing eigenvector

centrality despite the lower density of the network.

ROI Betweenness 80% Betweenness 90% Betweenness 95%
Den 0.172 0.134 0
LSS 0.118 0 0
Cg2 0.081 0 0
Cl 0.068 0.071 0
Dl 0.067 0.041 0.333
M2 0.066 0.121 0
AC_Co 0.063 0 0
LSV 0.058 0 0
AlV 0.057 0.117 0
CP_DL 0.048 0.024 0
S1FL 0.047 0.033 0.182
slj 0.039 0.187 0.303
CP_DM 0.023 0 0
Col 0.022 0.061 0
CP_VL 0.019 0.036 0
M1 0.011 0 0
s1j0 0.009 0.133 0.182
sldz 0.009 0 0
Ac_Sh 0.008 0 0
AID 0.006 0.006 0
Gl 0.005 0 0
CP_VM 0.003 0.036 0
VP 0.002 0 0
IG 0 0 0
S1ULp 0 0 0
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Pir 0 0 0
LSD 0 0 0
LSl 0 0 0
Shi 0 0 0
MS 0 0 0

VDB 0 0 0

Ij 0 0 0
Tu 0 0 0

Table 9. Betweenness centrality values for each node of the VEH network at different
cut thresholds (80, 90 and 95%). ROIs given in red display increasing eigenvector

centrality despite the lower density of the network.
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3.3. Discussion

The present study was aimed at exploring the changes induced by antipsychotics, in
topological properties of brain networks, by mapping the expression of the IEG Homerla.

In order to achieve this objective, we focused on investigating:

1) the shifting balance between functional integration and segregation of the brain network
after HAL administration compared to VEH, hypothesising that it may be finely tuned by
antipsychotics;

2) differences in functional links connecting ROIs which are relevant to schizophrenia
pathophysiology in the two treatment groups;

3) changes in functional hubs.

To assess differences between HAL and VEH networks we computed measures of
connection density, global efficiency, clustering coefficient, and small-world index. Then, we
obtained measures of centrality of each node. As major results of the study, we observed that:

1) Antipsychotic medication enhanced the network's small-worldness, raised functional
integration and segregation.

2) The topographical differences between networks were remarkable. HAL induced higher
intercorrelations between the four subdivisions of the caudate-putamen, and between dorsal
striatum and accumbens, whereas it decreased intercorrelations between areas belonging to the
salience circuit;

3) Caudate-putamen, insula, supplementary motor cortex, and somatosensory cortex gained
centrality after antipsychotic administration.

The global efficiency of HAL-treated network was found to be higher than that of the VEH,
and this could have important implications for treating schizophrenia symptoms. Global
efficiency, which measures how effectively information is transferred across long distances in
a network, appears to be a good indicator of human cognitive functioning (Stanley et al., 2015).

Therefore, by improving global efficiency, antipsychotics may assure a greater functional
integration, which may enhance higher-order brain activities. Of interest, Hadley and
colleagues showed that unmedicated patients with schizophrenia had lower global efficacy at
the baseline, but this parameter increased after six weeks of antipsychotic treatment only in
those patients who responded adequately (Hadley et al., 2016).

It is therefore possible that modifications to network characteristics could be an
epiphenomenon of a successful dopamine manipulation exerted by antipsychotics, pointing to

increases in network integration as a function of therapeutic response.
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Moreover, the clustering coefficient, a measure of functional segregation showing the degree
to which a network is divided into sub-specialized regions, was found to be higher in the HAL
network vs vehicle network. This may be a result of various network segments becoming more
functionally specialized. The ability of antipsychotic treatment to dynamically reorganize the
network structure and optimize a fine balance between segregation and integration of
specialized brain areas, which is characteristic of a small-world organization, may underlie its
clinical action.

Furthermore, the network's topological structure has been found to be sensitive to HAL
exposure. In particular, the inter-correlations between cingulate cortex and anterior insular
cortex have been found be disrupted by HAL administration. Of interest, anterior insular cortex
and cingulate cortex compose the salience network, a large-scale brain network of the human
brain (Seeley et al., 2007), recently recognized also in rats (Tsai et al., 2020). The salience
network is believed to participate in a variety of functions including communication, social
behavior, and self-awareness through the integration of sensory, emotional, and cognitive
information (Craig, 2009; Gogolla et al., 2014; Menon and Uddin, 2010) and has been shown
to be strongly involved in the ability to discriminate between self-generated and external
information (Wylie and Tregellas, 2010).

The conceptualization of psychotic disorders as the result of assignment of abnormal
salience to neutral stimuli goes along with the hypothesis that hyperconnectivity in salience
network may explain positive symptoms of schizophrenia (i.e., hallucinations and delusions)
(Corlett et al., 2016). Haloperidol ability to modulate these specific interconnections, which are
particularly pronounced in psychotic patients (Fornito et al., 2013), is consistent with a potential
antipsychotics’ effects on positive symptoms related to aberrant assignment of salience (Kapur
et al., 2006).

Moreover, we found that the cingulate cortex shared a higher degree of intercorrelations
with caudate-putamen in HAL network than in VEH network. Of interest, it has been reported
that subjects with at-risk mental state (AMRS) and patients with first-episode-psychosis (FEP)
display reduced functional connectivity between prefrontal cortex and dorsal caudate in fMRI
studies (Dandash et al., 2014; Fornito et al., 2013). Hence, dopamine manipulation might
influence functional dysconnectivity by targeting specific disease-related circuits, such as
salience and fronto-striatal circuits which are reorganized in schizophrenia.

Furthermore, the four subdivisions of caudate-putamen (ventrolateral, ventromedial,
posterolateral, and posteromedial) appear highly connected to each other in HAL network but

not in the VEH network. These findings agree with the results of Wheeler and colleagues, which
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found increased inter-connectivity in caudate-putamen after chronic haloperidol exposure
(Wheeler et al., 2014). These striatal effects exerted by HAL may account for the onset of
extrapyramidal symptoms.

Finally, we analyzed centrality metrics in both networks, and identified several nodes with
increasing centrality over decreasing connection density values. These nodes became central
regardless of the progressive rarefaction of the network. Thus, antipsychotics may affect
functional hubs, regions projecting with abundant, strategical, and long-range connections to
other specialized areas, which are relevant for integration processes. For instance, it is known
that patients affected by schizophrenia exhibit reduced centrality of crucial frontal hubs such as
superior frontal and anterior cingulate regions (van den Heuvel, M. P. et al., 2010), as well as
parietal, limbic, and insular hubs (Rubinov and Bullmore, 2013). The betweeness centrality of
these nodes classified individuals suffering from schizophrenia from healthy controls with a
high level of accuracy (Achard et al., 2006). Our results show that the prototypical typical
antipsychotic haloperidol impacts the centrality of dorsal striatum, somatosensorial, insular,
and supplementary motor cortex areas. These findings suggest that antipsychotics could affect
relevant nodes attributes and modulate the organization of functional hubs.

In summary, the modifications induced by acute HAL administration, point to a multimodal
adaptation in the functional organization of brain network. Antipsychotic medications may
effectively modulate brain network topology, network properties, node attributes, and

interactivity within specific disease-related circuits.
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4. Experiment n° 2
4.1. Material and methods

4.1.1. Animals

Twenty male Sprague-Dawley rats (n=20) with an average weight of 250 g (Charles-River
Labs, Lecco) were housed and adapted to human handling in a temperature and humidity-
controlled colony room, under a 12:12-h light:dark photocycle with unrestricted access to food
and water. The experimental procedures and animal handling techniques were conducted in
agreement with the NIH Guide for Care and Use of Laboratory Animals (NIH publication no.
85-23, revised 1996) and approved by local Animal Care and Use Committee. All feasible

measures have been taken to reduce animal suffering.

4.1.2. Animal treatment

Animals were randomly assigned to two groups (n=10 for each pre-treatment group),
receiving saline (VEH; NaCl 0.9%) or KET (30 mg/kg), in order to measure Homela transcript
levels either under physiological conditions or after challenge of the glutamatergic system by a
NMDAR antagonist. In fact, among tested preclinical models, acute KET injection at a sub-
anesthetic and sub-convulsant dose was selected to replicate the behavioural and neurochemical
characteristics of schizophrenia (Lipska and Weinberger, 2000; Chatterjee et al., 2012).

Subsequently, the antipsychotic asenapine (ASE, 0.3 mg/kg), or saline (VEH), was given to
each pre-treatment group after being randomly divided into two arms (n=5 for each treatment
group). Thirty minutes after pre-treatment, the second compound was injected intraperitoneally.
KET (Sigma-Aldrich, St. Louis, MS, USA) and ASE (Lundbeck A/S, Copenhagen, Denmark)
were supplied as a powder and dissolved in saline solution (NaCl 0.9%), adjusted to
physiological pH, and injected intraperitoneally at the final volume of 1 mL/kg. According to
previously reported experimental methods, ASE was given at behaviourally active dosages that
are known to promote gene expression (Majercikova and Kiss, 2016; Ohyama et al., 2016).
Therefore, the following four treatment groups were obtained: a) VEH+VEH; b) VEH+ASE;
¢) KET+ASE d) KET+VEH (please see Fig. 11). Ninety minutes after the second injection,

animals were sacrificed by decapitation.
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4.1.3. ISH, image analysis, and data processing procedures
The ISH, image analysis, and data processing protocols were the same as in the first

experiment (please refer to section 3.1.2, 3.1.3, and 3.1.4).

4.1.4. Statistical methods

By averaging measurements from three adjacent sections of each animal brain, we calculated
gene expression values in each region. The Shapiro-Wilk test was used to determine if the
relative dpm values were distributed normally. Repeated measures analysis of variance
(ANOVA) was used to determine the individual contribution of each of the categorization
factors on the outcome of the dependent variable (i.e., Homerla gene expression). In particular,
we analyzed the effect of the between-subjects variable (treatment) as well as the within-subject
variable (ROI) effects and their interaction.

Moreover, we used the Student’s t test to compare the transcript values of Homerla in:

1) VEH/VEH vs KET/VEH groups, in order to evaluate Homerla expression in the presence
or absence of a challenge of the glutamatergic system.

i) VEH/VEH vs VEH/ASE groups, in order to understand the effect of the antipsychotic on
gene expression in baseline conditions.

iii) KET/VEH vs KET/ASE groups, to assess the effects of ASE on Homerla transcript
levels in an animal model of schizophrenia. The comparisons were performed using the
Student's t-test. The threshold for comparisons' significance was set at 0.05. Multiple testing
error was managed by using Bonferroni correction (adjusted p-value = 0.0015). For statistical
analysis, SAS Institute Inc.'s JIMP software version 9.0.1 and IBM SPSS 25 were adopted.
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Fig. 11. Graphical abstract summarizing the study protocol

4.1.5. Comparison of correlation matrices and generation of networks

Using the Homerla signal intensity measures in each ROI as dependent variables, we
calculated the Pearson’s r for all possible pairwise correlations in each treatment group (i.e.,
VEH/VEH, VEH/ASE, KET/VEH, and KET/ASE) and four correlation matrices were
generated. The statistical analyses and graphical outputs were obtained using the software

R.4.2.1 with the “hmisc”, “corrplot”, and “dnt” packages (http://www.r-project.org/), as well

as Cytoscape software 3.8.2 (http://www.cytoscape.org/). We used a function providing a

permutation-based frame for comparing networks and calculated significant differences
between paired edges. We calculated network properties, such as characteristic path length,
clustering coefficients, network density, and connected components. We compared global
strength of the networks and basic centrality properties of nodes such as degree and
betweenness centrality.

Networks consisting of 33 nodes (as many as the ROIs investigated) were graphically
generated; each network was summarized by its weighted adjacency matrix, where the edge
weights between two nodes refer to the corresponding r correlation coefficient value, ranging
from -1 to +1, indicating the magnitude or strength of an edge.

Graphical outputs were obtained by styling the edges based on their weights, and nodes
based on the degree. In the effort to retain only relevant edges and avoid spurious ones, we
filtered significant correlations with a minimum p-value <0.01 in order to achieve a trade-off

between sensitivity and specificity.

4.2. Results

4.2.1. Gene expression comparison

The dependent variable was normally distributed for each combination of the levels of the
between- and within-subjects factors, as revealed by Shapiro-Wilk test, which did not give
significant results. Mauchly's test of sphericity indicated that the assumption of sphericity was
violated, then we applied the Huynh-Feldt correction for degrees of freedom. There was a
statistically significant two-way interaction between treatment and ROI, F(21.56, 115) = 2.096,
p=0.002, partial n2 = 0.308.

Homerla mRNA expression levels were compared in the 33 ROIs of VEH/VEH and
KET/VEH groups. Homerla expression was significant lower in KET/VEH group compared to
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VEH/VEH group in the cingulate cortex (cg2 and cgl) (95% CI, -0.47 to -0.09, t(8)=-3.48,
p=0.008; 95% CI, -0.64 to -0.20, t(8)=-4.43, p=0.002, respectively), in primary and
supplementary motor cortex (95% CI, -0.51 to -0.10, t(8)=-3.47, p=0.008; 95% ClI, -0.59 to -
0.12, t(8)=-3.56, p=0.007, respectively), in the forelimb, jaw region, and dysgranular zone of
the somatosensory cortex (Cl, -0.44 to -0.07; t(8) =-3.22, p=0.012; ClI, -0.38 to -0.02, t(8)=-
2.59, p=0.032; Cl, -0.37 to 0.00, t(8)=-2.28, p=0.05, respectively), in all striatal subregions (in
CPDM, ClI, -0.55 to -0.05, t(4.96)=-3.14; p=0.026; CPDL, ClI, -0.57 to -0.11, t(5.81)=-3.63;
p=0.012; CPVL, Cl, -0.57 t0 -0.03, t(4.65)=-2.93, p=0.036; CPVM, Cl, -0.69 t0 -0.15, t(4.72)=-
4.09, p=0.011), in the nucleus accumbens (the core, CI, -0.51 to -0.00, t(4.43)=-2.73, p=0.047;
the shell CI, -0.58 to 0.00, t(5.32)=-2.44, p=0.05), the ventral region of the lateral septal nuclei
(ClI, -0.27 to -0.01, t(8)=-2.59, p=0.033), the Calleja’s islands (CI, -0.24 to -0.05, t(8)=-3.55,
p=0.007), the ventral pallidum (CI, -0.32 to 0.10, t(8)=-4.21, p=0.003), and olfactory tubercle
(Cl1, -0.36 t -0.03, t(8)=-2.67, p=0.028). Nonetheless, significant values did not survive after
Bonferroni correction.

As revealed by VEH/VEH and VEH/ASE comparisons, ASE administration resulted in
higher Homerla transcript levels in the area 2 of the cingulate cortex (Cl, -0.36 to -0.01, t(8)=-
2.43, p=0.041), whereas Homerla expression was lower in the ventral pallidum (CI, -0.023 to
-0.02, t(8)=-2.67, p=0.028). Significant values did not survive after Bonferroni correction.

Noteworthy, the administration of asenapine in an animal model of schizophrenia obtained
by acute ketamine exposure was able to restore the original Homerla expression almost in all
the regions considered. In particular, when comparing Homerla transcript levels in KET/VEH
vs KET/ASE, we found an increase in Homerla expression in all subregions (please see table
10) except for Indusium griseum, the oral surface of the jaw region of the somatosensory cortex,
the nucleus of the vertical limb of the diagonal band, and the olfactory tubercle.

When multiple testing was taken into account using Bonferroni's correction, significant
differences survived in dorsolateral, dorsomedial, and ventral-lateral caudate-putamen, as well

as in the medial septum (p<0.001).

Degree of Confidence interval
ROIs t p-value
freedom Inferior Superior
Ig -1,17 8 0,275 -0,16 0,05
cg2 -3,00 8 0,017 -0,40 -0,05
cgl -2,59 8 0,032 -0,49 -0,03
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M2 -2,89 8 0,020 -0,52 -0,06
M1 -2,60 8 0,032 -0,51 -0,03
S1FL -3,19 8 0,013 -0,55 -0,09
Sij -2,32 8 0,049 -0,53 0,00
S1j0 -1,73 8 0,121 -0,69 0,10
S1Dz -2,50 8 0,037 -0,53 -0,02
S1ULp -2,30 8 0,051 -0,55 0,00
Gl -2,52 8 0,036 -0,61 -0,03
DI -3,21 8 0,012 -0,66 -0,11
AID -3,42 8 0,009 -0,63 -0,12
AlV -2,83 8 0,022 -0,54 -0,05
Cl -2,94 8 0,019 -0,55 -0,07
Pir -2,66 8 0,029 -0,50 -0,03
Den -2,91 8 0,02 -0,36 -0,04
LSS -3,28 8 0,011 -0,58 -0,10
CPDM -5,41 8 0,001 -0,52 -0,21
CPDL -6,24 8 <0,001 -0,7 -0,32
CPVL -6,93 8 <0,001 -0,84 -0,42
CPVM -4,32 8 0,003 -0,71 -0,21
AcCo -3,36 8 0,01 -0,58 -0,11
AcSh -3,49 8 0,008 -0,63 -0,13
LSD -3,13 8 0,014 -0,46 -0,07
LSI -2,90 8 0,02 -0,26 -0,03
LSV -3,14 8 0,014 -0,38 -0,06
Shi -3,58 8 0,007 -0,36 -0,08
MS -4,84 8 0,001 -0,29 -0,1
VDB -2,61 8 0,06 -0,37 0,01
Icj -2,71 8 0,027 -0,47 -0,04
VP -2,70 8 0,027 -0,48 -0,04
Tu -1,95 8 0,086 -0,44 0,04
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Table 10. Results of Student’s t test comparing KET/VEH vs KET/ASE groups throughout
the 33 regions of interest. Significant values were outlined in bold. Significant adjusted p-values

after Bonferroni correction were given in red. ns: not significant.
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Fig. 12. lllustrative histograms of Homerla expression in different treatment groups

throughout cortical subregions.

49



F_ |
MS 7—*
=5

Fig. 13. lllustrative histograms of Homerla expression in different treatment groups
throughout striatal subregions.
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4.2.1. Generation and comparison of correlation matrices

We calculated all pairwise correlations in each treatment group (please see Supplementary
Table 1, 2, and 3 for Pearson’s and p-values) and generated four correlation matrices (please
see Fig. 14-17).

Fig. 14. Correlation matrix for the VEH/VEH group. Variables are grouped according to
hierarchical clustering. According to the colour scale on the right of the matrix, positive
correlations are reported in red, negative ones in blue. Asterisks represent significance levels,
accordingly: p-values <0.05 are indicated with an asterisk, p-values<0.01 with two asterisks, p-
values <0.001 with three asterisks. VEH= vehicle.

51



It is noteworthy that the administration of ASE is associated with the appearance of many
negative correlations between ROIs in the VEH/ASE matrix. It should be noted that methods
for comparing brain networks largely ignore negative correlations (Schwarz and McGonigle,
2011) even if negative edges may be neurobiologically relevant and their significance is yet to
be clarified (Zhan et al., 2017). In this case, the inter-correlation between accumbens, cingulate

cortex, motor cortex ROIs and striatal subregions became negative.

Fig. 15. Correlation matrix for VEH/ASE group. Variables are grouped according to
hierarchical clustering. According to the colour scale on the right of the matrix, positive
correlations are reported in red, negative ones in blue. Asterisks represent significance levels,
accordingly: p-values <0.05 are reported with an asterisk; p-values <0.01 with two asterisks, p-

values <0.001 with three asterisks. VEH= vehicle; ASE= asenapine.
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Acute KET challenge is associated with the appearance of negative correlations between Ig
and all remaining ROIs. Since the indusium griseum receive dense dopamine afferents and
contains dopaminergic neurons, this region has been described as a common neuronal target of
psychostimulant action (Carmena et al., 2014; Fuzik et al., 2019). Given the effects of ketamine
on dopamine functions (Kokkinou et al., 2018), it is conceivable that ketamine has similar
effects to amphetamines on this specific brain region, which is classically considered as a part

or a remnant of the hippocampus.

Den
CPVM

CPDL
CPDM
CPVL
AlV
VDB
cg2
S1JO
Pir

DI
S1D0z2
AID
M1

Tu

Gl

M2
cgl
S1ULp

Fig. 16. Correlation matrix for KET/VEH group. Variables are grouped according to
hierarchical clustering. According to the colour scale on the right of the matrix, positive
correlations are reported in red, negative ones in blue. Asterisks represent significance levels,
accordingly: p-values <0.05 are indicated with an asterisk, p-values<0.01 are reported with two
asterisks, p-values <0.001 are summarized with three asterisks. KET= ketamine; VEH= vehicle.
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The KET/ASE matrix is characterized by a pattern of stronger and positive connections, a
large portion of which are significant or highly significant. The connections between caudate-
putamen subdivisions as well as between insular portions appear strong and positive, similarly

to what also occurs in the VEH/VEH matrix.

Fig. 17. Correlation matrix for KET/ASE group. Variables are grouped according to
hierarchical clustering. According to the colour scale on the right of the matrix, positive
correlations are reported in red, negative ones in blue. Asterisks represent significance levels,
accordingly: p-values <0.05 are indicated with an asterisk, p-values<0.01 with two asterisks, p-

values <0.001 with three asterisks. KET= ketamine; ASE= asenapine.

By using the permutation test we compared the edge weight of pairs of matrices (VEH/VEH
vs VEH/ASE; VEH/VEH vs KET/VEH, and KET/VEH vs KET/ASE). Significant differences
are graphically displayed in Fig. 18-20.
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Fig. 18. Differences between VEH/VEH and VEH/ASE correlation matrices. Blue squares
indicate pairs of correlations in which VEH/VEH Pearson’s r is significantly higher than in
VEH/ASE. On the contrary, red squares indicate couples of correlations in which VEH/ASE
Pearson’s r is significantly higher than VEH/VEH. VEH= Vehicle; ASE= Asenapine.
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Ketamine challenge resulted in a reduction of Pearson’s r coefficient in multiple pairs of

correlation between insular ROIs and several cortical and subcortical regions.

Fig. 19. Differences between VEH/VEH and KET/VEH correlation matrices. Blue squares
indicate pairs of correlations in which VEH/VEH Pearson’s r is significantly higher than in
KET/VEH. On the contrary, red squares indicate couples of correlations in which KET/VEH
Pearson’s r is significantly higher than VEH/VEH. VEH= Vehicle; KET= ketamine.
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The administration of the antipsychotic asenapine after acute ketamine challenge inverted
the Pearson’s r coefficient in multiple correlations between indusium griseum and several basal
nuclei (Fig. 30).

B KE1VER > KETASE
B kEvasEs KETVER

Fig. 30. Differences between KET/VEH and KET/ASE correlation matrices. Blue squares
indicate pairs of correlations in which KET/VEH Pearson’s r is significantly higher than in
KET/ASE. On the contrary, red squares indicate couples of correlations in which KET/ASE
Pearson’s r is significantly higher than KET/VEH. VEH= Vehicle; KET= ketamine; ASE=

asenapine.
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4.2.2. Construction and comparison of brain networks

Networks were drawn as indirect graphs, with edges indicating a two-way relationship. We
retained only significant correlations with p-value <0.01 in order to achieve a trade-off between
sensitivity and specificity. Networks were styled with a force-directed layout, which allows us
to visually outline clusters, cliques, and bridges (please see Fig. 31-34). The colour of nodes
was assigned depending on the degree. To facilitate interpretation, we have positioned the
network nodes on the corresponding ROIs (please see Fig 35).

We calculated a series of parameters for each network, i.e., number of nodes, number of
edges, network density, centralization, characteristic path length, clustering coefficients, and

connected components (please see table 11).

VEH/VEH VEH/ASE KET/VEH KET/ASE

Number of nodes 28 17 30 30

Number of edges 64 10 69 47
Network density 0.255 0.667 0.159 0.122
Network centralization 0.242 1 0.200 0.148

Characteristic path
2.935 1.33 3.830 4.489
length

Connected components 2 7 1 2

Clustering coefficient 0.648 0 0.507 0.366

Table 11. Discrete parameters are reported for each network

When comparing networks in terms of global strength, the VEH/VEH network did not
significantly differ from KET/VEH (p=0.547), nor KET/VEH differed from KET/ASE
(p=0.45), whereas VEH/ASE exhibited a significantly reduced global strength compared to
VEH/VEH (p= 0.049).
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Fig. 31. VEH/VEH network. Nodes in the networks represent ROIs and edges reflect super
threshold correlations (a= 0.01). The degree is reflected by the colour of the node, as reported

in the legend.
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Fig. 32. KET/VEH network. Nodes in the networks represent ROIs and edges reflect super
threshold correlations (a= 0.01). The degree is reflected by the colour of the node, as reported

in the legend
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Fig. 33. VEH/ASE network. Nodes in the networks represent ROIs and edges reflect super
threshold correlations (a= 0.01). The degree is reflected by the colour of the node, as reported

in the legend.
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Fig. 34. KET/ASE network. Nodes in the networks represent ROIs and edges reflect super
threshold correlations (a= 0.01). The degree is reflected by the colour of the node, as reported

in the legend
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Fig. 35. Network construction and comparison. Nodes in the networks represent ROIs and
edges reflect super threshold correlations (o= 0.01). The degree is reflected by the colour of the

node, as reported in the legend.

When comparing the node centrality metrics between VEH/VEH and VEH/ASE networks,
the degree was significantly different in Cl, CPDL, CPDM, CPVL, S1FL, Den, AlV, AcSh,
while the betweenness differed only in cg2 and LSV. In particular, asenapine administration
was associated with an increase in the betweenness of the cingulate cortex in this paradigm.

When comparing VEH/VEH and KET/VEH networks, the degree was not different among
nodes, while betweenness was significantly lower in M2 and MS after acute ketamine

challenge.
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Finally, the betweenness of S1DZ, CPDM, LSV, lg, Shi, Pir, and cgl was significantly
different between KET/VEH and KET/ASE networks, while no difference in degree was
observed. In particular, the betweenness of cgl and LSV was higher in KET/ASE network,
while the betweenness of S1DZ, CPDM,Ig, Shi, and Pir was higher in KET/VEH network.

Betweenness centrality of nodes is represented in Fig. 36, whereas comparisons are displayed
in table 12.
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Fig. 36. The size of each node represents the measure of betweenness centrality in super
threshold correlations (a= 0.01).
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ROI Betweenness p- Betweenness p- Betweenness p-
VEH/VE | VEH/AS | valu | VEH/VE | KET/VE |valu | KET/VE | KET/AS | valu
H E e H H e H E e
0,07 0,03
Ig 16 6 1 16 6 4 6 0 2
0,01 0,11 0,71
cg2 6 12 7 6 6 8 6 0 2
0,08 0,15 0,04
cgl 4 4 8 4 6 4 6 10 5
0,08 0,02 0,80
M2 10 18 8 10 4 2 4 0 9
0,81 0,18 0,82
M1 6 28 2 6 24 8 24 0 3
0,14 0,91
SIFL |8 0 0,64 |8 0 8 0 0 5
0,63 0,45
S1j 6 4 1 6 4 0,37 |4 0 7
0,08 0,25
S1J0 |0 6 6 0 2 1 2 22 5
0,47 0,00
S1DZ | 0 10 1 0 8 4 8 0 9
S1UL 0,93 0,13 0,09
p 0 34 8 0 0 8 0 0 9
0,61 0,47
Gl 0 2 7 0 6 1 6 0 9
0,19 0,18 0,17
DI 0 40 6 0 20 8 20 8 3
0,24 0,41
AID 10 0 1 10 16 1 16 0 4
0,69 0,24 0,83
AlV 28 10 2 28 10 5 10 4 8
0,29 0,45 0,16
Cl 6 10 3 6 16 7 16 34 8
0,66 0,09
Pir 2 36 8 2 6 9 6 0 0,04
0,58 0,26 0,37
Den 2 18 2 2 10 2 10 0 8
0,34 0,42
LSS 0 14 4 0 12 0,86 |12 8 7
CPD 0,40 0,00
M 0 12 7 0 12 0,39 |12 10 9
0,08 0,15 0,05
CPDL | O 26 9 0 82 9 82 74 6
0,31 0,32
CPVL |10 14 1 10 6 0,29 |6 36 5
CpPv 0,45 0,19 0,41
M 0 2 9 0 0 6 0 32 4
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0,34 0,56 0,45
AcCo | O 16 7 0 4 1 4 0 5
0,49 0,62 0,54
AcSh | 0 12 7 0 0 9 0 0 5
0,38 0,35 0,10
LSD 0 6 6 0 0 4 0 0 2
0,19 0,78 0,06
LSI 0 10 2 0 18 4 18 12 7
0,03 0,27 0,01
LSV 20 16 1 20 2 1 2 6 7
0,73 0,03
Shi 22 12 0,66 |22 6 3 6 0 5
0,45 0,04
MS 40 28 5 40 14 2 14 2 1
0,58 0,46 0,52
VDB |4 16 5 4 0 3 0 0 5
0,33 0,70
Icj 0 30 8 0 12 1 12 0 7
0,59 0,47 0,36
VP 0 22 6 0 2 3 2 0 7
Tu 0 0 0,62 |0 12 1 12 0 0,5

Table 12. Comparisons between networks in terms of betweenness centrality.
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5. Discussion

In the present experiment, we evaluated whether the expression of the IEG Homerla in
multiple cortical and subcortical ROIs was affected by the treatment with the second-generation
antipsychotic ASE, administered alone in naive (i.e., VEH-pre-treated) rats or KET-pre-treated
rats. Based on previously published papers, acute KET administration is regarded as a valuable
and heuristic preclinical model of psychosis (Buonaguro et al., 2017). It has been documented
that KET treatment in humans (at dose levels comparable to those utilized in our investigation)
causes behavioral and neurochemical effects mimicking psychosis, including the multifaceted
symptom presentation (lasevoli et al., 2014; Krystal et al., 1994).

In the current work, we did not observe a significant induction of Homerla by acute KET
administration. After normalization of data on values of gcc, a region that should not deliver
signal intensity, Homerla expression values in the KET/VEH group were even lower than in
the control group, although the significance did not survive Bonferroni correction. These results
differ from a previous report from our group, which instead found a dose-dependent increase
in Homerla levels after ketamine administration (lasevoli et al., 2007). However, the
inconsistency in findings could be attributable to the subsequent administration of saline after
KET challenge and the wait of additional thirty minutes before animal sacrifice. Hence, it is
possible that, after acute ketamine exposure, HomerZla transcript levels increased for 90 minutes
and returned to approximately baseline values in 120 minutes. We may therefore have captured
different moments of the Homerla expression curve following the challenge with a NMDAR
antagonist. In a previous work by Buonaguro et al., exploring the effects at a post-synaptic level
of antipsychotics and minocycline both in a naturalistic context and after ketamine challenge,
the Authors did not perform gene expression comparisons between groups receiving different
pre-treatments, and comparisons were separately carried out between VEH pre-treated groups
on one hand and KET pre-treated groups on the other (Buonaguro et al., 2017).

ASE administration in VEH-pretreated animals produced a region-specific pattern, inducing
Homerla only to a limited extent and never reaching significance. Again, after normalization,
Homerla values were higher in the cg2 and vp in the control group than in the VEH/ASE group,
although significance did not survive Bonferroni correction.

Lastly, the administration of ASE in an animal model of acute NMDAR dysfunction
obtained by acute KET challenge was able to upregulate Homerla almost in all the regions
considered. In particular, significant differences survived in the medial septum, dorsolateral,
dorsomedial, and ventrolateral caudate-putamen when multiple testing correction was taken
into account. These findings are consistent with previous reports showing that asenapine only
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mildly impacts cortical gene expression (de Bartolomeis et al., 2015). Asenapine relevant action
in ketamine pre-treated rats, paralleled by the failure to detect an increase in Homerla transcript
levels in vehicle pre-treated rats, may indicate that antipsychotics preferentially deliver their
effects in a context of altered glutamatergic functions much more than under physiological
conditions.

It has been argued that the extent of Homerla induction may be secondary to the degree of
dopamine receptor blockade and the specific subtype (lasevoli et al., 2009). Given the peculiar
synergism of D1Rs and NMDARs, asenapine effects on Homerla may depend on its action at
D1R sites (Wirkner et al., 2004). Homerla induction may also be triggered by 5-HT2A receptor
antagonism, which positively affects glutamatergic transmission (Yuen et al., 2008). However,
repeated asenapine exposure in animal models has been associated with 5-HT2A binding in the
medial prefrontal cortex and dorsolateral frontal cortex but not in other brain regions (Tarazi et
al., 2010). Moreover, striatal density of D1 receptors is high whereas that of 5-HT2A receptors
is low, thus asenapine-induced striatal gene expression could be mainly driven by the action at
D1R sites (Hall et al., 1994).

As it can be inferred from the observation of the correlation matrices, the topographical
organization of the four functional networks (i.e., VEH/VEH, VEH/ASE, KET/VEH,
KET/ASE) varied widely, with special attention paid to the link between the cortex and
striatum. In the present experiment, we observed that the VEH/VEH network was characterized
by stronger functional connections between the ventral insular cortex (AlV) and lateral caudate-
putamen (CP_VL and CP_DL) compared to VEH/ASE network. Ventral caudate-putamen and
insular regions has been involved in the assignment of emotional value and reward magnitude
expectation (Duarte et al., 2020). The links between the somatosensory areas (S1FL and S1j)
and AlV, ClI, and Den (the latter two ROIs belonging to the amygdala complex (Smith et al.,
2019) are reduced in the VEH/ASE network. As well known, the insula receives sensory inputs
from the somatosensory cortices relevant to pain sensitivity (Wylie and Tregellas, 2010).
Antipsychotic ability to target discrete insular connections with striatal and somatosensorial
regions might account for their effects on perception, motivation, and salience assignment.

Acute KET challenge in the KET/VEH group is associated with negative correlations
between Indusium griseum (1g) and remaining ROIs, which are not observed in other treatment
groups. It is noteworthy that Ig has been described as a vestigial structure in humans and a
remnant of the former part of the hippocampus in animals. Hippocampus is central in the
neurobiology of psychotic disorders and the perturbation of functional connectivity within the

hippocampus as well as its extrinsic connections have been deemed crucial for explaining
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neuropsychological deficits of schizophrenia much more than psychotic symptoms (Harrison,
2004). However, only Ig correlation with LSI (part of the septal area, the anterior portion of the
limbic system) was significantly weakened in the comparison between VEH/VEH and
KET/VEH.

On the other hand, it should be noted that the KET/ASE group showed significantly higher
inter-correlations between Ig and lateral putamen, the upper lip of the primary somatosensory
cortex, septal area nuclei, and claustrum, in comparison to the KET/VEH group. Since brain
sections were quantitated at the topographical level of the striatum, we were unable to directly
investigate the connectivity of hippocampal regions. However, Ig behaves as a single functional
and neuroanatomical unit together with the anterior continuation of the hippocampus (Laplante
et al., 2013), a candidate region in the study of schizophrenia and a functional hub for multiple
brain networks (Edmiston et al., 2020). Altered hippocampal-striatal coupling has been reported
to be involved in deficits in associative learning tasks(Edmiston et al., 2020). In this context, it
is noteworthy that ASE administration in KET-pretreated rats appears to reverse Pearson’s r
coefficient in lIg-caudate correlations.

Finally, we analyzed global strength and indices of centrality in each network and identified
discrete nodes with enhanced centrality metrics. Although ASE does not directly recruit these
regions by inducing Homerla expression, it was able to increase the centrality of the cingulate
cortex ROIls. The cingulate cortex has been reported to exert a pivotal role in regulating
cognitive, sensorimotor, affective, and visceral functions (Margulies et al., 2007). The centrality
of several brain regions, including olfactory, medial, and superior frontal regions, anterior
cingulate, medial temporal pole, and superior occipital regions has been found reduced in
functional connectomic studies conducted on schizophrenia patients (van den Heuvel, Martijn
P.etal., 2010). We may therefore conceive that ASE ability to enhance the betweenness of Cgl
both in VEH- and KET-pretreated rats may contribute to its antipsychotic action.

KET/ASE group exhibited increased betweenness of the LSV compared to KET/VEH. Since
lateral septal nuclei have been recently identified as critical hubs linking hippocampal and
prefrontal activity with subcortical areas, participating in cognitive functions and motivated
behaviors, this action may account for the beneficial impact on negative symptoms in psychosis
(Besnard and Leroy, 2022).

In conclusion, we detected significant differences in nodes and edges measures across groups
exposed to different treatments, highlighting asenapine capability to finely regulate brain
connectivity by shaping synaptic architecture and restoring a functional pattern of interregional

co-activation.
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6. Limitations

The major limitation of this study is the heterogeneity of the statistical methods applied for
network analysis in the two experiments. However, network analysis is a recently introduced
paradigm of exploration of functional connectivity, and the temporal distance between the two
experiments allowed us to assess the suitability of the type of test to be conducted. While in the
first experiment, which was published in the journal of Behavioral Brain Research, the analysis
had a more qualitative nature, in the second experiment we preferred to adopt a quantitative

analytic approach.
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9. Supplementary material

Pearson’s

Pearson’s

ROI ROI , p-value ROI ROI , p-value
Ig cg2 0.884 0.047 cg2 Gl 0.869 0.056
Ig cgl 0.921 0.026 cgl Gl 0.798 0.106

cg2 cgl 0.983 0.003 M2 Gl 0.725 0.166
Ig M2 0.842 0.074 M1 Gl 0.700 0.188

cg2 M2 0.915 0.029 S1FL Gl 0.663 0.223

cgl M2 0.964 0.008 S1j Gl 0.847 0.070
Ig M1 0.756 0.139 S1JO Gl 0.213 0.731

cg2 M1 0.831 0.081 S1Dz Gl 0.953 0.012

cgl M1 0.898 0.039 S1ULp Gl 0.993 0.001

M2 M1 0.974 0.005 Ig DI 0.732 0.160
Ig S1FL 0.590 0.295 cg2 DI 0.962 0.009

cg2 S1FL 0.750 0.144 cgl DI 0.905 0.035

cgl S1FL 0.811 0.096 M2 DI 0.827 0.084

M2 S1FL 0.928 0.023 M1 DI 0.751 0.143

M1 S1FL 0.968 0.007 S1FL DI 0.710 0.179
Ig S1j 0.811 0.096 S1j DI 0.907 0.034

cg2 S1j 0.948 0.014 S1JO DI 0.434 0.466

cgl S1j 0.967 0.007 S1Dz DI 0.979 0.004

M2 S1j 0.980 0.003 S1ULp DI 0.961 0.009

M1 S1j 0.959 0.010 Gl DI 0.954 0.012

S1FL S1j 0.916 0.029 Ig AID 0.518 0.371
Ig S1JO 0.167 0.788 cg2 AID 0.823 0.087

cg2 S1JO 0.396 0.509 cgl AID 0.805 0.101

cgl S1JO 0.344 0.571 M2 AID 0.848 0.069

M2 S1JO 0.313 0.608 M1 AID 0.857 0.063

M1 S1JO 0.148 0.812 S1FL AID 0.903 0.036

S1FL S1JO 0.252 0.683 S1j AID 0.915 0.029

S1j S1JO 0.290 0.636 S1J0 AID 0.361 0.550
Ig S1Dz 0.797 0.106 S1Dz AID 0.893 0.0