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Preface

Schizophrenia treatment has many facets. Among those, other than current available anti-
psychotic agents and electroconvulsive therapy, this book begins with the glutamatergic and
GABAergic hypofunctioning contribute to the schizophrenic symptoms and their current
targeted therapeutics. The genetic, epigenetic, and immune etiologies of schizophrenia and
their potential targeted therapeutics as approached in this book are interesting because not
only the changes in DNA sequence, methylation, and transcriptome contribute to the predis-
position of schizophrenia but also the exposure to infectious diseases coupled with a genetic
component causes immune system anomaly is presented. Understanding cognitive biases
and delusional circuits in schizophrenia is important; several behavioral cognitive therapies
working on the reduction and avoidance of these cognitive biases are demonstrating their
effectiveness. Advances in schizophrenia treatment followed, including transcranial mag-
netic stimulation and special sport program, are presented at the book’s end. Clearly, schiz-
ophrenia treatment will even become a greater topic in the generations to come as new
pathophysiologic view and therapy evolve. This book collects some important facets for fu-
ture comprehensive coverage, as developments abound.

Yu-Chih Shen, MD, PhD
Department of Psychiatry, Tzu Chi General Hospital, Hualien, Taiwan
Department of Psychiatry, School of Medicine, Tzu Chi University, Hualien, Taiwan






Chapter 1

The Convergence of Glutamate and GABA

Dysregulation in Schizophrenia

Sarah A. Monaco, Austin A. Coley and Wen-Jun Gao

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65870

Abstract

Schizophrenia (SCZ) is a heterogeneous neurodevelopmental disorder that afflicts
about 1% of the world population, imposing a huge financial and social burden
on the community. Schizophrenia is characterized by three core features, positive
(e.g., hallucinations, delusions) and negative symptoms (e.g., emotional blunting,
reduced motivation), as well as cognitive impairments (i.e., working memory and
attention deficits). Current antipsychotic treatments, which primarily target dopamine
receptors, are effective at alleviating positive symptoms. However, dopamine-specific
therapies are insufficient to relieve negative symptoms and cognitive impairments,
indicating other neuronal systems are involved in SCZ. Evidence for hypofunction-
ing glutamate and gamma-aminobutyric acid (GABA) transmission in forebrain tissue
has continued to culminate as major contributors to the onset of SCZ. Furthermore,
recent genetic studies reveal disrupted mutations in neurodevelopmental proteins at
glutamatergic and GABAergic synapses that are potentially responsible for the syn-
aptic abnormalities seen in the disorder. Therefore, schizophrenia symptomatology
is influenced by interactions of several neurotransmitter systems. In this chapter, we
focus on how glutamatergic and GABAergic hypofunctioning contribute to the variety
of symptoms presented in SCZ and its etiology. We also review the current treatment
options with respect to their mechanism of action, side effects, and limitations and
provide perspective of where research should be directed to move forward with treat-
ing this debilitating disease.

Keywords: neurodevelopment, glutamate, GABA, negative symptoms, cognitive deficits,
treatment, schizophrenia

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR
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1. Introduction

Schizophrenia is a chronic mental disorder that afflicts approximately 1.1% of the population
worldwide. Patients not only experience physical and mental disabilities, but also impose a
large financial burden that consumes an estimated over $60 billion in costs per year, including
more than $20 billion in treatment in the United States of America alone.

Schizophrenic patients exhibit an array of clinical symptoms that consist of positive symp-
toms, negative symptoms, and cognitive impairments. Due to the heterogeneity in symp-
tomatology, this disorder is difficult to diagnose and treat. Typically, the onset of symptoms
occurs between adolescence and early adulthood, mostly within the age range of 16-30 years
old, occurring in men (average 18) earlier than women (average 25). Cognitive and social
deficits are the first symptoms to appear and exacerbate over time. Individuals display a lack
of attention, short-term and long-term memory loss, as well as lack of executive functions that
include disorganized thoughts and planning. In addition, patients have difficulties commu-
nicating ideas and notions, consequently leading to social withdrawal. As the individual gets
older, negative symptoms appear, including a blunted affect of normal behavior and feelings.
For instance, patients will express a lack in motivation and/or pleasure that often leads to
depression and mood swings. Positive symptoms develop later and signify an escalated state
of mind and altered reality, such as hallucinations, delusions, and false ideas. The amalgama-
tion of these symptoms persist into adulthood and may perhaps lead to other comorbidities
such as attention deficit hyperactive disorder (ADHD), depression, anxiety, aggression, and
substance abuse [1].

Unfortunately, schizophrenia is challenging to diagnose due to the various signs and symp-
toms; however, neuroanatomical evidence displays structural aberrations in specific tis-
sues that assist in characterizing the disorder. For instance, postmortem patients show an
overall decrease in brain volume and more specifically reduced cortical gray matter in fore-
brain tissue, such as the dorsolateral prefrontal cortex (dIPFC), superior temporal gyrus,
and limbic areas (i.e., hippocampal formation, anterior cingulate cortex). Other anatomi-
cal anomalies include enlarged cerebral ventricles, such as the lateral and third ventricles.
Lastly, at the cellular level, there are reports of reduced neuronal number and dendritic
spine densities in the hippocampus and dorsolateral prefrontal cortex [2, 3], although this
observation appears to be controversial. Nevertheless, numerous studies have confirmed a
significant decrease in pyramidal dendritic spines within superficial layers of the prefron-
tal cortex [2, 4].

The neurophysiological changes are equally as detrimental as the structural changes
observed in schizophrenic patients. For example, the most prevailing theories describing the
etiology of schizophrenia is the “Dopamine hypothesis,” which predicts dopamine imbal-
ances within the mesocortical and mesolimbic pathways underlie schizophrenia pathology.
Specifically, dopamine deficiency from mesocortical projecting neurons to the prefrontal
cortex results in “hypostimulation” of D1-receptor neurons that contribute to the negative
symptoms and cognitive impairments. In contrast, an excess of dopamine to the prefrontal
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cortex and striatum from mesolimbic dopamine pathways induces “hyperstimulation” of
D2-receptor neurons, responsible for the positive symptoms [5]. Therefore, current treat-
ments target dopamine receptors, but leave other pathophysiological mechanisms untar-
geted. Typical and atypical antipsychotics, such as haloperidol and clozapine, respectively,
block D2-receptors to alleviate psychotic symptoms. However, dopamine-specific targeted
therapy is insufficient to relieve other aspects of the disease; therefore, additional neuronal
systems are likely involved.

In recent years, evidence has linked glutamatergic and GABAergic systems to the pathology
of schizophrenia. An emerging hypothesis of schizophrenia suggests that N-methyl-D-aspar-
tate (NMDA) receptor hypofunction plays a major role in the dysregulation of GABAergic
transmission, thereby contributing to the symptoms [6]. In this chapter, we discuss the struc-
ture and function of NMDA and gamma-aminobutyric acid (GABA) receptors, including the
effects of genetic abnormalities on them and their associated posttranslational modifications
and signal transduction pathways. We will also include the reviewed literature describing
the multiple neuronal subtypes and circuits involved in schizophrenia and potential thera-
peutic options.

2. Glutamate hypothesis of schizophrenia

Glutamate is an excitatory neurotransmitter that can act on four major classes of receptors,
which are either metabotropic or ionotropic. Metabotropic receptors are G-protein coupled
receptors. Metabotropic glutamate receptors are composed of mGluR1-8 subunits and have
seven transmembrane segments that are connected to heterotrimeric G proteins. The remain-
ing three classes are ionotropic receptors, or ion-gated channels, that consist of NMDA,
AMPA, and kainite receptors, which are readily distinguished by agonists, antagonists, kinet-
ics, and permeability. Ionotropic glutamate receptors are composed of a tetramer of four
subunits, with each representative monomer consisting of three transmembrane segments,
a large extracellular glutamate-binding domain, and a cytosolic loop that lines the channel
pore (Figure 1).

NMDA receptor hypofunction has long been proposed as one of the major hypothesis for
the pathophysiology of schizophrenia [6]. NMDA receptors are highly abundant within the
forebrain and are responsible for regulating a variety of neuronal pathways; theoretically,
damage to the glutamatergic system could underlie many pathologies of the central nervous
system. Accordingly, there is an overwhelming amount of evidence illustrating that NMDA
receptor dysfunction contributes to the neurophysiology associated with schizophrenia [6, 7].
For instance, in postmortem subjects with schizophrenia, disruptive mutations of NMDA
receptor subunits were revealed in the prefrontal cortex, hippocampus, and thalamus [8, 9].
Furthermore, it is well established that administering noncompetitive NMDA receptor antag-
onists such as phencyclidine (PCP), MK-801 (also known as Dizocilpine), and ketamine can
mimic the pathophysiology and behavioral attributes of schizophrenia [10-12]. Therefore,
treatments that target to improve NMDA receptor function demonstrate an alleviation of
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Figure 1. Illustration of prototypic ionotropic receptor subunit. A subunit consists of a large extracellular N-terminus

domain, a membrane spanning segment (TM1), a segment that partially enters the membrane (TMII), a glutamate-
binding domain, two more membrane spanning segments, and an intracellular c-terminus.

schizophrenic symptoms [13, 14]. Finally, genes implicated in schizophrenia have strong
associations with NMDA receptor regulation [15-17].

3. The NMDA receptor structure and function

NMDA receptors are typically located on excitatory glutamatergic synapses, although present
in many cell types (i.e,, GABAergic neurons, dopaminergic neurons, etc.). NMDA receptors
are responsible for synaptic plasticity and cortical development, as well as cognitive pro-
cesses such as learning and working memory [18]. NMDA receptors are a heterotetrameric
complex that consists of an obligatory homodimer of NR1 and homodimers or heterodimers
of either combination of NR2A-D or NR3A-D subunits (Figure 2). The NMDA channel is
voltage-dependent and ligand-gated, and highly permeable to Na*, K*, and Ca*, causing
depolarization of a cell and subsequent excitation and activation of intracellular signaling
pathways. Although NR1 subunits are required for NMDA receptor function, NR2/NR3 sub-
units are specialized and critical for functional diversity such as calcium permeability, decay
time, open channel time, and pharmacology sensitivity. In addition, NR1 and NR2 subunits
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Figure 2. Schematic diagram depicting a NMDA receptor complex. Glutamate binds at NR2/NR3 complex and co-
agonist glycine or -serine binds at NR1 complex. Upon depolarization, Mg?* is removed. NMDA receptor permeates
Na* and Ca* influx and K* efflux upon activation. Binding sites for PCP, ketamine, and MK801 are included (Figure was
modified from Snyder et al. [6] and Cioffi et al. [14]).

contain distinct sites that bind glycine, PCP, and Mg?* that modulate the activity of NMDA
receptors (Figure 2).

4. The NMDA receptor development

Developmentally, there is an NR2B- to NR2A-subunit switch that occurs from childhood-to-
adulthood in most brain regions that facilitate synaptic maturation [19]. NR2B protein expres-
sion levels are highly abundant during early development and decline into adulthood; in
contrast, NR2A levels begin low and rise in adult. Both subunits are essential for prefrontal
synaptic plasticity and function; however, NR2B plays a more dominant role. For instance, in
the prefrontal cortex, NR2B levels remain high into adulthood and are important for working
memory function [20, 21]. NR2B-containing NMDA receptors play a major role in calcium
(Ca*) influx at the postsynaptic membrane, as NR2B receptors have slower kinetics, thus a
slower decay time compared to NR2A-containing NMDA receptors. This indicates that NR2B
receptors conduct a large amount of Ca* and Na* due to the prolonged open channel state.
Although NR2B is essential for cognition processes within the adult, an overabundance may
be hazardous due to the significant increase in Ca* conductance that could lead to excitotox-
icity and neuronal death [21]. Therefore, NR2B/NR2A composition during development is
extremely critical for normal synaptic maturation.

5
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5. NMDA receptor dysregulation and hypofunction in schizophrenia

A major finding discovered by functional imaging studies was reduced activity in the
dorsolateral prefrontal cortex (dIPFC) in patients with schizophrenia. The overall reduc-
tion in neuronal activity in the dIPFC could explain the cognitive deficits and negative
symptoms. There is consensus that NMDA receptor hypofunction is strongly associated
with the pathophysiology of schizophrenia. In human studies, single-photon emission
computed tomography (SPECT) shows “hypofrontality” patients suffering from schizo-
phrenia [22]. Furthermore, there are genetic implications that show single-nucleotide
polymorphisms (SNPs) and a reduction in NR1 protein and mRNA in the dorsolateral
prefrontal cortex in postmortem subjects of schizophrenia [9, 23]. Additionally, exome
sequencing of patients with schizophrenia also displays disruptive mutations in genes
that encode NMDAR subunits and NMDA receptor-associate scaffolding proteins, such as
PSD-95 and SAP102 [24, 25]. These findings would suggest a lack of and/or function at the
postsynaptic membrane of excitatory synapses that could be responsible for the cellular
phenotypes of the disorder.

Noncompetitive NMDA receptor antagonists such as PCP, MK-801, and ketamine have been
extensively used to study the symptoms associated with schizophrenia in both human sub-
jects and animal models [26]. Indeed, these studies have shown to mimic the effects of schizo-
phrenia, corroborating the glutamatergic hypofunction hypothesis. Individually, PCP induces
psychotic symptoms in healthy humans that resemble schizophrenic-like behavior; MK-801
elicits positive and negative symptoms; and lastly ketamine administration was shown to
imitate the positive, negative, and cognitive deficits seen in schizophrenia [11]. In rats, NMDA
receptor antagonists cause deficits in working memory, executive functions, and enhanced
locomotor activity [27].

6. High-risk genes implicated in schizophrenia

High-risk genes associated with schizophrenia such as DISC1, dysbindin, neuregulin,
COMT, and G72/G30 genes, responsible for neurodevelopment, neuronal growth, and
migration, have all shown to be involved in NMDA dysfunction leading to schizophre-
nia [15]. The most prominent of the genes is Disrupted in schizophrenia 1 (DISC1), which
acts as a scaffolding protein involved in the formation of protein complexes important
in neurodevelopment, microtubule network dynamics and axonal elongation [28, 29].
Despite the controversy and debate [16, 30], evidence shows that schizophrenic patients
contain DISC1-SNPs that cause a decrease in DISC1-interacting protein expression levels,
such as NMDA receptors. In DISC1 animal models, mice with point mutations in the gene
or truncated forms of DISC1 display molecular, cellular, and behavioral phenotypes that
are analogous to schizophrenia. DISC1 is especially susceptible to mutations due to envi-
ronmental stressors during neurodevelopment that may lead to the pathogenesis of the
disorder [31, 32].



The Convergence of Glutamate and GABA Dysregulation in Schizophrenia
http://dx.doi.org/10.5772/65870

7. Other factors affecting NMDA receptor function

Environmental factors during development, such as infection, drug use, parental age, prena-
tal and early postnatal or childhood stress, have all been linked to the emergence of schizo-
phrenia [33]. In addition, NMDA receptor function is susceptible to the latter environmental
risk factors during adolescence, potentially contributing to the onset of the disorder [6, 33, 34].
This could be due to an alteration in NMDA receptor gene expression, as major transcrip-
tional factors such as the cAMP response element binding protein (CREB) are extremely sen-
sitive to environmental stimuli [35]. Previous studies describe that neurodevelopment in the
prefrontal cortex is altered in patients with schizophrenia due to a substantial increase in
synaptic elimination of glutamatergic excitatory synapses [36].

NMDA receptors are also influenced by posttranslational modifications such as ubiquitina-
tion, palmitoylation, and phosphorylation [34]. NMDA receptor phosphorylation is respon-
sible for regulating receptor trafficking, stabilization, kinetics of the channel, and kinase
activation. These processes are important for synaptic plasticity during neurodevelopment
and if dysregulated could be highly responsible for the pathologies of schizophrenia [7].
NMDA receptor subunits are phosphorylated at serine/threonine and tyrosine residues,
providing substrate sites for kinases such as Src family of kinases (SFK), casein kinase 2
(CK2), cAMP-dependent protein kinase A (PKA), cyclin-dependent kinase 5 (Cdk5), pro-
tein kinase C (PKC), and Ca?/calmodulin-dependent protein kinase II (CaMKII) [37-40].

Other modification processes such as palmitoylation and ubiquitination have also been
directly linked to schizophrenia [41]. There is evidence of NMDA receptor dysregulation
due to anomalous modifications that could potentially lead to neuropsychiatric disorders.
Palmitoylation is a process that allows the covalent attachment of palmitate group to the cys-
teine residues of proteins that are facilitated via thioester bonds. Recently, it has shown to
be involved in regulating NR2 subunit trafficking during neurodevelopment and synaptic
plasticity [42] and is altered in a mouse model of 22q11.2 deletion syndrome. Ubiquitination
is a process involved in the targeting and removal of proteins and is responsible for regulating
NMDA receptors degradation during development. Specifically, subunits such as NR1 and
NR2B undergo polyubiquitination at the synapse [41]. Nonetheless, palmitoylation and ubiq-
uitination require further investigation in its role in NMDA receptor regulation and potential
implication in schizophrenia.

8. Intracellular mechanisms affecting NMDA receptor function

Selective intracellular signal transduction pathways, such as the AKT-GSK3p pathway, at
excitatory glutamatergic synapses regulate NMDA receptor functions, and are associated
with high-risk genes involved in schizophrenia. AKT, also known as protein kinase B, is a
serine/threonine kinase involved in neuronal plasticity, migration, protein synthesis, and cell
death [43, 44]. Glycogen synthase kinase 3 (GSK3p) is also a serine/threonine kinase that is
downstream of AKT and upstream of beta-catenin [45]. Moreover, GSK3 knockdown leads
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to a reduction in NMDA receptor current [46]. AKT phosphorylation is a negative regulator of
GSK3p activity; similarly, GSK3@ phosphorylation induces beta-catenin degradation. High-
risk genes such as DISC1, dysbindin and NRG1 are all modulators of the AKT-GSK3 signal-
ing pathway [34]. For instance, reduced DISC1 protein expression causes a decrease in AKT
phosphorylation, and thus an increase in GSK3p activity [47]. In addition, reducing GSK3f3
activity can alleviate the behavioral impairments observed in DISC1 mouse models [48, 49].
These data suggest a link between high-risk schizophrenia genes and intracellular pathways,
such as the AKT-GSK3B signaling pathway, that regulate neuronal plasticity. Theoretically,
it can be assumed that the high-risk schizophrenia genes would affect the AKT-GSK3p sig-
naling pathway, and thus cause NMDA receptor dysfunction, leading to aberrant neuronal
systems that are responsible for the positive, negative, and cognitive symptoms observed in
schizophrenia.

9. Drug treatment that targets NMDA receptors

Typically, drug treatment for schizophrenia patients consists of antipsychotics, such as clo-
zapine, that target D2 receptors to relieve the positive symptoms. However, a significant
portion of schizophrenia subjects do not respond well to D2 antagonists; moreover, the nega-
tive and cognitive impairments are barely affected by treatment with antipsychotic drugs.
As aresult, medical professionals are testing new pharmacological agents that target NMDA
receptors as a therapeutic option. Due to the observed glutamate hypofunction impairment in
patients, investigative studies have focused on the enhancement of NMDA receptor function.
Therefore, high doses of glycine agonists (60 g/day) that act upon the glycine, modulatory site
are used to increase NMDA receptor function [13]. These agonists have been shown to mod-
estly improve the negative and positive symptoms of schizophrenia and are currently being
utilized as an adjunctive treatment to primary therapy with D2 antagonists. An alternative
option is to target the glycine transporter-1 (GlyT-1) with the selective inhibitor, sarcosine,
to increase glycine availability for NMDA receptor binding [14]. Sarcosine administered at
2 g/day have shown to improve negative and cognitive symptoms of schizophrenia. Other
drugs include d-Serine and d-amino acid oxidase (DAAQ) inhibitors to increase d-Serine
availability, as it is considered a co-agonist to NR1. The effects of the inhibitor were shown
to alleviate negative and cognitive impairments in patients when administered at high doses
(>2 g/day) and as a supplement to antipsychotic treatments [14]. Kynurenine aminotransfer-
ase II (KATII) inhibitors are used to block kynurenic acid (an endogenous antagonist at the
NR1 glycine, site) used to improve negative symptoms. NR2 subtype selective modulators
are still under drug development and could prove beneficial to a neurological disorder, such
as schizophrenia. Other pharmacological drugs available that affect glutamate transmission
are utilized to target AMPA receptors, mGlub receptors, and NMDA receptors on GABAergic
interneurons. However, many of these new therapeutic interventions are still in clinical trials,
whether they are more effective than the typical and atypical D2-related antipsychotic drugs
remains to be determined.
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10. Glutamate-GABA association in schizophrenia

It is theorized that NMDA dysfunction in neuronal subtypes of GABAergic and dopaminergic
neurons collectively contribute to the neuropathologies of schizophrenia. More specifically,
investigators speculate that NMDA receptor hypofunction occurs on GABA interneurons
(see Figure 1 in [6]). Glutamatergic neurons have direct interaction with GABA interneu-
rons, such as basket and chandelier cells, within the cortico-limbic circuitry. These inter-
neurons are responsible for suppressing output from glutamate-releasing pyramidal cells,
and due to recurrent collaterals from the two cell types, causes an inhibitory feedback loop.
However, if GABAergic activity were suppressed, due to NMDAR dysfunction, it would lead

Figure 3. Cross-connections between NMDA receptors, GABAergic neurotransmission, and PFC-dependent cognition.
PFC persistent neuronal firing is the foundation of working memory with NMDA receptor activity playing a substantial
role in this process [50, 51]. NMDA antagonism in conscious behaving monkeys impairs prefrontal-dependent working
memory [52] and induces cognitive impairments in healthy human subjects [11, 53-56], demonstrating a parallel between
NMDA hypofunctioning and cognition deficits. This ‘online’ persistent neural activity is critical for working memory,
which is not only NMDAR-dependent, but also requires fast and synchronous inhibition of prefrontal pyramidal
neuronal networks by GABAergic interneurons. GABAergic neurotransmission ultimately drives working memory
function through the shaping and synchronization of pyramidal cell output. PV cortical interneurons are especially
fundamental for generating fast gamma oscillations, which has been demonstrated in humans to be necessary for proper
working memory [57]. NMDARs and GABAergic interneurons are interrelated because NMDA receptors play a large
role in the maturation [58] and maintenance of interneurons, especially the NR2A subunit [59].
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to disinhibition of pyramidal neurons and excessive firing within the cortico-limbic circuit.
Physiologically, the excitotoxicity could have multiple effects on circuitry such as changes
in membrane potential, receptor desensitization, or cell death. These results would have a
twofold effect; first, the GABAergic downregulation would lead to negative symptoms and
cognitive deficits. And second, the resulting excess glutamate release of cortico-pyramidal
neurons could activate dopaminergic systems that lead to positive symptoms and further
cognitive impairments. The glutamate-GABA systems in the forebrain, especially prefrontal
cortex, are intertwined to produce prefrontal-dependent cognitive function, as proposed in
Figure 3. Still, how these two systems interact to induce phenotypes and symptoms in schizo-
phrenia remains to be determined.

11. GABAergic cortical interneurons

Cortical interneurons were first documented with Golgi staining by Santiago Ramoén y Cajal
and referred to as the “cells with short axons” [60]. Cortical interneurons are typically distin-
guished by four common attributes: locally projecting, aspiny or sparsely spiny dendrites, small
cell soma, and GABAergic. Interneurons exhibit a large diversity and are categorized based on
several features including morphology, connectivity, neurochemistry, and physiology [60-62]
(Figure 4). Due to the heterogeneity of this neuronal population, interneurons can fall into more
than one category, showing a great degree of overlap; therefore, interneurons fall more along a
spectrum rather than into distinct subgroups. Although this group is very diverse, axonal arbo-
rization and the downstream target domain plays a major role in classification and can reveal
a lot about a circuitry's function. Essentially, where and how an interneuron synapses onto a
target cell ultimately effects neuronal output and therefore function [61], is an essential ques-
tion for cortical function. Interneurons are crucial for synchronizing and shaping the excitatory
activity of pyramidal cells to form a ‘task-specific microcircuit’ for a particular brain region [61];
the prefrontal cortex contains this microcircuit specialized for working memory [62].

Three common GABAergic neocortical interneurons that will be highlighted and addressed
in this chapter are neurochemically defined based on the calcium-binding proteins they
express: calbindin (CB), calretinin (CR), and parvalbumin (PV) neurons. Calbindin interneu-
rons (also referred to as somatostatin) makeup ~30% of the cortical interneuronal population
and are generally characterized as having either small basket or Martinotti morphology.
Commonly, small basket cells target proximal dendrites or the cell soma and electrophysi-
ologically display regular-spiking non-pyramidal (RSNP) activity. Martinotti interneurons
exhibit a burst-spiking non-pyramidal (BSNP) firing phenotype and target distal dendrites.
Calretinin interneurons are the least prevalent (~15%) and stereotypically have small bipolar
morphology. These interneurons target proximal dendrites and also other GABAergic inter-
neurons having either RSNP or BSNP firing. Parvalbumin interneurons are fast-spiking cells
and neurochemically the largest group, making up half of the interneuronal population in
the cortex. PV interneurons target all along a pyramidal cell, with large basket cells at the
proximal dendrites/soma, nest cells at the soma, and chandelier cells targeting the axon initial
segment. For the remainder of this section, we will focus on parvalbumin chandelier cells
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Figure 4. Cortical interneuron connectivity and firing patterns categorized by calcium-binding neurochemical markers.
Calretinin small bipolar cells target proximal dendrites and other GABAergic interneurons. Calbindin neurons, small
basket cells, and Martinotti cells, target proximal dendrites/soma and distal dendrites. Parvalbumin interneurons are
fast-spiking and are further classified into large basket, nest basket, and chandelier (Ch) cells. Large basket cells target
proximal dendrites and the soma. Nest basket cells target the cell soma and chandelier cells synapse on the axon initial
segment (Modified from Lewis et al. [62]).

since these are the interneurons known to play a major role in prefrontal cortex-dependent
working memory and also have been implicated in the pathophysiology of neuropsychiatric
disorders such as schizophrenia [60, 62].
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12. GABA receptor classification and structure

GABA receptors respond to the ligand GABA, which is the main inhibitory neurotransmit-
ter in the mammalian central nervous system. GABAergic neurons are therefore important
for modulating neuronal activity throughout the brain and spinal cord [63-70]. The enzyme
L-glutamic acid decarboxylase (GAD) synthesizes GABA in presynaptic terminals through
the conversion of glutamate to GABA. GABA is then stored in vesicles waiting for release
following neuronal activation [67]. Extracellular GABA can bind to either postsynaptic or
extrasynaptic receptors located on presynaptic neurons, leading to hyperpolarization of the
target cell [69]. Postsynaptic receptor activation mediates phasic inhibition, whereas extrasyn-
aptic activation mediates a tonic inhibitory state [65, 69]. To remove extracellular GABA in the
synaptic cleft, GABA transporters located on the presynaptic terminal and glial cells regulate
neurotransmitter uptake; this process is extremely important to retain a balanced circuitry
and prevent over inhibition [67].

GABA receptors are classified into two groups, GABA, and GABA,, with GABA . receptors
recently categorized as a subtype of GABA, rather than their own distinct class. Receptor
characterization is based on structural, biochemical, modulatory, and physiological differ-
ences [67-70].

GABA | receptors are ionotropic chloride channels, conducting fast inhibitory neurotransmis-
sion, in which a ligand (i.e., GABA) binds and directly induces pore opening [67, 69]. GABA
receptors are members of a much larger group referred to as the Cys-loop ligand-gated ion
channel superfamily, which also encompasses nicotinic acetylcholine receptors (nAChRs),
glycine receptors, and 5-hydroxytryptamine type-3 (5-HT,) receptors [65, 68-70]. The diverse
pharmacology displayed by GABA, receptors sets them apart from the rest of the family
and is clinically relevant targets for anticonvulsant, anxiolytic, and sedative drugs [65, 69].
Typically, GABA, receptors are heteropentameric structures composed of five different sub-
units (al-6, f1-3, Y1-3 (Y2S, T2L), 01-3, d, ¢, 0, and m), each containing four transmembrane
domains (TM1-4) (Figures 5 and 6). Five out of twenty-one available subunits comprise the
complex, forming a pore from the TM2 segments [67-70]. The top three most common struc-
tural compositions in the brain are a1(32y2, a233y2, and a333y2, with the likely stoichiometry
of 2a:2p:1y [65, 67, 69].

Benzodiazepines potentiate the inhibitory effects of GABA by allosterically altering the
receptor and increasing its affinity for GABA [67]. Benzodiazepine-insensitive receptors are
formed when the y subunit is replaced by 9, ¢, or 7 [69]. Rho (0) subunits are unique because
these subunits predominately co-assemble together to form homo- and hetero-oligomers.
Previously, o oligomers were classified as GABA_. receptors, but more recently are consid-
ered a subclass of GABA, receptors. Even though GABA , and GABA . receptors are structur-
ally very similar to one another, these receptors formally fell into two different groups based
on their differential pharmacology and physiology [69, 70]. A major difference between the
A and C subtypes are that GABA, receptors are selectively blocked by bicuculline and modu-
lated by benzodiazepines, steroids, and barbiturates. GABA . receptors are not sensitive to
the same drugs, but rather are blocked by 1,2,5,6-tetrahydropyridin-4-yl) methylphosphinic
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Figure 5. GABA, receptor structure and cross-section. GABA,, receptors contain five subunits, typically in the ratio of
20:2B:1y, with the transmembrane domain 2 (TM2) forming the chloride-permeable pore. Each subunit consists of four
hydrophobic transmembrane domains with the N- and C- terminus facing the extracellular side. The GABA binding
site is located at the interface between a and 3 subunit, while the benzodiazepine (BZs) binding site sits at the junction
between a and y. GABA binding triggers channel opening, allowing inward chloride ion flux, whereas benzodiazepine
binding potentiates the GABA-induced chloride influx [65, 69] (Modified from Jacob et al. [65] and Vithlani et al. [69]).

acid (TPMPA) and activated by Z-4-amniobut-2-enoic acid [cis-aminocrotonic acid (CACA)].
Additionally, GABA . receptors exhibit a higher sensitivity to GABA, conduct less current,
have longer channel opening times, and desensitize slower in the presence of an agonist.
GABA_. receptors, however, are no longer classified as a separate division, but are now con-
sidered a GABA ,-p subclass because they are exclusively constructed of ¢ subunits [70].

GABA, receptors are metabotropic Ca* or K* channels, conducting slow inhibitory neu-
rotransmission, in which a ligand (i.e., GABA) binds and indirectly induces pore opening
through G-protein coupling activation and second messenger signaling [64, 67, 68] (Figure 7).
Functional GABA, receptors exist as heterodimers composed of one GABA,, (1a-g) and one
GABA, subunit [70]. The GABAy subunit binds to GABA and is mandatory for functional
receptors, whereas the GABA , subunit is responsible for G-protein coupling and signaling.
The most prevalent GABA isoforms are GABA, and GABA, |, which are highly conserved
across species. Other isoforms, 1c-g, have also been identified, but are either species-specific
or do not exist naturally [64]. Baclofen, clinically used as a muscle relaxant, stimulates GABA
receptors, which are otherwise insensitive to drugs that modulate the GABA, receptors [67].
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Figure 6. GABA, receptor transmembrane topology. Each subunit consists of four transmembrane domains. The N-
and C-terminus lie on the extracellular side, with the N-terminus being the site of action for several drugs. A large
intracellular domain exists between TM3 and TM4, providing a hub for a majority of the protein-protein interactions as
well as posttranslational modifications (palmitoylation, ubiquitination, phosphorylation) [65, 69].

o Wz Werz-

Figure 7. GABA, receptor structure. GABA, receptors are heterodimers composed of either a 1a or 1b subunit and a
mandatory 2 subunit. GABA, receptors are G-protein coupled and are activated by the ligand GABA, which binds to the
1 subunit. Following GABA ligand binding, G-protein activation induces opening of postsynaptic potassium channels
and closing of presynaptic calcium channels, hyperpolarizing the target cell (Modified from Emson [64]).
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13. Distribution

GABA , subunit expression has been well characterized in the rat brain [66]. Several subunits
exhibit broad expression throughout the nervous system, fluctuating across development and
regions. However, a few subunits demonstrate regional or cell-type specificity. For example,
a6 subunit is exclusively expressed in cerebellar granule cells and the o subunit is largely
restricted to the retina. Peripheral expression of GABA, receptors has been demonstrated
in the liver, smooth airway muscles, the lung, immune cells, and the intestines [68]. GABA
receptors are localized in the striatum, brainstem, thalamus, hippocampus, cerebellum, and
cortex. The 1b subunit is the most prevalently expressed across all brains regions, except for
the striatum in which the 1a subunit is the most abundant [64].

14. Parvalbumin interneurons and the prefrontal cortex

The prefrontal cortex (PFC) is the neuroanatomical hub for executive functions such as
working memory, which can be metaphorically thought of as the brain's blackboard [21, 71].
Incoming stimuli are transiently stored, manipulated, updated, and guide goal-directed
behavior [72]. Working memory is dependent on prefrontal circuitry involving the unique
balance between pyramidal Delay excitatory neurotransmission and GABAergic interneu-
ronal inhibition [57, 62, 71]. Excitatory Delay cells become activated upon presentation of a
salient cue and sustain neuronal activity throughout a delay period, essentially ‘remember-
ing’ the cue, and allowing an appropriate response. For instance, Figure 8 represents an

Single Unit Correlate of Working Memory

Fixation

Cue Delay Saccade

O N

Figure 8. Single unit electrophysiological activity of a Delay cell in the primate DLPFC during a working memory task.
The onset of Delay cell activity is triggered by the presence of relevant stimuli, or a cue. In the absence of a visual
cue, Delay cells persistently fire during the delay period and allow for the generation of a goal-directed response
(e.g., saccade). The sustained neuronal firing during the delay period is hypothesized to be the neural correlate of
working memory and depends on both excitatory pyramidal activity as well as fast-spiking GABAergic interneurons in
the DLPFC [21, 71, 73, 74] (Modified from Monaco et al. [21]).
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example of single unit prefrontal Delay cell activity in the primate dorsolateral prefrontal
cortex (DLPFC) during an oculomotor delayed-response task. In this working memory task,
subjects are trained to fix their gaze at the center. A single cue is presented somewhere in the
360° perimeter, followed by a brief delay period in which the cue is absent. After the delay
period, an appropriate response would be an eye saccade in the direction that the cue was
first presented.

Working memory, the sustained neuronal activity that occurs during the delay, is not only
dependent on prefrontal pyramidal cells, but also fast-spiking GABAergic interneurons
[57, 62, 71]. Pharmacological evidence supports the importance of fast-spiking interneu-
rons in the DLPFC for working memory function. Administration of a GABA R antagonist,
bicuculline, lead to impaired mnemonic tuning during an oculomotor delayed-response
task. Therefore, working memory, particularly sustained neuronal activity during the
delay period, depends on GABA, receptors. Furthermore, GABAergic hypofunctioning
in the DLPFC partly contributes to working memory deficits [62, 75]. GABAergic neuro-
nal activity and its role in working memory function are also connected to gamma oscilla-
tions. Gamma oscillations, which fall in the band range between 30 and 60 Hz, are required
for working memory function. A research study conducted in 2003 reported that gamma
band oscillations increased proportionally with working memory load [57, 62, 76]. More
specifically, fast-spiking PV interneurons are a crucial input for gamma rhythm genera-
tion. Inhibition of PV interneurons attenuates gamma oscillations, whereas driving PV
neuronal activity initiates gamma-frequency rhythms [62]. Excitatory pyramidal output in
the prefrontal cortex is modulated by inhibitory gamma oscillations, largely driven my PV-
interneurons, essentially fine-tuning the circuit and allowing for proper working memory
function. Conclusively, PFC-dependent working memory involves a symbiotic balance
between excitatory pyramidal output and fast inhibitory activity of PV-interneurons, which
shapes and fine-tunes the circuit.

15. Parvalbumin interneuronal hypofunctioning in schizophrenia

Schizophrenia is a debilitating neurodevelopmental disorder in which afflicted individu-
als suffer from cognitive impairments, working memory deficits being a core feature.
Unfortunately, available medications poorly treat cognitive symptoms albeit cognitive
performance most strongly determines functional outcomes. Working memory function
requires fast and synchronous inhibition of pyramidal neuronal networks within the pre-
frontal cortex, which is regulated by GABAergic neurotransmission. Because individuals
afflicted with schizophrenia display reduced frontal cortical gamma oscillatory power in the
DLPFC during a working memory task and cognitive impairments are a core feature, dis-
rupted GABAergic signaling is highly implicated in the pathology of this disorder [57, 62].
Glutamic acid decarboxylase (GAD), the enzyme that synthesizes GABA and PV prefrontal
expression is reduced in schizophrenia, further demonstrating a GABA deficit in this neuro-
anatomical region [57, 62, 77-79].
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NMDARs have been demonstrated to be vital throughout neurodevelopment, with NR2A
specifically involved in the maturation and maintenance of GABAergic PV interneurons.
A previous study showed that NR2A hypofunction leads to reduced GAD67 expression and
PV immunoreactivity [59]. It is important to note that the reduction in parvalbumin is not due
to density (i.e., interneuronal cell number), but rather a decrease in protein level expression.
Researchers hypothesized that this suppressed expression in GAD67, and therefore PV, leads to
GABAergic malfunctioning or hypofunctioning [57, 59, 62, 77]. Interestingly, GAD65, the other
isoform, does not demonstrate such impairments. Cortical levels of GABA remained unaltered
in animals without GAD65, thus demonstrated specificity to the GAD67 isoform [57, 62, 80].
Reductions in GAD67, however, are associated with decreased GAD enzymatic activity as
well as GABA levels in the cortex [62, 81]. Individuals suffering from schizophrenia were also
reported to have increases in the a, subunit of GABA, receptors and decreased GABA trans-
porter 1 (GAT1) levels. GAT1 are proteins important for the removal of GABA from the synaptic
cleft, while the GABA | o, subunit is highly concentrated at the axon initial segment of pyrami-
dal neurons and mediate fast synaptic inhibitory neurotransmission (Figure 9). Therefore, this

S ch iggﬁ'ﬂ renid
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Figure 9. Comparison of normal and schizophrenia synaptic connection at the junction between a parvalbumin
chandelier interneuron (PVCh) and a pyramidal axon initial segment. A core feature of schizophrenia is GABergic
deficits; in the rebalanced circuitry, presynaptic expression of GABA transporter 1 (GAT1) on the axonal terminals of
the GABAergic interneurons is decreased, while the expression of GABA ,a, receptors at the axon initial segments of
pyramidal neurons is increased (Modified from Lewis et al. [62] and Lewis et al. [57]).
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inverse correlation is speculated to act as a compensatory mechanism to increase the effect of
GABA on postsynaptic cells and return the circuitry back to homeostatic conditions [57, 62, 82].

However, what remains to be unanswered is which proceeds which: NMDA receptor hypo-
functioning or GABAergic deficits. In order to understand how cognitive impairments in
schizophrenia emerge, we must first uncover the molecular underpinnings that lead to the
root of these dysfunctions.

16. Current GABA-targeted therapeutics

In individuals afflicted with schizophrenia, a compensatory mechanism to balance the circuit
naturally gets set into motion. In order to offset the shift towards excitation, GAT1 is reduced
presynaptically and GABA ,a, receptors are increased postsynaptically. These changes result
in levels of GABA remaining in the synaptic cleft longer and more postsynaptic receptors
available for activation. GABA , a, receptor agonists offer as a promising therapeutic to phar-
macologically target the pathophysiological inhibitory deficit in the DLPFC [62]. GABA ,«,
receptors are predominately located at the axon initial segment of pyramidal neurons and
therefore should exhibit limited off-target effects on other domains [83]. GABA ,a, -selective
benzodiazepines are a likely candidate because these agents would only activate and poten-
tiate GABA ,a, receptors in the presence of GABA, preventing dysregulated inhibition that
would otherwise result from direct activation of these receptors. Treatment with GABA ,a2-
selective benzodiazepines might also offer an additive benefit of reducing anxiety in patients,
due to the anxiolytic effects that are mediated by GABA &, receptors [62, 84]. In aims to
provide better treatment options, further research is warranted to elucidate the underlying
mechanism of GABAergic hypofunctioning, which largely contribute to working memory
deficits seen in schizophrenia.

17. Summary

Working memory is a key executive function that guides an organism's response by filter-
ing out important information from the external environment and applying relevant details
towards a goal-directed behavior. This process requires the output of a specialized circuit
localized within the prefrontal cortical circuits. The synchrony between excitatory pyrami-
dal Delay cells, which produce the necessary persistent neuronal activity, and fast-spiking
GABAergic neurotransmission, which in turn shape and fine-tunes the pyramidal cell out-
put, underlies working memory. Both the excitatory and inhibitory components (such as
NMDARs and GABA Rs) are crucial in the maintenance of this delicate process, and dys-
regulation of either likely serves as a pathophysiological process in schizophrenia. Working
memory deficits are a core feature of schizophrenia with NMDA and GABA hypofunctioning
highly implicated in the etiology of the disease. Future research is warranted for further deci-
phering whether NMDA hypofunctioning precedes GABAergic deficits or vice versa.
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Abstract

Schizophrenia has a heterogeneous and complex etiology that includes multiple
candidate genes affected by a variety of mutational mechanisms including epigenetics,
functional pathways, and environmental factors. This chapter mainly focuses on
reviewing two sets of studies. The first one is whole-genome next-generation sequenc-
ing datasets involving monozygotic twins discordant for schizophrenia. The findings
suggest that de novo sequence variations may underlie the discordance of monozygotic
twins for schizophrenia. Second, whole-genome DNA methylation study suggesting
the role of DNA methylation in the mechanisms of actions of antipsychotic drugs in
treating the disorder as well as the manifestation of side effects such as metabolic
disorders. Furthermore, we are reporting original research results using next-generation
mitochondrial DNA sequence analysis of a pair of monozygotic twins discordant for
schizophrenia as well as their mother. The chapter sheds light on the interplay between
sequence variations and epigenetic signatures, including DNA methylation changes, in
the etiology and pathophysiology of schizophrenia. Given the dynamic nature of
methylation, it may be possible to develop a new treatment strategy for schizophrenia
that is based on reversion of genomic methylation. This may involve environmental,
dietary, and/or pharmaceutical approaches.
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1. Introduction

The treatment of schizophrenia involves the suppression of hallucinations, delusions,
agitation, and an array of behavioral problems that often accompany these symptoms [1].
When acute symptoms start to subside with antipsychotic drug treatment, psychotherapy and
rehabilitation interventions can be undertaken. The heterogeneity of schizophrenia may
account for concentration of the disease in some families, reduced concordance between
monozygotic twins, and patient-specific causations. The identity of genes and pathways
involved in schizophrenia and the mechanisms affecting them are forthcoming. This devel-
opment has identified important insights including the fact that a relatively large number of
genes affected in schizophrenia belong to relatively few critical pathways. This includes the
Dopamine pathway that has provided the foundation for the development of primary
treatment of the disease. There is an opportunity to focus on additional affected pathways for
the treatment of a subset of patients. One of the mechanisms that may affect schizophrenia-
related pathways is DNA methylation. This chapter will discuss primary molecular studies
that support a threshold model for this complex disease, including complete genome
sequences of monozygotic twins discordant (MZD). Specifically, we identify patient-specific
genes that may be affected by a variety of mutational mechanisms, including DNA methyla-
tion. Here, the predisposition for the disease is realized on a threshold scale (Figure 1) via
mutations involving a variety of mechanisms including sequence variations and copy number
variations in nuclear genes as well as changes in genome-wide DNA methylation [2, 3]. The
threshold model can only be tested on monozygotic twins discordant for the disease. Next,
we will argue for the direct role of DNA methylation in schizophrenia using two sets of
independent results; methylation differences between MZD twins and tissue-specific response
of olanzapine (antipsychotic) treatment in rats in vivo [4, 5].
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Figure 1. A threshold model for predisposition to schizophrenia in monozygotic twins discordant (MZD) for schizo-
phrenia [2].

We will also discuss three facets of schizophrenia and their implications in the development
of any strategy for amelioration: (i) the role of de novo sequence variations (nuclear and mtDNA)
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in the etiology and treatment of psychiatric disorders, including schizophrenia; (ii) the
involvement of DNA methylation in the development of psychiatric disorders, particularly
schizophrenia; and (iii) the interplay between DNA sequence variation and DNA methylation.
The insights covered will be incorporated into the development of strategies toward person-
alized medicine for the treatment of psychiatric disorders.

2. Role of sequence variations in the etiology and treatment of psychosis

A growing body of evidence suggests the significance of genetic variants in the etiology of
mental health disorders, including schizophrenia. For example, the Psychiatric Genomics
Consortium identified several SNPs that are associated with major psychiatric disorders
including schizophrenia [6], which included CACNAIC variants that have been previously
associated with autism [7]. Also, angiotensin-converting enzyme (ACE) gene insertion/
deletion polymorphism was reported to be associated with schizophrenia susceptibility as well
as the severity of schizophrenia depressive symptoms in a Chinese population [8]. According
to the schizophrenia-working group of the Psychiatric Genetic Consortium, the expression of
the C4 gene was affected by SNPs in the gene resulting in putative synapse elimination in
schizophrenia patients [9]. It has recently been reported that 15 of 48 schizophrenia cases were
found to carry rare or novel missense coding variants in four signaling genes studied. These
findings suggest that single genes harboring de novo mutations in individuals with psychosis
as compared to healthy controls may play a critical role in influencing the phenotypes of
psychosis and hence may be potential targets for developing treatment strategies. A study
from our lab reported that copy number variants (CNVs) in monozygotic twins discordant for
schizophrenia could be an important underlying factor in the discordance of the twins for the
disease [3]. The findings identified several CNVs and genes, in four of the six twin pairs
studied, that were previously implicated in mental health disorders. These findings suggest a
role for CNVs in the discordance of twins for schizophrenia.

Similarly, unpublished studies from our lab on complete genomes of two pairs of monozygotic
twins discordant for schizophrenia showed multiple individual sequence-specific differences
between cotwins. The observed differences included small nucleotide changes (single nucleo-
tide variation, block substitutions, and small indels), copy number variations, and structural
variations that were unique to either the affected or healthy cotwins. Also, by comparing the
sequence differences between cotwins with that of their parents, it was possible to identify de
novo variants. The study revealed several genes and gene-networks that may have predisposed
the affected cotwins to the disease corroborating the fact that de novo variations between
cotwins may be an underlying factor for their discordance to the disease.

Due to the fact that there has been no single gene identified that is responsible for causing the
disorder, it is imperative that future research be focused on the polygenetic nature of schizo-
phrenia, as well as the networks and pathways relevant to neurodevelopment and function.
A recent study identified genes and pathways associated with psychosis in 22q11.2 deletion
syndrome subjects [10]. The study revealed specific pathways affected in 22q11 deletion
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Syndrome carriers with psychosis and autistic spectrum disorders. Expression changes
associated with psychosis symptoms in 22q11 deletion syndrome was also associated with
pathways involved in transcriptional regulation. In addition, schizophrenia was reported to
be the only psychiatric disorder observed at a higher rate in 22q11 deletion syndrome com-
pared to other neurodevelopmental disorders [11, 12].

The 22q11.2 deletion represents one of the most established genetic risk factors for the
development of psychiatric disorders. Our lab also reported the effect of DNA methylation in
the promoter regions of genes located in the microdeletion region on chromosome 22.
Accordingly, from a set of genes located in the 22q11.2 microdeletion region that has been
previously implicated in psychosis, 29 genes showed increased DNA methylation in their
promoters, following olanzapine treatment [13]. In that study, the effect of the antipsychotic
drug was revealed through significantly increased (p < 0.01) DNA methylation of genes
affecting several networks including neurological disease, inflammatory disease, inflamma-
tory response, cancer, tumor morphology, and cell death and survival.

An increased number of studies suggest that rare genetic variations play an important role in
the genetic etiology of schizophrenia. However, the existence of rare genetic variations may
not always lead to the predisposition of schizophrenia. For example, a rare missense varia-
tion in UCL13B was identified by whole-exome sequencing, which was present in five of six
schizophrenia-affected individuals but not in eight unaffected individuals [14]. In a follow-up
case-control study of two independent Japanese populations, there was no significant associ-
ation between this missense variation and schizophrenia [14].

Chr Position Reference Sample Variation Gene Gene Sample Sampleread Translation
allele allele  type regions  symbol call depth in impact
quality ~ G/H/F

M 8701 A G SNV Exonic MT-ATP6 255 600/680/611 Missense
M 8860 A G SNV Exonic MT-ATP6 255 336/367/322 Missense
M 10819 A G SNV Exonic MT-ND4 255 729/714/667 Synonymous
M 10873 T C SNV Exonic MT-ND4 255 613/662/573 Synonymous
M 11719 G A SNV Exonic ~ MT-ND4 255 544/652/562 Synonymous

Note: G/H/F: stands for healthy cotwin, affected cotwin, and their mom, respectively; Chr: chromosome.

Table 1. Mitochondrial single nucleotide variations detected in the discordant twins as well as their mother.

In addition to our analysis of nuclear DNA sequence variation, we have also conducted
mitochondrial DNA sequence analysis involving a pair of monozygotic twins discordant for
schizophrenia and their mother. Ingenuity Variant Analysis (Ingenuity System Inc, CA, USA)
identified no difference in the sequence variations between the discordant twins as well as their
mother. All of the biologically relevant variations detected were single nucleotide variations
(SNVs) in exonic regions of the MT-ATP6 and MT-ND4 genes (Table 1). The translational
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impact of the variation found in MT-ATP6 was predicted to be missense while that of MT-ND4
was predicted to be synonymous. All of the single nucleotide variations found in the mitochon-
dria were detected in both of the twins and their mother. As we will discuss in the subsequent
sections, despite the identification of these biologically relevant sequence variations in all
samples, their interaction with epigenetic signatures including DNA methylation may differ
between individuals and lead to differences in susceptibility to disease.

A = Healthy co-twin
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FEDNA potiben

B - Schizophrenia-affected co-twin

Covenpe

TROA Bt

C —Mother of the twins

Crwsinge
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Figure 2. The dotted line in purple shows the mean sequencing coverage of the mitochondrial genome for each sample.
(A) Healthy cotwin. (B) Schizophrenia-affected cotwin. (C) Mother of the twins.
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Position Mutation Locus

10398 A>G MT-ND3
10819 A>G MT-ND4
10873 T>C MT-ND4
11719 G>A MT-ND4
12705 CT MT-ND5
14212 T>C MT-CYB
1438 A>G MT-RNR1
14766 CT MT-CYB
14905 G>A MT-CYB

150 CT MT-DLOOP2
152 >C MT-DLOOP2
15301 G>A MT-CYB
15326 A>G MT-CYB
16172 >C MT-DLOOP1
16183 A>C MT-DLOOP1
16189 T>C MT-DLOOP1
16223 CT MT-DLOOP1
1647 >C MT-TV

16519 T>C MT-DLOOP1
195 T>C MT-DLOOP2
2352 >C MT-RNR2
263 A>G MT-DLOOP2
2706 A>G MT-RNR2
3316 G>A MT-ND1
4769 A>G MT-ND2
7028 CT MT-C01

73 A>G MT-DLOOP2
750 A>G MT-RNR1
8701 A>G MT-ATP6
8860 A>G MT-ATP6
9540 T>C MT-C03

Table 2. Homoplasmies detected in the discordant twins and their mother.
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We used mtDNA-server [15] to identify heteroplasmies. All sites with a log likelihood ratio
(LLR) of >5 were considered as heteroplasmic sites. This analysis did not identify any hetero-
plasmies in our samples. Among other reasons, the sequencing coverage may have affected
our ability to detect heteroplasmies in the present samples (Figure 2). Coverage of >10x fold
per strand is required on both the forward and reverse strand to accurately identify hetero-
plasmic sites [15]. We believe that better coverage would more accurately identify heteroplas-
mies that may have a role in the etiology of schizophrenia. Furthermore, analyzing larger
samples may help investigate heteroplasmies and their association with schizophrenia; as it is
possible that each patient could signify a specific etiology and pathophysiological manifesta-
tion of the disease via his/her unique genetic makeup and epigenomic signature. In another
study, novel and rare nonsynonymous mutations were identified in mtDNA genes (ND6,
ATP6, CYTB, and ND2) in subjects with psychiatric disorders [16]. The authors also reported
mtDNA heteroplasmy at a locus that was known to be associated with schizophrenia
(T16519C). The homoplasmies detected in the aforementioned sample of a pair of twins
discordant for schizophrenia and their mother are presented in Table 2.

3. The role of DNA methylation in the development of psychosis

DNA methylation represents a core epigenetic mechanism that involves the covalent binding
of a methyl group to the 5-carbon position of cytosine, often leading to altered gene expression
[17]. DNA methylation is influenced by stochastic events, including exposure to a variety of
environmental factors, such as drug treatment [18, 19]. Epigenetic mechanisms, including
DNA methylation, regulate normal cognition, neurodevelopment, and function. In addition,
DNA sequence variations only explain a small proportion of the heritability of the disease. The
remaining heritability, often referred to as missing heritability, could be, at least partially,
explained by epigenetic changes. Interestingly, a number of animal model studies of neuro-
developmental disorders signified that reversing the underlying molecular deficits could lead
to substantial improvements in function giving hope to effective treatments even starting in
adulthood [20]. These points highlight the need to further investigate the role of epigenetic
signatures in the etiology and treatment of psychiatric disorders, including schizophrenia.

With this in mind, our lab has performed two sets of studies on DNA methylation in schizo-
phrenia. The first study focused on two pairs of monozygotic twins discordant for schizo-
phrenia and their parents to investigate differences in genome-wide DNA methylation using
a NimbleGen Methylation Promoter Microarray. Since monozygotic twins share nearly
identical DNA, the study represents an ideal design to investigate the role of DNA methylation
in the etiology of the disease. The genomic DNA was processed at ArrayStar (Rockville, MD,
USA). Pair files were analyzed with the tiling workflow in Partek Genomics Suite version 6.6
(St. Louis, Missouri, USA). Details of the methodology have been previously described [4]. As
a result, differentially methylated regions (DMRs) were identified between discordant
monozygotic twins. Some of the DMRs were shared with parents of the discordant twins while
others represented de novo methylation changes [4]. The study also reported that 27 genes were
affected by DMR changes that were commonly detected in the schizophrenia-affected member

33



34 Schizophrenia Treatment - The New Facets

of the two discordant monozygotic pairs of unrelated families. Many of these genes were found
tobe a part of the histone coding gene family, which has been previously linked to the causation
of schizophrenia [21-23]. Moreover, the identified genes affected by DMRs were linked to
specific networks including “cell death and survival” and “cellular movement and immune
cell trafficking” [4]. Interestingly, those genes and their networks have been previously
associated with the etiology of schizophrenia. The findings of this particular study corrobo-
rated the notion that DNA methylation may play a critical role in the discordance of mono-
zygotic twins for schizophrenia. The results also shed light on the relevance of gene-specific
DNA methylation changes and on the involvement of multiple genes harboring methylation
changes across specific pathways in the discordance of monozygotic twins for schizophrenia.

The second study comprised an animal model experiment investigating genome-wide DNA
methylation changes following the administration of a therapeutic dose of olanzapine in rats
in vivo. Hippocampus and cerebellum brain regions were used and liver was included as a
nonbrain tissue [5]. As a result, our study revealed that DNA methylation is not only involved
in the etiology of mental health disorders, but also may be the underlying mechanism by which
antipsychotic drugs function in treating the disorder. This was supported by a number of
pathways significantly influenced by methylation changes. These included “nervous system
development and function, tissue morphology, cellular assembly and organization,” (Fig-
ure 3). These findings suggested that an increase or decrease in DNA methylation of specific
gene promoters, following olanzapine treatment, might decrease or increase transcriptional
efficiency [37, 38], specifically in the hippocampus. The hippocampus is viewed as one of the
primary sites associated with psychotic symptoms [7, 24, 25]. We also reported that the
dopamine-DARPP32 feedback in cAMP signaling pathway (p < 1.6E-3) was the most significant
pathway identified in the hippocampus region of the olanzapine-treated rat brain. Neurons in
the midbrain release dopamine, which modulates cAmp (cyclic adenosine 3,5-monophosphate)
production by activating dopamine receptors [1]. These results may suggest that antipsychotic
effects of olanzapine involve alterations in gene-specific methylation that would lead to dis-
regulation of genes involved in the dopamine DARPP32 feedback in cAmp signaling pathway.
This includes several differentially methylated genes such as Drd1/5 and Nos1. It is an estab-
lished fact that dopamine blockade leads to the progressive treatment of psychosis while its
disturbance leads to the manifestation of psychosis [26]. And, all currently used antipsychotics
block postsynaptic D2 receptors [27].

Schizophrenia patients either partially respond to antipsychotic drugs or do not respond at all
[28]. This may be due to several factors, and one possibility is the delay in the onset of
therapeutic actions partly or fully influenced by downstream effects, such as altered tran-
scription [29, 30]. As such, differentially methylated genes involved in the dopamine-signaling
pathway may stop or reduce transcription and gene expression [17, 29, 30].

Significant hypomethylation in two CpG sites of the FAM63B gene in bipolar disorder patients
have been recently reported [31]. Their findings plus previous hypomethylation results
reported in another study involving schizophrenia patients suggest that FAM63B may be a
common risk gene for both disorders. Although the authors reported correlation in methyla-
tion levels at the two sites, they did not find significant association of DNA methylation with
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Figure 3. (A) Nervous system development and function, tissue morphology, cellular assembly and organization. (B)
Metabolic disease, tissue morphology, endocrine system disorders. Genes shaded in gray were affected by changes in
promoter methylation [5].
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nearby SNPs, which may further corroborate the biological significance of identifying epige-
netic signatures in addition to conducting genome-wide association analyses. On their own,
association analyses will not always reveal risk variants or genes due to their limitations such
as low statistical power or the presence of genotyping error as well as the detection of false
positives.

Different brain regions as well as a variety of cell types are known to have different epige-
netic signatures, and depending on the subpopulations analyzed, specific cell types may
even show different epigenetic signatures within their own subpopulation [32, 33]. These
reported differences in epigenetic signatures of different brain regions and our observa-
tions of significant differences in DNA methylation patterns of hippocampus and cerebel-
lum in a rat model study, reflect the possibility that these epigenetic signatures may play a
role in regulating gene expression and thereby causing psychiatric disorders including
schizophrenia.

Several CpGs have been reported to show significant differences in DNA methylation levels
in psychosis cases [34]. These results shed light on the significance of epigenetic signatures in
the causes and treatment of mental health disorders. Our previous studies revealed brain
tissue-specific DNA methylation changes [5]. As a result, scientists are now advising for
caution when interpreting the findings of DNA methylation differences in schizophrenia
affected and healthy subjects using peripheral tissues, including blood samples [35].

As we noted in our previous reports, olanzapine caused an increase or a decrease in methyl-
ation of genes previously implicated in schizophrenia, which may reflect the fact that olanza-
pine could result in the recovery of psychiatric symptoms via mechanisms involving DNA
methylation. Among the genes that showed a decrease in methylation in hippocampus is
Map6, which is implicated in schizophrenia [36], and involved in molecular transport, nervous
system development, and function [5]. This implies that methylation may serve an interme-
diary role whose actual effect is realized through gene expression.

Apart from the involvement of DNA methylation in the treatment of schizophrenia via
antipsychotic administration, methylation changes may also affect genes and pathways that
reflect the side effects of the drugs. In a genome-wide assessment, our studies showed
methylation changes in several genes and pathways that may alter metabolomics leading to
the efficacy as well as side effects of olanzapine. The side effects were reflected by significant
increases in body weight gain and a pathway affecting metabolic disorders. Interestingly,
genetic variations in various genes including BDNF have been implicated in antipsychotic-
induced weight gain [37]. However, the relationship between sequence variations and
methylation changes in leading to the predisposition of individuals to the disease, their role
in the efficacy of antipsychotic treatment, and also their role in the side effects of the drugs
remains to be investigated.

It is an established fact that genomic imprinting is an epigenetic phenomenon by which
certain genes are expressed in a parent-of-origin specific manner [38]. Also, X-chromosome
inactivation invariably involves epigenetic phenomenon [39, 40]. The genomic distributions
of epimutations play an important role in their effects on the disorder. In particular, we
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would like to emphasize that not all observed epigenetic changes in the genome play a role
in the regulation of gene expression. Although most epimutations located in nonpromoter
regions do not often lead to changes in gene expression, epigenetic signatures in the pro-
moter regions are often associated with regulation of gene expressions [29, 41]. Interesting-
ly, long-lasting alterations in DNA methylation and their effect on neurodevelopmental
disorders have been reported [42]. However, changes in DNA methylation needs to be in-
terpreted with caution, as methylation and its function are context-dependent [43]. More
importantly, effects of epimutations on neurodevelopmental disorders are tissue-specific,
cell-type, and organ specific [44, 45]. Interestingly, our lab reported tissue-specific changes
in promoter DNA methylation of several psychosis related genes using hippocampus, cere-
bellum, and liver samples [5].

Overall, the results from our lab and elsewhere suggest that aberrant DNA methylation in a
set of candidate genes may be involved in mental disorders, including schizophrenia [46]. Also,
it may explain the therapeutic efficacy, side effects, and individual specificity of responses to
antipsychotic treatments. They may result from changes in tissue-specific DNA methylation
in a set of genes [5, 13, 47, 48]. However, DNA methylation changes in mental health patients
and their effects on the expression of psychosis relevant genes as well as the development of
psychotic symptoms require attention in future studies. Also, effects of DNA methylation on
the expression of specific sets of genes leading to the development of schizophrenia, requires
further investigation. To this effect, the use of endophenotypes (intermediate phenotypes that
are quantifiable traits of the disease) may help facilitate the investigation of the underlying
biological basis of schizophrenia. The United States Food and Drug Administration has
accepted endophenotypes as therapeutic treatment targets [49]. Further, our study based on
two sets of studies (a rat model investigating effects of olanzapine on DNA methylation of
brain regions, and monozygotic twins discordant for schizophrenia) revealed genes and gene
networks commonly affected in the two sets of studies. The findings reflect the fact that a
considerable portion of the observed methylation changes are likely to be caused by antipsy-
chotic drugs in both studies [50]. Also, it is likely that some of the methylation changes seen
can be attributed to the underlying factors that predispose patients to the disorder. Further
studies are still needed to confirm the role of methylation changes in the etiology and patho-
physiology of the disease.

4. Interplay between DNA sequence variation and DNA methylation

The role of DNA methylation in gene regulation and the interplay between genomic sequence
variations and various environmental features as well as their implications on disease pheno-
types remains to be investigated. However, studies support the role of DNA methylation in
regulatory interactions influencing gene expression [51]. It is also established that there is an
interplay between sequence variation, DNA methylation, and gene expression [52]. A recent
study has highlighted the fact that mutated CpG sites (CpG-SNPs) could play a critical role in
the cause and treatment of the disease [34].
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Our lab recently identified several genes that differ between the affected and unaffected
members of two monozygotic twin pairs discordant for schizophrenia. The differences were
assessed using a genome-wide methylation promoter array and complete genome sequen-
ces. The results shed light on a number of facts. First, monozygotic twins differ in both DNA
methylation as well as de novo sequence variations. Antipsychotic drugs could have caused
the observed DNA methylation changes as was evidenced in our rat model study discussed
above. Also, there is a possibility that DNA methylation changes could be caused by de novo
events. It has been reported that differences in genetic components underlie the differences
in DNA methylation profiles observed between individuals [53]. Second, some genes that
were affected by differential promoter methylation between discordant monozygotic twins
also harbor a number of different types of sequence variations [2]. Some of the variations
may represent de novo sequence variations. Third, a number of the observed changes are
located in known candidate genes for schizophrenia. Thus, the genes harboring promoter
DNA methylation changes could contribute to neuropsychiatric disorders, including schizo-
phrenia. Moreover, when the DNA sequence differences were analyzed independently, ad-
ditional previously reported candidate genes of schizophrenia were identified (unpublished
data) suggesting that these findings may reflect that many of the previously identified can-
didate genes of schizophrenia can be revealed by differences in DNA sequence. These find-
ings also highlight the patient-specific nature of these differences. Any sequence variation or
promoter DNA methylation between a patient and their healthy cotwin was considered as a
potential predisposing factor for the disease. Overall, the findings to date argue that it is not
only sequence variation but also their interactions with chromatin structure and other epige-
netic signatures which regulate disease outcomes. Therefore, future studies need to focus on
investigating the interactions of sequence variation, including nuclear and mitochondrial
DNA sequence variations, with epigenetic signatures, in subjects with psychosis and
healthy controls.

Studies in the past support the notion that DNA methylation may play a critical role in the
therapeutic efficacy of olanzapine. For example, findings suggest that DNA methylation
changes in the promoter regions of several genes including genes located in the 22q11.2
microdeletion region and the cadherin/protocadherin genes impact the response of olanzapine
treatment [47]. These impacts have been revealed through the identified pathways that have
been previously implicated in psychosis.

In conclusion, the results from our lab and elsewhere corroborated the fact that various types
of de novo sequence, including copy number variants and their interactions with epigenetic
signatures, may underlie the etiology of schizophrenia and also may hold the key to discovery
of drug targets in developing personalized medicine for psychosis. Epigenetic changes, DNA
methylation in particular, may play a critical role in the therapeutic efficacy of antipsychotic
drugs. Overall, the known functions of genes affected by olanzapine-induced DNA methyla-
tion changes suggest that DNA methylation differences may underlie the amelioration of
psychosis symptoms as well as account for certain adverse effects of drugs used to treat the
disorder.
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Abstract

Transcriptome analysis of postmortem brain samples provides more insights to evaluate
biological dysfunctions by analysis of differential expression and genetic interactions in
schizophrenia. The growing development of new technologies such as next-generation
sequencing (NGS) helps to explore detailed and underlying molecular changes from
global perspective of view, not only focus in single SNP variants. It is implicated that
schizophrenia genetic and protein interactions may give rise to biological dysfunction
not only in dopamine dysfunction but also in immune, energy metabolism, mitochon-
drial dysfunction and hemostasis. Epigenetic investigation of schizophrenia provides
important information on how the environmental factors affect the genetic architecture
of the disease. DNA methylation plays a pivotal role in etiology for schizophrenia. The
schizophrenia differential methylation genes and differential expression genes were ana-
lyzed to find the potential protein complexes related to the etiology of schizophrenia
from alteration of DNA methylation. The protein complexes and pathways involved
in schizophrenia differential methylation network may be responsible for the etiology
and potential treatment targets. It is implicated that the interaction between differen-
tial expression candidate genes and differential methylation genes may describe the
global view of disease mechanisms and it has important roles in the pathogenesis for
schizophrenia.

Keywords: systems biology, protein complexes, methylation, pathway enrichment
analysis, network analysis, schizophrenia, epigenetics, mitochondria

1. Introduction

Schizophrenia is a debilitating brain disorder. It belongs to a group of multiple pathologies
and is also known as a complex genetic disorder effected or stimulated by environmental
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factors. Evidences of gene variations as risk factors of schizophrenia have been accumulated
since 1938 [1]. Many studies have attempted to resolve the biological and genetic complex-
ity of schizophrenia. However, the molecular mechanism of schizophrenia pathophysiology
is far from clear, partly because the disease mechanism mainly locates in brain regions and
sampling affected tissues are hence difficult.

The development of treatment is progressing slowly. Mostly antipsychotics are based on
the dopamine, serotonin, and y-Aminobutyric acid (GABA) theory. But none of the theories
is conclusive for the disease mechanism. The major treatment of schizophrenia, called the
antipsychotics, mostly block corresponding receptors in dopaminergic, serotoninergic, and
GABAergic pathways. However, both traditional and atypical antipsychotics have predomi-
nant and unneglectable side effects such as involuntary movement disorders and metabolic
syndrome. Besides, these medications may not get into the core targets of schizophrenia.
Novel treatment strategies have long been anticipated to have more advanced and specific
approaches and mechanisms.

New technologies such as next-generation sequencing (NGS), mRNA microarray, high-
throughput single nucleotide polymorphism (SNP), and copy number variation (CNV) asso-
ciations with diseases allowed us to propose novel candidate genes or molecular etiology of
mental disorders [2]. Furthermore, the most comprehensive biological databases for schizo-
phrenia genetic research including SZGene [3] and SZGene database (SZDB) [4] have been
constructed. The SZGene database (last updated 23 December 2011) has listed 1727 studies
investigating over 1008 candidate genes, 8788 polymorphisms, and 287 meta-analysis. In these
extensive studies, one or more genetic markers in genes are hypothesized to be involved in
the etiology of schizophrenia. SZDB (http://www.szdb.org/) is a comprehensive resource for
SZ research which includes SZ genetic data, gene expression data, network-based data, brain
expression quantitative trait loci (eQTL) data, and SNP function annotation information. It
contains 9,444,230 SNPs with sample size of 82,315, including 35,476 schizophrenia cases and
46,839 controls. Recent NGS researches including comprehensive and collective postmortem
brain sample data come from [5].

On the basis of current empirical evidence and mostly consensual assessments of informed
opinion, it appears that the historical candidate gene literature did not yield clear insights into
the genetic basis of schizophrenia [6].

The schizophrenia-associated studies have difficulties to conclude a simple disease etiology.
The important candidate genes varied in literature reviews with low reproducibility. Our
group has expanded the association interaction of these candidate genes by constructing
genetic association network. It could represent the whole interaction paths by its association
trace. Till today, pathway analyses did not enrich smaller ISC p values in hypothesis-driven
candidate genes, nor did a comprehensive evaluation of meta-hypotheses driving candidate
gene selection. The hypothesis-driven candidate genes studied in the literature are not found
enriched for the common genetic variation involved in the etiology of schizophrenia [7].
Functional enrichment analysis is used to identify groups of genes or protein complexes
which are differentially expressed in a large set of gene classes. They may have association
with disease phenotypes. Statistical approaches help to identify significantly enriched groups
of candidate gene. NGS and microarray genome-wide association study (GWAS) results could
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identify hundreds or thousands of candidate genes for analysis. Specific groups of multiple
genes may link to a specific biological pathway, and the simultaneous change in expression
level within genes may lead to the difference in phenotypic expression.

2. Next-generation sequencing analysis for mental disorders

2.1. Tissue sample

Different tissue samples obtained from cell culture, blood, postmortem brain, and even cere-
brospinal fluid (CSF) have been used to understand the pathology of schizophrenia. The
identities of the most significantly dysregulated genes were mostly distinct for each tissue;
however, the findings also indicated common biological functions and regulatory pathways
or complexes. For example, increased levels of cytokines and correlated N-methyl-D-aspartate
(NMDA) receptor change could be found in the peripheral blood and cerebrospinal fluid of
schizophrenic patients [8, 9]. In addition, the phenotypic insights of iPSC models in schizo-
phrenia include transcriptional dysregulation, oxidative stress synaptic dysregulation, and
neurodevelopmental abnormalities [10], which might be associated and compatible with the
antioxidative activity of antipsychotics such as olanzapine and clozaril [11].

In recent years, the postmortem brain tissues from schizophrenia subjects have been exten-
sively studied, which serve as a vital component for illustrating the molecular change of
schizophrenia. There are some researches using CSF as a target for analysis of specific gene
expression such as immune system or cytokines [8].

2.2. STEA and schizophrenia

Schizophrenic transcriptome enrichment analysis (STEA) can be used to understand the
network and pathways for schizophrenia from a global and comprehensive approach.
Schizophrenia is a multi-genetic and inheritable disorder. Its onset and etiology involves
many genes with interaction of multiple pathways, as well as the interaction of methylation
genes with environmental factors or epigenetic insult. For instance, epigenetic changes, like
DNA methylation and histone modification, are affected by the environment factors such as
stress, chemical, and oxidative reaction.

DNA methylation is the most well-studied epigenetic change and was recently analyzed using
STEA in relation to schizophrenia-associated phenotype. Researchers ranked top candidate
genes for their correlation between methylation patterns and differential expression level in
each of the phenotypes. This system biology approach might prove promising to look for an
enrichment of genes and important implications for the disease mechanism that are predicted
to be targeted in the progression of the disease.

2.3. Next-generation sequencing

As the high-throughput DNA sequencing technologies are becoming more affordable, the
application of these technologies is expected to discover new genomic variations associated
within a wide variety of mental disorders. They are also regarded as the key to comprehend-
ing those of multivariate genetic origins. The use of next-generation sequencing technologies
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is expected to facilitate the discovery of schizophrenia candidate genes. In comparison with
traditional sequencing, the use of NGS is regarded as an ideal to discover genetic mutations
and differential gene expression.

Next-generation sequencing (NGS) is a revolutionized sequencing technique; it makes 6-20
million reads from human genome into pieces at unprecedented speeds to discover novel
biological applications. The use of NGS has made possible to identify genetic mutations in
complex diseases. NGS is contributing to a new understanding of these diseases, albeit from
a different perspective, and thus a new type of research consent is needed. There are different
NGS platforms including SOLiD, Illumina, GS Junior System, Pacific Biosciences, and more.
NGS data in psychiatric genetic researches face challenges of drastic developments in the
understanding mechanisms of schizophrenia. It helps to explore the complex disease from
global view aspect, not only in specific SNPs or genetic variants but also the genetic interac-
tions and corresponding networks and pathways.

2.4. The new research models for schizophrenia

The thorough understanding of the potential etiology and pathology of schizophrenia is
essential to rapidly improve its diagnoses and more effective therapies. By the understand-
ing of epigenetic changes, gene-gene interaction network using systems biology approaches
makes it possible to approach the mechanism of schizophrenia. New analytical technologies
such as next-generation sequencing, IPSC neuron model, SZDB, expression pattern analysis,
and protein-protein interaction analysis are promising approaches to provide novel insights
of pathology which may lead to new treatment strategies for schizophrenia [12]. These
approaches may lead to the discovery of underlying epigenetic and genetic factors for schizo-
phrenia and may thereby identify corresponding complexes or pathways and reveal novel
therapeutic targets for this devastating disorder [13].

The next-generation data of RNA sequences by big data analysis could bring new insights
into the comprehensive and global view and revealed more detailed transcriptional alteration
in schizophrenia. Recent developments of DNA sequencing technology and whole genome
studies implicated that mutations play a vital role in the genetic architecture of schizophrenia
and implicated in several molecular pathways, including chromatin regulation, activity-regu-
lated cytoskeleton, postsynaptic density, and N-methyl-D-aspartate (NMDA) receptor, which
are associated with schizophrenia [14]. Schizophrenia-network pathway complex analysis
(SCZ-NPCA) has included enrichment analysis which demonstrates the role of the implicated
pathways in schizophrenia, such as transcription activity, signaling pathway, cancer-related
pathway, tumor suppression, coagulation, insulin secretion, cell cycle, cell differentiation,
and apoptosis [5].

2.5. Epigenetics and DNA methylation profiles in schizophrenia

External factors such as environmental stress are known to cause the onset of schizophrenia.
Exposure to stress induces stable changes by transcriptional dysfunction, resulting in aberrant
changes of genetic expression, neural circuit functions, and ultimately behavior changes and
disease symptoms [15]. Epigenetic factors such as aberrant DNA methylation have important



Transcriptome Analysis of Systems Biology for Schizophrenia
http://dx.doi.org/10.5772/66864

roles in regulating gene expression [16]. Epigenetic changes may be one of the pivotal features
of many human mental disorders.

Methylation of genomic DNA could mediate gene expression. Although there are no specific
methylated gene patterns identified in schizophrenia, there are significant associations between
promoter CpG islands (CGI) hypermethylation with gene repression and CGI hypomethylation
with increased gene expression [17]. CGIs have been suggested to suppress gene expression by
blocking the promoters. Recent researches focus on methylation array in postmortem brain
studies such as hypermethylation of RELN, hypermethylation and downregulated transcrip-
tion of SOX10, and hypomethylation of MB-COMT in promoter [18]. Methylation gene discov-
ery in schizophrenia including COMT, REELIN, dopaminergic, serotonergic, and GABAergic
pathways shows differential methylation profiles in schizophrenia [19]. Global hypomethyl-
ation has also been noted in schizophrenia patients in experiments with larger sample sizes
[20].

Previous studies were mostly done on mouse models or stem cell lines [21, 22]. Nonetheless, a vast
amount of methylation arrays of postmortem human brains have been released recently [23, 24].
These latest advances may implicate the importance of methylation patterns in schizophrenic
patients. Previous researches of genetic methylation of mental disorders focus on the descriptive
finding of differential methylation patterns. But how differentially methylated susceptible genes
affect the expression levels of target genes remains to be further systematically analyzed. The rela-
tionship between the genetic differential methylation levels and differential expression patterns
was explored in schizophrenia. They could be identified as disease biomarkers.

Recent researches gradually focus on novel methylation profile of susceptible genes by net-
work biology analysis. There have been many studies focusing on the discovery of differential
expression of schizophrenic candidate genes and the construction of PPI networks and related
pathways for the hope of a better understanding of schizophrenia [5, 25-28]. Differentially
expressed disease genes from postmortem brain samples of schizophrenia reveal the over-
all relationships between maker genes and schizophrenia. The constructed disease network
and underlying pathways, protein complexes, provided the potential treatment strategy for
schizophrenia. It could be proposed as potential targets for developing new treatments due to
their functional and topological significance [26].

Analyses of DNA methylation identified potential biological processes that regulate gene
expression and contribute to disease mechanisms. We constructed the differential meth-
ylation and expression networks to interactions of methylated genes. Therefore, large-scale
analyses for differential methylation of schizophrenic susceptible genes were conducted and
integrated with the differential expression data of schizophrenic susceptible genes to build
the methylation-to-expression genetic network. The network explored the epigenetic mecha-
nism of schizophrenic methylation networks, differential methylation pathways, complexes,
and corresponding biological functions. The genetic, epigenetic, and transcriptomic informa-
tion was integrated to give a comprehensive overview of schizophrenia.

The schizophrenic differential methylation network (SDMN) was constructed for the com-
prehensive view of methylation profile in schizophrenia. The SDMN was generated by
query-query protein-protein interaction (QQPPI) [29] and genetic interactions in Pathway
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Commons database of schizophrenic differential methylation genes (SDMGs) [30]. Pathway
Commons database [30] which collects BIND [31], BioGRID [32], CTD [33], DIP [34], HPRD
[35], HumanCyc [36], IntAct [37], KEGG [38], NetPath [39], PANTHER [40], PhosphoSitePlus
[41], PID [42], Reactome [43], SMPDB [44], TRANSFAC [45], MiRTarBase [46], DrugBank [47],
Recon 2 [48], and WikiPathways databases [49] contain 34,661 molecular pathways.

The regulatory relations for genetic interactions or the potential pathways may be respon-
sible for disease mechanism of schizophrenia. The differentially expressed genes in the
BA22 brain samples of schizophrenia are proposed as schizophrenia candidate marker
genes (SCZCGs) [5]. For the exploration of modulation and regulation relations between
schizophrenic hypermethylated promotors and differential expression genes, we analyzed
hypermethylation promotors and extended protein-protein interactions (PPIs) of SCZCGs
to their level one interactions to construct the hypermethylation to differential expression
networks (HyDEN).

There are 688 (39.6%) genes (16 hypermethylated/672 hypomethylated, ratio 2.38%) differ-
entially methylated in promotor regions from total 1,869 schizophrenic differentially meth-
ylated genes. 639 (36.9%) genes (24 hypermethylated/615 hypomethylated, ratio 3.90%) are
differentially methylated in intron. 481 (27.7%) genes (23 hypermethylated/458 hypomethyl-
ated, ratio 5.02%) are differentially methylated in exon region. The Venn diagram revealed
the most differential methylation genes appear in promotor regions (39.6%) and least dif-
ferentially methylated in exon regions (27.7%) of the schizophrenic methylation profile on
specific gene location. It is indicated that the highly differential methylation in promotor
regions may be one of the etiologies for schizophrenia. Recent researches focus on evidences
of epigenetic profile of common genetic variants in schizophrenia. In the epigenetic profile
of DNA methylation, the phenomena of predominant hypomethylation in promotors were
noted in schizophrenia.

The ten schizophrenic hypermethylation genes discovered by SDMN are founded to be asso-
ciated with biological functions such as cell structure, energy metabolism, mitochondrial
function, GABA metabolism, signaling transduction, and zinc finger functions. The influence
of schizophrenic hypermethylation genes may play a vital role in the etiology of schizophre-
nia. The previous studies have validated the relationships between the hypermethylation
genes and schizophrenia, yet, little is known about how methylation profile modulates the
disease phenotype. By the analysis of SDMN, we could investigate the relationship between
the hypermethylation genes and epigenetic mechanism in which the future experimental
validation was needed. It may be one of the important disease mechanisms which are respon-
sible for pathogenesis of schizophrenia.

2.6. Potential complexes and pathways for schizophrenia

How does the disease affect human body? Or how does schizophrenia affect the perfor-
mance of brain? Pathway analysis is the building process of identifying protein interactions,
associated annotation, and domain knowledgebase [50]. The pathway enrichment analysis
was performed with PID [42], Reactome [51], Cell-Map [30], and HumanCyc [52] databases to
obtain the potential pathways for the pathophysiology of schizophrenia. Pathways reported
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to be associated with pathogenesis of schizophrenia include apoptosis [53], immune sys-
tem [54], TNF signaling pathways [55], hemostasis [56], p53 pathway [57], BARD1 signaling
pathway [58], ceramide signaling pathway [59], ErbB2 signaling pathway [60], and androgen
receptor pathway [61] and HDAC signaling pathway [62, 63].

Recent research focuses on the methylation gene groups interact with differential expres-
sion gene groups to explore the integrated biological pathways designated to reveal disease
pathways discovered in systems biology research which may implicate the mechanism of
schizophrenia. External factors such as environmental stress are known to cause the onset
of schizophrenia. Exposure to stress induces stable changes by transcriptional dysfunction,
resulting in aberrant changes of genetic expression, neural circuit functions, and ultimately
behavior changes and disease symptoms [15].

Epigenetic factors such as aberrant DNA methylation have important roles in regulating gene
expression [16]. Epigenetic changes may be one of the pivotal features of many human mental
disorders. The pathway enrichment analysis may indicate the biological functions influenced
by SDMGs. It could reveal the potential disease mechanism and novel therapeutic strategy
for schizophrenia.

There are corresponding pathways found in enrichment analysis from SDMGs which may
implicate the underlying disease mechanisms and characteristics for schizophrenia under the
regulatory role of SDMGs. Top-ranked pathways with FDR p-value <0.05 are TGF beta recep-
tor, pyrimidine metabolism, metabolic pathways, Wnt pathway, folate biosynthesis, nicotin-
ate and nicotinamide metabolism, and purine metabolism.

In order to understand the involved protein complexes in schizophrenia of how SDMGs inter-
act with the expression level of SCZCGs, we searched the comprehensive resource of mam-
malian protein complexes (CORUM) [64] for the potential protein complexes responsible for
the regulation and epigenetic mechanism in schizophrenia. The clique and complex analysis
was performed with data of the CORUM database which has a collection of experimentally
verified mammalian protein complexes to reveal the corresponding clique complexes. The
gene groups from SDMGs and SCZCGs were analyzed and searched against CORUM to find
the potential protein complexes related to the etiology of schizophrenia from alteration of
DNA methylation. The most important protein complexes involved in SDMGs and SCZCGs
may include Nop56p-associated pre-rRNA complex, ribosome-related subunit, mitochondrial
respiratory chain complex I, TATA-binding protein-free TAF-II-containing complex (TFTC
complex), and P300/CBP-associated factor complex (PCAF complex).

The biological functions of those complexes are associated with ribosome biosynthesis, mito-
chondrial dysfunction, and pre-rRNA processing. However, the top-ranked complexes repre-
sented in SDMGs include SRB/MED-containing cofactor complex (SMCC complex), mediator
complex, Nop56p-associated pre-TRNA complex, CDC5L complex, CF IIAm complex, and 555
mitochondrial ribosome complex [65]. These complexes are translated by aberrant SDMGs to
perform specific protein functions, which might be the potential molecular mechanism in
epigenetic regulation for schizophrenia. The inheritable alterations of these complexes might
explain the roles of hereditary factors in the etiology of schizophrenia with DNA methylation
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[66]. In cancer etiology, the promoter hypermethylation also plays a major role by aberrant
transcription of critical regulator genes such as tumor suppressor genes with the implications
for the hypomethylation factors in the novel treatment strategy of cancer [67].

Epigenetic mechanism produces DNA methylation which alters gene expression without
altering underlying DNA sequence. Epigenetic changes may be passed on for multiple generations
by cell division [68]. Evidences of linkage analysis in schizophrenic family suggest a heredi-
tary susceptibility [69]. The methylation of DNA confers long-term epigenetic silencing which
could be reprogrammed by demethylation of DNA repair [70]. It is implicated that the epi-
genetic change, especially from the differentially expression genes, regulates the methylation
of SDMGs and the production of corresponding protein complexes.

Recent study suggests that the hypomethylated genes are predominant in schizophrenia.
Reducing hypomethylation of SDMGs or SCZCGs could be a novel therapeutic treatment
method for schizophrenia. There might be the protective factors as per the etiology of cancer
[25], in which most promotors are hypermethylated. Some hypermethylating agent, such as
vitamin B1, induces upregulation of methyltransferase and reversion of hypomethylation as
an adjuvant treatment in schizophrenia [71]. It has postulated that deficiency of vitamin Bl
may result in genetic methylation and biochemical lesion relating to neurotransmitter metab-
olism in the brain, leading to psychotic manifestations [72].

2.7. Mitochondrial dysfunction in schizophrenia by genetic interaction network

By the analysis of transcriptome profiles in postmortem brain tissues and interactions
between differential expression candidate genes, the novel finding of potential complexes and
pathways could facilitate the investigation of potential schizophrenic pathoetiology. Recent
researches focus on theories related to the hypofunction of mitochondria which may contrib-
ute to the pathogenesis of schizophrenia, especially negative symptoms such as anhedonia,
lack of emotional expression, flattening, poor social and interpersonal activities, and poor
self-care. Some advanced techniques propose the replacement of mitochondria; even restora-
tion of mitochondrial function might be potential treatment for alleviation of the negative
symptoms of schizophrenia. Since the mitochondria are responsible for vital biological pro-
cesses such as energy metabolism, calcium buffering, and apoptosis, it indicates the impor-
tance of mitochondria dysfunction in the manifestation of schizophrenia [73].

The genetic profile of mitochondria and energy metabolism in the analysis of brain samples
may contribute to reveal the novel insight to the etiology of schizophrenia [73, 74]. The genetic
interactions and intermediate mediators among mitochondrial genes and many under-
expressed SCZCGs indicate the genetic predisposition of mitochondria dysfunction in schizo-
phrenia. The genetic interactions between mitochondria and schizophrenia may be revealed
by the DRD2-NDUFS?7 and the FLNA-ARRB?2 interactions [5].

In SDMG, NDUFA10 has been found to be associated with the abnormalities of mitochon-
drial function in schizophrenia [75]. It plays a key role in respiratory electron transport chain
responded to the exposure of antipsychotics [76]. NDUFA10 mutation causes mitochondrial
complex I deficiency. It is associated with the progressive neurodegenerative disease such as
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Leigh syndrome [77], which possibly shares the same etiopathogenesis with schizophrenia
[78]. The mechanism involving NDUFA10 could be novel targets for schizophrenic therapeu-
tic treatments. BARD1, RBMS], PRKAB1, UBE2L3, SCO2, PIN4, MRPL43, BAG6, NDUFB11,
CAPN1, STAT3, MPST, TCOF1, and SEC24C are all under-expressed genes which interact
with the respiratory chain complex I in mitochondria.

3. Novel treatment strategy of antipsychotics

If the SCZCGs are responsible for the gene targets of disease mechanism of schizophrenia,
the associated complexes or drugs derived from SCZCGs may contribute to novel treatment
for schizophrenia whether they were traditional or atypical antipsychotics related. From the
analysis of important cliques in SCZCGs, some of the drugs derived from clique analysis and
mapped to the gene targets from DrugBank such as lovastatin and retinoid acid.

Lovastatin, a cholesterol-lowering agent is targeted by HDAC2. It was also the principal
statin produced from Monascus purpureus derived from red yeast rice [79]. It has been impli-
cated that statins target many of the pathways to neuroprogression in schizophrenia [80].
Adapalene, Tazarotene, and Tamibarotene are retinoids which involved RARA gene with
multiple functions including eye vision, immune function, and activation of tumor suppres-
sor genes. Retinoic acid has been reported for the treatment of schizophrenia. More and more
evidence regarding retinoid dysregulation in schizophrenia implicated targeting retinoid
receptors may be a novel approach to treat schizophrenia [25, 81].

Although there is not yet a clear and well-evidenced disease mechanism for schizophrenia,
the current findings may contribute to novel indications or drug repurposing for schizophre-
nia. However, further evaluation and validation are needed in the near future.
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Abstract

Over recent years, it has been proposed that some diseases of unknown origin, such as
schizophrenia, may be caused by persistent chronic infections coupled with a genetic
component and may be perpetuated by the immune system. This hypothesis is supported
by epidemiological and biological evidence on the exposure of schizophrenics to infec-
tious diseases during prenatal or postnatal periods, including Toxoplasma gondii, chla-
mydia, human herpes virus, human endogenous retroviruses, parvovirus B19, mumps,
and flu viruses. This growing list of microbes will undoubtedly continue to increase in
the future. Linking infection to schizophrenia is a complex challenge that requires further
experimental and epidemiological research. T. gondii is the infectious agent that has most
frequently been related to neuropsychiatric disorders, including schizophrenia, and it is
considered to represent a highly useful model to analyze the influence of a microorgan-
ism on human behavior and the development of psychiatric disease. It may also help
to detect patient subpopulations susceptible to treatment with specific antimicrobials
by improving definition of the differential phenotype of the disease, and it offers the
possibility of a preventive approach.

Keywords: schizophrenia, Toxoplasma gondii, antibodies, behavior, cytokine,
neurotransmitter, gene-infection interaction

1. Introduction

Over the past few years, it has been proposed by some authors that schizophrenia may be
caused by central nervous system (CNS) disorders during neurodevelopment (i.e., congeni-
tal) or during the postnatal period, at least in some patient subgroups [1]. These disorders
may be related to environmental exposure to toxic products, radiation, stress, fetal hypoxia,
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nutritional problems, infections (especially when chronic and persistent), and/or, according
to more recent data, gut microbiota [2, 3]. Any of these exposures could possibly affect cogni-
tive functions and behavior patterns with important neuropsychiatric consequences, includ-
ing irreversible neurological lesions leading to neuronal dysfunction, behavior problems,
mental retardation, learning difficulties, or mood disorders [4-9]. Participation by microbial
agents in the development of schizophrenia is suggested by medical evidence, with prenatal
or perinatal infection being the most frequent cause of severe congenital malformations and
mental impairment [10]. Their involvement is also supported by epidemiological evidence on
the exposure of schizophrenic patients to T. gondii, chlamydia, human herpes virus, human
endogenous retroviruses, parvovirus B19, and rubella, mumps, or influenza viruses, among
other microorganisms [11].

According to current pathogenic models, microorganisms may produce various inflamma-
tory and/or immunological disorders in the infected brain, giving rise to neurotransmitter
synthesis disorders with important clinical repercussions [7]. Schizophrenia has been related
to the production of inflammatory cytokines that alter the synthesis of dopamine and other
neurotransmitters [12] and to fetal neuronal tissue damage due to the transplacental trans-
fer of maternal antibodies, which might underlie development of the disease decades later
[13]. This association with inflammatory and immunologic disorders has been observed in
studies of animal models and human cells. Thus, maternal infection of mice and rats during
pregnancy was associated with behavioral disorders in the offspring that were very similar
to those reported in schizophrenic patients. Various studies in murine models revealed an
association between prenatal infection and marked deficits in sensory information process-
ing, in the expression of certain neurotransmitters (e.g., dopamine) and of cytokines, and in
the immune function, all of which emerged in the offspring. Their onset is at an age equiva-
lent to human adolescence and is earlier, with more severe effects, in male versus female rats,
and these alterations can be reverted by the administration of antipsychotic drugs. In short,
the fetus can be damaged by numerous infectious agents, whether or not they are primarily
neurotropic, which may favor in a direct or immune-mediated manner the development of
neurological damage, disorders in neurotransmitter expression, and modifications in sensory
information processing [14].

There is intense and increasing research interest in the relationship between schizophrenia
and infectious agents. Irreversible mild or severe neurophysiologic alterations may result
from fetal infection, maternal infection with secondary fetal involvement via inflammatory
and/or immunological mechanisms, or postnatal infection and may lead to the emergence
of schizophrenia over the years. The full elucidation of these associations may allow specific
antimicrobial treatments to be added to current symptomatic (or antipsychotic) treatments
for these patients [5], potentially offering a preventive and curative approach to the disease,
given that they would act on known and treatable etiologic factors.

T. gondii is the infectious agent that has most frequently been related to neuropsychiatric disor-
ders, including schizophrenia, and it is considered to represent a useful model to analyze the
influence of a microorganism on human behavior and the development of psychiatric disease
[15]. It is an obligate intracellular protozoa belonging to the Coccidia subclass of the phylum
Apicomplexa and causes toxoplasmosis. Its definitive hosts are cats and other felines, which
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are the only animals in which the sexual stage of their life cycle takes place (in intestines),
forming oocysts that are eliminated through the feces. Hot-blooded vertebrates such as birds
and other mammals, including humans, are intermediate hosts. Humans can become infected
by various pathways, such as: the intake of undercooked meat containing latent forms of the
parasite (bradyzoites in tissue cysts), fresh food (e.g., fruit and vegetables), or water contami-
nated with oocysts from cat feces; blood transfusions; transplantation of solid organ or stem
cells, or transplacental transmission. Upon reaching tissues, T. gondii rapidly replicates in the
form of tachyzoites until tissue proliferation and expansion of the parasite are impeded by the
immune response, after which its replication slows and it remains in tissue cysts in latent or
bradyzoite form. Cysts are most frequently found in skeletal muscle, myocardium, CNS, and
eyes and are responsible for persistent infection [16, 17].

Primary infection usually takes place during childhood, when only a small percentage of
people show symptoms, which are mild and include general discomfort, lethargy, cervical
lymphadenopathy, and/or eye disease, among others. Most parasitized individuals remain
asymptomatic for a long time period, even throughout their life, and host the latent form of
T. gondii. However, chronic infection can be reactivated in immunocompromised individu-
als (AIDS, transplanted, and oncology patients, etc.), giving rise to various symptoms and
even, in death. This reactivation is often associated with nervous system symptoms, such as
Guillain-Barré syndrome, diffuse encephalopathy, meningoencephalitis, or brain abscesses
[17, 18]. Human parasitizations, although generally considered asymptomatic, may cause
behavioral disorders and the development of a psychiatric disease such as schizophrenia due
to damage resulting from the initial infection, from the host immune response to the parasite,
or from the persistence of cysts in the CNS [19]. Accordingly, the concept of asymptomatic
chronic parasitization is currently under debate [20].

T. gondii is a plausible candidate as an infectious origin of schizophrenia and has attracted
considerable research attention for the following reasons: the possibility of its transplacen-
tal transmission; its marked neurotropism; its capacity for persistent infection, remaining in
latent form but with the possibility of reactivation; its association with brain development
disorders and anomalies; its relationship with behavior disorders in animal and human mod-
els; and in vitro evidence of the inhibition of its growth in cell culture by antipsychotic drugs.

2. Epidemiologic data on the association between toxoplasmosis
and schizophrenia

One of the first approaches adopted to explore a possible relationship between T. gondii infec-
tion and schizophrenia was to analyze epidemiological data on the two diseases. Initial con-
clusions were as follows:

* Both have a familial incidence. This is explained in the case of schizophrenia by the pos-
sible participation of certain genes in its pathogeny [21], and in the case of toxoplasmosis
by the possible common exposure of family members to the parasite, although a genetic
influence has also been proposed [22].
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¢ There is a relatively high frequency of stillborns among both schizophrenic [23] and para-
sitized [24] mothers.

* Both diseases typically show a decreased prevalence in geographic areas with small popu-
lations of felines [25, 26].

* Initial symptoms in both diseases commonly manifest between the second and third
decade of life [27, 28].

¢ The prevalence of both diseases is higher among populations with lower socioeconomic
level and living in overcrowded conditions [29, 30].

These and other published findings indicate that the two diseases have some similar features
and may even be epidemiologically related. However, they are inadequate to establish etio-
logical relationships, and a pathophysiological approach is required to explore causality.

3. Studies based on the detection of anti-Toxoplasma gondii antibodies

For more than six decades, the relationship between schizophrenia and toxoplasmosis has
been explored by studying a specific immune response [31]. Various meta-analyses have
demonstrated a significantly higher prevalence of anti-T. gondii antibodies in schizophrenic
patients than in controls, with odds ratios ranging between 2.7 [11, 32-34] and 1.8 [35].

In the natural time course of toxoplasmosis, IgM antibodies against T. gondii are the first to be
detected in serum, a few days after infection. These are usually negativized between weeks 4
and 12 but can remain detectable for months or even years in a large number of patients. IgG
antibodies are detected at around 2 weeks later than IgM antibodies, reaching a maximum
level in the 2nd to 3rd month and persisting throughout life in residual titers. The presence
of IgM antibodies in the absence of IgG indicates recent infection, while the presence of IgG
indicates chronic infection, especially in the absence of IgM. The reactivation of a persistent
infection can be accompanied by increased IgG and/or IgM values, although these antibodies
can be undetectable in immunocompromised patients [36].

Most studies have centered on the humoral immune response, comparing anti-T. gondii IgG
and IgM antibodies between schizophrenic patients (in different clinical/therapeutic situa-
tions) and controls. This method is widely employed because of the ease with which samples
(usually serum, occasionally cerebrospinal fluid) can be gathered and the high degree of
reproducibility, specificity, and sensitivity obtained. Many of these studies reported higher
levels of antibodies (IgG and, in some studies, IgM) against T. gondii in patients with schizo-
phrenia than in other populations, including patients with a different psychiatric disorder [32,
37-51]. However, findings have been inconsistent [52, 53], and account should be taken of the
publication bias against studies without significant results [11].

Clinical manifestations differ between seropositive and seronegative schizophrenic patients,
with a predominance in the former of positive symptoms (delirium, hallucinations, disorga-
nized thinking), cognitive disorders (abstract thinking difficulties, disorientation, attention



Toxoplasma gondii and Schizophrenia: A Relationship That Is Not Ruled Out
http://dx.doi.org/10.5772/66018

deficit), and agitation [50, 54]. Some researchers also observed that patients with schizophre-
nia and anti-T. gondii antibodies had a significantly higher risk of dying from natural causes
[55] and were more likely to attempt suicide [56] in comparison with seronegative patients.

The above studies suggest a strong association between these diseases, with a significantly
higher frequency of chronic parasitization in schizophrenic patients than in other popula-
tion groups. However, if schizophrenia is a consequence of chronic CNS infection, which
usually takes place at an early age, the question arises as to why it typically appears between
the second and third decades of life. According to Yolken et al. [51], a significant increase in
IgG titers observed in patients with a first schizophrenia episode may be compatible with a
reactivation of the infection (previously in latent phase) that becomes clinically manifest in
the onset of the disease viz an immune-mediated mechanism. Some authors proposed that
the immunoglobulins may cross the blood-brain barrier in this situation and react with brain
tissue antigens due to their molecular mimicry with T. gondii antigens. This is similar to obser-
vations in such autoimmune diseases as systemic lupus erythematosus or in paraneoplastic
syndromes [57]. Associations with the presence of anti-Toxoplasma IgM are less well docu-
mented [35], although Monroe et al. [58] reported in their meta-analysis a significant 1.7-fold
greater likelihood of T. gondii IgM antibodies in patients with acute psychosis than in controls.
It was concluded that T. gondii IgM antibodies may indicate either an acute/recent infection or
a reinfection, possibly with a different genotype.

However, although a strong association has been described between schizophrenia and para-
sitization, these studies do not provide evidence to confirm the hypothesis on the infectious
etiology of schizophrenia, and a causal relationship has not been demonstrated. Contact with
T. gondii may be favored by the anomalous behavior, disorganized lifestyle, and/or weaker
socioeconomic situation of schizophrenics, with infection being the consequence rather than
the cause of their disease, which may explain the positive serological results [50].

4. Seroprevalence studies in mothers and newborns

The possible transplacental transmission of T. gondii has attracted considerable attention in
seroprevalence studies. Maternal infection during the first or second trimester of pregnancy
can lead to severe problems in the offspring, including intracranial calcifications, chorio-
retinitis, blindness, deafness, hydrocephaly, microcephaly, mental retardation, psychomo-
tor retardation, pancytopenia, or epilepsy. The timing of the transmission is an influential
factor: early maternal infection less frequently affects the fetus but is associated with a more
severe congenital toxoplasmosis that may result in intrauterine death and miscarriages,
while later maternal infection (third trimester) increases the risk of affecting the fetus but
is associated with offspring who are asymptomatic [17]. Complications, possibly including
schizophrenia, can appear decades later in patients with initially undetected infection due
to its reactivation [59].

This type of study can be classified into two groups: those on the presence of antibodies in
pregnant women and the development of schizophrenia in their offspring; those on the pres-
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ence of antibodies in newborns and their later development of schizophrenia. Among the for-
mer, Brown et al. [60] and Blomstrém et al. [61] demonstrated associations between increased
anti-Toxoplasma IgG levels in pregnant mothers and risk of schizophrenia in their offspring,
although other researchers published discrepant results [62]. Xiao et al. [63] observed a signif-
icant association between the presence of maternal antibodies against type I T. gondii (but not
against types II or III) and the onset of psychotic disorders in the offspring. Among the latter
group of studies, Mortensen et al. [59] demonstrated that newborn levels of anti-T. gondii IgG
levels (from the mother) were significantly higher in individuals who developed schizophre-
nia in adulthood.

Published data suggest that schizophrenia risk in offspring is associated with persistent
maternal infection by T. gondii but is not directly related to acute maternal infection [64]. If
this were the case, a significant association could be expected between the presence of IgM
in the serum of mothers and/or newborns and the presence of the disease, which has not
been demonstrated [60]. However, this relationship may be masked by the low frequency of
anti-Toxoplasma IgM detection in pregnant women [24, 65].

As noted above, increased maternal IgG levels can cross the placenta (unlike IgM antibod-
ies) and may damage fetal brain development by molecular mimicry [60, 64]. However, the
presence of maternal IgG may indicate a reactivation of latent infection due to the impact of
immune system disorders on protozoan replication control during pregnancy [66]; hence,
brain development could also be impaired by transplacental transmission and/or the passage
of inflammatory cytokines to the fetus [67, 68].

The majority of schizophrenic patients do not have anti-Toxoplasma antibodies, and the major-
ity of seropositive patients are not schizophrenic. Therefore, T. gondii would only explain a
minority of cases. Other factors under investigation that may explain why only some parasit-
ized individuals develop schizophrenia include genetic susceptibility, the infective genotype
of the parasite, the existence of different infection pathways, and the timing of toxoplasmosis
onset [20, 33, 63].

5. Studies based on Toxoplasma gondii nucleic acid detection

Studies of animal brain biopsies have shown T. gondii to have high neurotropism, with the
capacity to infect glial cells (especially microglia and astrocytes) and neurons, forming per-
sistent cysts in brain tissue [69]. Although no tropism for specific brain regions has been
observed, with cysts being detected in many areas, the most frequently parasitized regions
are the hippocampus, thalamus, cerebral cortex, cerebellum, olfactory bulb, and, especially,
the amygdala [70-73].

However, the presence of brain cysts can only be detected in postmortem biopsies, explaining
the few studies of this type and the predominance of serological techniques for the detec-
tion of chronic infection by T. gondii in humans. The presence of glial anomalies, including a
reduced amount of astrocytes, has been reported in the brains of schizophrenic patients [74],
and it has been speculated that these may possibly result from infection by T. gondii [31].
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Imaging techniques have revealed a lower density of gray matter in certain brain regions of
schizophrenic patients [75], which may be directly related to the infection, given that non-
parasitized schizophrenic patients were found to have the same brain morphology as healthy
controls [76].

One of the few studies of postmortem brain biopsies found no parasite DNA in any subject (14
schizophrenic patients and 26 healthy controls) [77]. There appear to be three possible expla-
nations: first, there was truly no association with the infection; second, the biopsies missed
infected brain areas; and finally, the sensitivity of the nucleic acid detection technique might
be inadequate. In addition, the detection of parasite DNA only demonstrates the presence of
the parasite not its possible effect on the parasitized individual and would not establish an
etiological relationship with schizophrenia. Thus, the detection of parasite DNA in brain tis-
sues does not distinguish between asymptomatic patients with latent parasitization and those
with encephalitis [17].

A study of blood samples detected parasite DNA in 33 out of 101 samples from schizophrenic
patients versus 2 out of 55 samples from controls, a significant difference [46]. In contrast,
Gutiérrez-Fernandez et al. [32] detected parasite DNA in only 1 out of 128 blood samples from
schizophrenic patients and in none of 143 samples from controls (nonsignificant difference).
However, although the presence of parasite DNA in blood indicates acute infection [17], it
does not necessarily signify infection of the brain, and no relationship was found between
anti-Toxoplasma IgM and schizophrenia in the aforementioned study [46].

6. Studies on behavioral disorders in animals and humans

Research on this issue has included experimental animal studies, mainly in rats and mice.
Parasitized animals have shown various behavioral changes, becoming more active, express-
ing less fear when examining new stimuli, reducing their natural aversion to cat odor or even
becoming attracted to it, and demonstrating reduced learning ability and attention or mem-
ory deficits [78-83]. According to the “behavioral manipulation hypothesis,” these disorders
in their intermediate hosts (rodents) represent an evolutionary adaptation of the parasite,
facilitating their capture by their definitive host (felines) and completing their life cycle [84,
85]. Although the mechanism by which T. gondii induces these behavioral changes is poorly
understood, various possibilities have been proposed. It may be due to a direct effect on tis-
sue cysts in specific brain areas such as the amygdala or hippocampus, given that the host
response to predator odors was changed by the parasite in male rats infected with T. gondii by
inducing hypomethylation of the neuropeptide arginine vasopressin in the posterodorsal part
of the medial amygdala, an important node of the extrahypothalamic vasopressin system that
contains a large number of arginine vasopressin neurons. This epigenetic manipulation pro-
duced a greater activation of vasopressinergic neurons after exposure to cat odor, leading to
the reversion of fear into attraction [86]. It may also result from the effect of a more diffuse and
wider involvement of brain tissues, with no apparent changes, that nevertheless give rise to a
series of neurophysiological disorders. Changes may also result from inflammation (enceph-
alitis) caused by the immune activation induced by parasitization, which would increase
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inflammatory cytokines in the rodent brain, such as tumor necrosis factor alpha (TNF-a),
interleukin-1@3 (IL-1f), IL-10, interferon gamma (IFNy), C-reactive protein, tissue inhibitor
of metalloproteinases 1 (TIMP-1), or vascular cell adhesion molecule 1 (VCAM-1), similar to
observations in postmortem biopsies of schizophrenic patients. Finally, the behavioral changes
have also been related to neurochemical mechanisms, with an increase in dopamine and
homovanillic acid and a decrease in norepinephrine levels [73, 84, 85, 87-90].

Any of the above mechanisms in rodents could also produce behavioral changes in the
brains of other intermediate hosts, including humans. Thus, research in humans also sug-
gests that toxoplasmosis may alter behavior, psychomotor abilities, or personality, with the
corresponding clinical consequences [84]. These disorders would be more related to latent
rather than acute toxoplasmosis, given that its emergence, frequently several years after pri-
mary infection and not during the acute phase, would indicate that it results from slow and
possibly accumulative changes induced by parasite activity [91-93]. The study by Horacek
et al. [76] demonstrates that, in seropositive schizophrenic patients, latent parasitization is
associated with a significant reduction in gray matter volume in specific brain areas (cor-
tical regions, hippocampus, and caudate nucleus), which is not observed in seronegative
patients.

Reinforcing the relationship between the parasite and the psychiatric disease, it has been
demonstrated that haloperidol, an antipsychotic drug that blocks D2 dopaminergic recep-
tors in the mesolimbic system and often used in the symptomatic treatment of schizophrenia,
inhibits the replication of tachyzoites in cell cultures in vitro. This effect may at least partly be
due to the capacity of this drug to inhibit calcium transport, blocking cell ion channels [94].
The interaction between tachyzoites and host cells is calcium-dependent; hence, cell inva-
sion capacity can be inhibited by the presence of drugs that block calcium channels, such
as haloperidol [95]. Experimental studies with rodents have also demonstrated that some
behavioral changes caused by the infection are reverted by using the antipsychotic, and that
there are fewer parasitized neurons and glial cells after the treatment; this is observed using
immunohistochemical techniques [96]. It is therefore possible that its therapeutic effect can
be explained in patients with schizophrenia by various mechanisms, given that on the one
hand, it blocks dopamine, whose levels are often elevated in schizophrenia patients parasit-
ized with T. gondii [89, 97], and on the other hand, it can inhibit parasite replication in brain
cells [96]. Other antipsychotic drugs such as fluphenazine, thioridazine, trifluoperazine, or
zuclopenthixol, and mood stabilizers, e.g., valproic acid, were also found to inhibit T. gondii
proliferation in cell cultures [94, 98, 99].

Antipsychotics are especially indicated in patients with a predominance of positive symp-
toms and agitation (as in the acute phase of schizophrenia), which are significantly more
frequent in those parasitized with T. gondii, as noted above. The greater effectiveness of these
drugs in these situations may be due not only to their dopamine blocking effect but also to
their anti-Toxoplasma activity. Thus, these treatments were found to reduce anti-Toxoplasma
antibody levels in seropositive schizophrenic patients, indicating their antiparasitic effect
[44]. These findings suggest that these drugs may possibly have a beneficial effect on schizo-
phrenic patients parasitized with T. gondii.
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Studies to date on the possible effect in these patients of drugs with anti-Toxoplasma activity
(e.g., pyrimethamine, sulfadiazine, azithromycin, or trimethoprim-sulfamethoxazole) have
not demonstrated significant improvements in psychotic symptoms [100, 101]. In fact, drugs
used to treat toxoplasmosis are largely active during the tachyzoite replication phase, and
their effectiveness against bradyzoites in tissue cysts is drastically reduced once chronic infec-
tion by T. gondii is established [102].

The etiological relationship between parasitization and schizophrenia has not yet been
established, despite the above data on behavioral changes in animals or humans and on the
effects of antipsychotic drugs on symptoms. In addition, differences in behavioral disorders
between humans and rodents may mean that results in animal models cannot be extrapolated
to humans. It should also be borne in mind that the mild behavioral modifications associated
with the infection cannot necessarily be considered symptoms of a psychotic disease.

7. The role of proinflammatory cytokines

The host response to the parasitization of glial cells and neurons involves the activation of
immune system cells, including T lymphocytes (CD4+ and CD8+), B lymphocytes, NK cells,
macrophages, and dendritic and glial cells. These produce a wide variety of inflammatory
cytokines such as IFNv, interleukins (IL-1, IL-13, IL-2, IL-4, IL-6, IL-10, IL-12, IL-15, IL-17,
IL-18, IL-23), granulocyte macrophage colony-stimulating factor (GM-CSF), and/or TNFa [69,
103]. These cytokines halt protozoan proliferation and limit their replication, playing a key
role in regulating the infection of host cells, thereby favoring the formation of tissue cysts and
the development of the chronic latent form [20]. These and other inflammatory responses
have also been reported in schizophrenia [104] and are therefore involved in brain disorders
both in this disease and in T. gondii infection [105].

Thus, infection of brain tissue by T. gondii produces activation of the Jak/STAT pathway, which
is recognized as an important regulatory mechanism in CNS development, function, and dis-
ease progression [106, 107]. This pathway comprises three elements: a ligand receptor, the
majority are receptors of cytokines such as IFNYy; Janus kinase (Jak) proteins associated with
the receptor within the cell, which possess tyrosine-kinase activity; and signal transducer and
activator of transcription (STAT) proteins, which act as transcription factors that move toward
the cell nucleus after their phosphorylation, where they bind with regulatory sequences of
genes designated gamma interferon activation sites (GAS) [108]. In mammals, the Jak/STAT
pathway induces the transcription of genes that participate in multiple processes, including
antimicrobial activity and the production of proinflammatory cytokines [109]. Among other
effects, an increase is produced in the expression of NADPH oxidase enzyme (NOX2) and
inducible nitric oxide synthase (iNOS). These enzymes are responsible for the production of
reactive oxygen species (ROS) and reactive nitrogen species (RNS), which assist the destruc-
tion of foreign pathogens [110, 111] but have been linked to seizures, stroke, neurodegenera-
tive diseases, and schizophrenia [111, 112] as a consequence of their toxic effect on neurons
[113]. Scientific evidence points to ROS-mediated oxidative damage as a key pathogenic
pathway involved in infection-mediated neuropathy. According to these findings, it can be
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expected that a high degree of degenerated neuron degeneration and cognitive impairment is
associated with the presence of T. gondii in the brain [111].

8. The importance of dopamine and other neurotransmitters

As already noted, some experimental animal and human studies concluded that behavioral
changes may be explained by increased dopamine levels in the parasitized brain, and that these
disorders could largely be resolved by administration of a dopaminergic receptor antagonist
(e.g., haloperidol) or dopamine reuptake inhibitor (e.g., GBR-12909) [96, 114, 115]. It is therefore
possible that dopamine represents the link between toxoplasmosis and schizophrenia [97]. This
neurotransmitter is synthesized in the cytosol of neurons from L-tyrosine amino acid by the
action of the tyrosine hydroxylase enzyme, which converts it to L-3,4-dihydroxyphenylalanine
(L-DOPA). 1.-DOPA is in turn converted by the action of DOPA-decarboxylase (DDC) to dopa-
mine, a precursor of norepinephrine (noradrenalin) and epinephrine (adrenalin) in the synthe-
sis pathway of these catecholamines. It is subsequently packaged in vesicles and transported
through the axon to the synapse, where it is released by exocytosis in response to an electri-
cal stimulus. Dopamine is one of the main neurotransmitters in the prefrontal cortex and the
mesolimbic system (mainly formed by the nucleus accumbens, amygdala, and hippocampus),
where the presence of T. gondii tissue cysts is especially frequent [73].

The definitive mechanism by which T. gondii induces changes in the dopaminergic pathway
has not been fully elucidated. However, an increase in dopamine with no modification of
cellular tyrosine hydroxylase was demonstrated in vitro after parasitization of a rat pheochro-
mocytoma cell line (PC12) and in vivo after the parasitization of mouse brains. This dopamine
synthesis is attributable to the additional activity of the aromatic amino acid hydroxylase,
which is encoded by two T. gondii genes [116] and has homologous activities to those of mam-
malian tyrosine hydroxylase, associated with the entry of cellular DDC enzymes into parasi-
tophorous vacuoles (compartments formed by the parasite to invade the cell) and into tissue
cysts (the protozoan encodes no enzyme with DDC activity) [114, 117]. Experiments in cell
cultures have demonstrated that dopamine increases the replication of T. gondii tachyzoites
[118]. This biochemical mechanism may play a role in the behavioral changes observed, which
would result from the involvement of catecholaminergic neurons and consequent dopami-
nergic hyperactivity [19].

Parasitization in the fetal period may also impair the development of mesolimbic dopaminer-
gic or prefrontal cortex neurons (inappropriate migration, altered position, reduced synapses,
etc.) leading to neurodevelopmental disorders. Disease symptoms would not be induced
immediately by these early anomalies but would rather manifest after a latency period of one
to three decades. This is because the proliferation, migration, differentiation, and maturation
of glial progenitor cells continue throughout childhood [119] and the volume of gray matter
increases to a peak in puberty before beginning to diminish [120].

However, the hypothesis that increased dopamine levels or dopaminergic hyperactivity is
the underlying cause of schizophrenia does not account for the negative symptoms in these
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patients, which are more likely to result from dopaminergic hypoactivity. Therefore, neu-
rotransmitters other than dopamine may play an important role in the development of this
disease. Thus, it has been proposed that deficits in glutamatergic brain systems also partici-
pate in the physiopathology of schizophrenia based on findings of higher kynurenic acid
levels in patients with psychotic symptoms than in healthy controls [121]. Kynurenic acid is
a metabolite of tryptophan with important biological effects on the nervous system, related
to its antagonism for the glutamate receptor in the human brain (it is a glutamatergic NMDA
receptor antagonist). Increased kynurenic acid levels due to blockade of NMDA receptors
in glutamatergic neurons have been related to changes in dopamine level in different brain
areas. These modifications include cortical dopaminergic hypoactivity and mesolimbic dopa-
minergic hyperactivity, which would explain the negative and positive symptoms in patients.
This relationship between glutamate pathway disorders and dopamine level changes may
explain the presence of different symptoms in the psychosis [122].

Indoleamine-2,3-dioxygenase and therefore the metabolism of tryptophan, a precursor metab-
olite in serotonin (and melatonin) synthesis, are induced by the proinflammatory cytokines
released in response to T. gondii infection, especially IFNy [123]. Tryptophan is an essential
amino acid for the parasite, and decreased levels inhibit its growth and replication capac-
ity [124]. However, induction of this metabolite in turn increases kynurenic acid levels and
therefore alters dopamine levels through the glutamatergic receptor antagonist effect of this
acid [114]. Tryptophan degradation also reduces serotonin levels, which has been related to a
higher incidence of depression and suicide [125, 126], as also observed in patients with high
anti-T. gondii antibody levels [56].

Patients with schizophrenia also show anomalous levels of gamma-aminobutyric acid
(GABA), another important neurotransmitter [20], which is synthesized from glutamate by
the action of glutamic acid decarboxylase (GAD) [127]. GABA activates GABA, receptors,
which are ion channels, and GABA, receptors, which are G-protein-coupled receptors [128]. It
is the main neurotransmitter with inhibiting effect in the CNS, regulating dopaminergic activ-
ity and playing a key role in the reduction of neuronal excitability throughout the nervous
system. Dopaminergic neurons in basal ganglia would be directly inhibited by GABAergic
neurons, so that any GABAergic hypofunction would be accompanied by an increase in
subcortical dopaminergic activity, as observed in schizophrenia.

More direct evidence of the involvement of this neurotransmitter in the etiology of schizo-
phrenia derives from data on the reduction in neurons in the GABAergic system or in brain
regions such as the hippocampus, temporal lobe, and prefrontal cortex of schizophrenic
patients [129-131]. Postmortem molecular studies have demonstrated: a reduction in messen-
ger RNA (mRNA) levels of isoform 67 of glutamic acid decarboxylase (GAD67) and of type 1
GABA transporter (GAT-1) in the prefrontal cortex of schizophrenics [132, 133]; an increase
in subunit a2 of the GABA , receptor in the initial segment of the axon of pyramidal neurons
[134]; and a reduced expression of the receptor GABA which regulates GABA release as a
possible compensatory mechanism for GABAergic dysfunction [135]. As noted above, these
findings may be the consequence of alterations during neurodevelopment in the differentia-
tion and migration of these neurons toward their definitive localizations in the brain. This
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would give rise to structural alterations and neurochemical dysregulation that would have a
global effect on all of these neurotransmitters (dopamine, glutamate, serotonin, GABA) and
would become manifest from adolescence onward, inducing the appearance of the disease.
Once more, infection by T. gondii may play an important role in this process.

Outside the nervous system, GABAergic mechanisms have been observed in different tissues
and peripheral organs, and GABA has also been found to exert a major role in the immune
system, with important inter-regulatory functions between this and the CNS [136]. It has
been reported that T. gondii infection is followed by an increase in the motility and migratory
capacity of infected dendritic cells, permitting propagation of the parasite to different tissues,
including the brain [128]. Although dendritic cells are considered guardians of the immune
system, they can also, paradoxically, mediate in the spread of the parasite. This mechanism
is produced by the induction in these cells of the GAD enzyme and therefore of GABA pro-
duction and secretion, which in turn activate GABA receptors expressed by these same cells,
stimulating their motility [137]. In experimental mouse models, inhibition of the GABAergic
pathway by blockade of GABAA receptors or inhibition of the GAD enzyme markedly
reduced the hypermotility and spread of T. gondii-infected dendritic cells and therefore of the
parasite itself [137, 138]. Finally, it has also been reported that brain infection by T. gondii can
interfere with the GABAergic system by inducing changes in the distribution of the GAD67
enzyme, although this event has been related more to possible neurological complications
of toxoplasmic encephalitis, such as seizures [139], than to possible complications of latent
toxoplasmosis, such as schizophrenia.

Accordingly, the inflammatory response of the host to parasitization, which aims to control
parasite replication and alterations in differentiation and migration processes, can change
levels of dopamine, tryptophan, kynurenic acid, serotonin, and GABA, leading to behavioral
changes and giving rise to different psychotic symptoms.

In order to establish dopamine and other related neurotransmitters as a causal link between
toxoplasmosis and schizophrenia development, it is necessary to confirm that this neurotrans-
mitter is also involved in the disease genesis when there is infection by other pathogens [140],
and this mechanism should also explain the possible contribution of T. gondii parasitization in
other dopaminergic pathway diseases, e.g., Parkinson's disease [114].

9. The N-methyl-p-aspartate receptor hypofunction theory:
anti-NMDAr antibodies

Encephalitis due to antibodies against the glutamatergic NMDA receptor (anti-NMDAr
antibodies) is an autoimmune disease caused when antibodies produced by the host
immune system identify NMDA receptors as foreign antigens. This receptor forms a hetero-
tetramer between two GluN1 and two GluN2 subunits and participates in essential func-
tions for reality perception, memory, and the control of unconscious activities. The disease
is characterized by the hypofunction of NMDA receptors, which would account for the
psychotic symptoms, personality changes, memory impairment, and psychomotor agitation
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[141, 142]. It usually arises during the course of a paraneoplastic process and is frequently
associated with the development of ovarian teratomas, explaining its higher incidence
among females [143, 144]. Likewise, 14-75% of patients with systemic erythematous lupus,
another autoimmune disease, have been reported to manifest psychiatric symptoms related
to the presence of the same antibodies [145, 146]. This involvement of anti-NMDAr antibod-
ies (and other neurotransmission receptors) indicates an important link between immune
abnormalities and altered neurotransmission in schizophrenia, major depression, or bipolar
disorder [147, 148].

The presence of anti-NMDAr antibodies has been documented in schizophrenic patients
in the absence of seizures, movement disorders, or other neurological signs or symptoms
[149-151], although other researchers were unable to replicate these findings [152, 153].
For various reasons, the production of anti-NMDAr antibodies is a plausible mechanism
to explain at least a percentage of schizophrenic cases [149]: several studies reported that
5-10% of cases are associated with the presence of these antibodies in serum and cerebrospi-
nal fluid [150, 151, 154]; kynurenic acid is an antagonist of glutamate via blockade of NMDA
receptors, as commented in the previous section, suggesting that it contributes to the patho-
genesis of schizophrenia [122]; persistent blockade of NMDA receptors in experimental ani-
mals recreates clinical characteristics of schizophrenia [155]; selective elimination of subunit
GluNT1 of the NMDA receptor in neurons of the cortex and hippocampus in early postnatal
development contributes to the pathophysiology of schizophrenia-related disorders in mice
[156]; some of the genes associated with schizophrenia are related to the NMDA receptor
[157]; NMDA receptors are reduced in medication-free schizophrenic patients [158]; block-
ade of the receptor with ketamine or phencyclidine produces psychotic symptoms [159,
160]; and de novo mutations (large chromosomal copy number changes) affect genes that
encode one or more nucleotides among the glutamatergic postsynaptic proteins that form
part of the receptor, providing insight into possible etiological mechanisms underlying
schizophrenia [161].

Maternal infection during brain development or infection during childhood may produce
anti-NMDAr antibodies, while other environmental or genetic factors may influence the age
of disease onset [149]. Certain pathogens have been associated with elevated anti-NMDAr
antibodies [162, 163]. Thus, a T. gondii-infected mouse model showed a significantly higher
increase in serum GluN2A autoantibodies among juvenile- versus adult-infected mice.
Adolescence is a critical window in neurodevelopment, and the authors hypothesized that
early infection would have greater effects on behavior and the brain in comparison with adult
infection. It is possible that chronic infection with T. gondii affects pre- or postnatal brain
development by altering synaptic maturation. An increase in NMDAr autoantibodies due to
T. gondii exposure might underlie behavioral alterations in symptomatic individuals [164].

10. Studies on gene-infection interaction

Various studies have demonstrated the participation of numerous genes in schizophre-
nia, providing firm evidence on the involvement of genetics in the etiology of the disease
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[165]. Some authors have described inheritability in >80% of cases, and schizophrenia has
been associated with polymorphic variability in certain genes [21, 166-168]. However, the
genetic hypothesis alone cannot explain the familial association of schizophrenia with other
diseases, the seasonal peaks of schizophrenia births, the different prevalences among resi-
dents of urban and rural areas, discordant results between monozygotic and dizygotic twins
or between dizygotic twins and full siblings, or correlations in adopted children, which are,
however, consistent with an infectious etiology [1]. Schizophrenia is likely a genetically
complex disease that does not follow a Mendelian transmission pattern but rather involves
multiple genes, each with a small effect, which act in combination with epigenetic and envi-
ronmental factors [169]. Accordingly, epidemiological findings suggest that a combination
of intrinsic (genetic) and extrinsic or environmental factors, including infections, may par-
ticipate in the origin of this disease, operating during the development of the individual at
some time between conception and adolescence [7]. Tomonaga [170] proposed that persistent
chronic infections or the expression of microbial proteins may directly and/or indirectly affect
CNS functions in infected individuals, changing the expressions of genes related to schizo-
phrenia and increasing the risk of suffering this disease or at least some of its varied clinical
phenotypes.

Genes whose variants or polymorphisms have been associated with the risk of schizophre-
nia include some that encode proteins with important functions in neurodevelopment or
neurodegeneration and in neuronal neurotransmission circuits. This is the case of the gene
that encodes neuregulin 1 (NRG1), a key molecule in maintaining brain synaptic plasticity in
adults, which has been related to schizophrenia etiology [171, 172], and the genes that encode
catechol-O-methyltransferase (COMT) [173], proline dehydrogenase (PRODH) [174], dysbin-
din protein (DTNBP1) [175], a regulator of G4 protein (RGS4) [176], a regulator of potassium
calcium channels (KCNN3) [177], and p-amino-oxidase complex (G72, DAAO) [178], among
others [179]. The genes that encode these proteins are located in chromosomal regions that
have been described as relevant for the study of schizophrenia, and many of these proteins
participate in glutamatergic, dopaminergic, or serotonergic neurotransmission circuits.

Genetic polymorphisms that increase susceptibility to schizophrenia, including some of the
above, have also been related to resistance or susceptibility to certain infections through
their important role in the life cycle of some pathogens, including T. gondii [169, 179, 180].
Schizophrenia may possibly correspond to a model in which various genes may interact with
microbial agents in a process that is probably mediated by the inflammatory and immune
response of the individual, increasing the risk of developing psychiatric disease [169, 179-
182]. It appears reasonable to assume that infections may interact, thereby changing the
expressions of schizophrenia-related genes and increasing the risk of suffering this condition.

Various rodent [79, 183, 184] and human [185, 186] studies have supported the existence of
genetic susceptibility to T. gondii parasitization, suggesting that if the parasite were one of the
possible causes underlying schizophrenia development, this genetic susceptibility might also
explain familial cases of schizophrenia [1]. As commented above, some T. gondii genes encode
proteins with a similar activity to that of enzymes (e.g., tyrosine hydroxylase) in the cells of
their intermediate hosts. Therefore, this parasite has genes that allow it to “manipulate” the
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behavior of the host and facilitate its capture by the cat, its definitive host, thereby favoring parasite
survival. The presence of these genes is consequently an evolutionary advantage of T. gondii [19].

Genetic studies (in animals and humans) currently center on the possible presence of genes
or specific allelic variants that interact with the genes of microorganisms that can infect the
patient (gene-infection interaction hypothesis), increasing the risk of schizophrenia [187-189].
Thus, it has been demonstrated that a critical role in human congenital T. gondii infection is
played by the ALOX12 gene, which encodes arachidonate 5-lipoxygenase enzyme, which is
involved in fatty acid metabolism and has been related to schizophrenia, at least in a Korean
population [190, 191]. HLA-related genes such as SGK1 on chromosome 6, which plays a role
in regulating different brain functions [192] and mediates the effects of cortisol on hippocam-
pal neurogenesis [193], have a modulating effect on some infectious agents, including T. gon-
dii, consistent with the proposition that parasitization may modify the risk of schizophrenia
[187]. In a study of mice parasitized with T. gondii, heterozygous deletion of the Nurr1 gene
(Nurrl #+ genotype), an orphan nuclear receptor essential for the development of mesence-
phalic dopamine neurons [194], predisposed the animals to behavioral disorders that involve
dopamine neurotransmission associated with schizophrenia symptoms [195].

A further example in support of this hypothesis is the Akt cell signaling system. The Akt
gene encodes a serine-threonine kinase with three isoforms (Aktl, 2, and 3), whose activa-
tion mediates cell survival processes and whose inhibition favors apoptosis. As commented
above, the innate immune system induces a range of processes after infection of brain cells by
T. gondii, including antimicrobial activity and the generation of ROS to assist in the destruc-
tion of foreign pathogens. However, increases in ROS concentrations activate the Akt system,
which guarantees cell survival and allows the pathogen to persist and replicate within the
infected cell. Akt is above all activated in pathophysiological situations in which ROS increase
as the result of ischemia-reperfusion, playing an important role in the protection of the differ-
ent cells and tissues involved, including nerve tissue [196]. On the other hand, Akt is known
to affect dopaminergic signaling, and polymorphisms of the Akt gene have been found to
increase the risk of developing schizophrenia through its relationship with dopaminergic
pathways of the prefrontal cortex [197].

Other researchers reported similar associations between schizophrenia risk and other human
pathogens, supporting the gene-infection interaction hypothesis [198-201]. This research line
on the effects of interaction between genes or genetic variants on the risk of schizophrenia
related to T. gondii parasitization is highly likely to establish the true causes of the disease, at
least in some types of patient.

11. Is there an etiological association between Toxoplasma gondii
infection and schizophrenia development?

Numerous studies have contributed evidence on the involvement of toxoplasmosis in the
pathogenesis of numerous CNS diseases, including bipolar disorder, depression, Alzheimer's
disease, Parkinson's disease, and epilepsy [49, 202-204]. However, the main advances over
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the past few years have been achieved by research on deciphering the molecular mechanisms
underlying the physiopathology of schizophrenia.

This chapter analyzes data from in vitro and animal and human in vivo studies in order elu-
cidate points of connection between T. gondii and schizophrenia. It can be concluded that
infection by T. gondii is highly likely to be a cause of the disease for the following reasons:
it is a neurotropic microorganism that persistently invades glial cells and neurons; it gener-
ates brain development anomalies; it reduces brain gray matter density; it elicits an inflam-
matory and immune response that alters neurotransmission systems; it affects cognitive
function and behavior; and its replication is inhibited by some antipsychotics. All disor-
ders reported for the parasite are associated with the development of psychotic symptoms.
Furthermore, specific genetic polymorphisms linked to an increased risk of schizophrenia
have also been associated with a higher likelihood of infection by this parasite. Nevertheless,
despite all of the above evidence on this possible pathogenic association, one important
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Figure 1. Likely involvement of infection by Toxoplasma gondii in the development of schizophrenia.
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question remains to be resolved, which is why most individuals with signs of infection by T.
gondii are asymptomatic and only a few develop psychiatric disorders.

Schizophrenia is a complex disease with innumerable symptoms, and its presentation
and severity vary among patients. According to the infectious hypothesis of this disease
(Figure 1), differences among patients would be influenced by their genetic predisposition
or vulnerability, their immune status, the timing of parasitization (congenital, neonatal, or
adult), the time interval since their first contact, and/or the particular brain area(s) affected.
Characteristics of the infection also play a role, including its source (oocysts or tissue cysts),
possible interactions with other infectious agents, and the genotype; thus, genotypes II and
III more frequently establish chronic infections and show a greater expression of tyrosine
hydroxylase genes in comparison with genotype I, and they may be more strongly related to
behavioral changes [205].

Finally, the biology of schizophrenia must be fully elucidated to support the appropriate
design of disease-modifying therapies or novel antipsychotic drugs. There appears to be
sufficient evidence to suggest that schizophrenic patients with T. gondii infection could clini-
cally benefit from a combined therapeutic approach based on the prescription of current
or future antipsychotic drugs with antitoxoplasmic activity. However, published results
have not been conclusive [206], and randomized controlled prospective trials are required
in wider samples, stratifying schizophrenic patients into subgroups (e.g., by clinical phe-
notype, pathophysiological mechanism, or response to treatment) and in relation to spe-
cific types of T. gondii parasitization. Translational research must play a key role, with the
involvement of psychiatric, neurologic, immunologic, biochemical, genetic, pharmacologi-
cal, and microbiological investigators, among others, offering the possibility of using new
and more effective methodologies. It appears highly likely that different causal agents are
responsible for schizophrenia and that the pathogenic action of a particular microorganism
such as T. gondii would only be relevant in certain patient subgroups, endorsing the need for
personalized medicine.
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Abstract

In the scientific literature, a close relationship between cognitive biases and schizophre-
nia disorder has been widely demonstrated. Cognitive biases would be a pattern of
deviation in judgment, in which the inferences we make about other people and/or
situations can be illogical. Throughout this chapter will be analyzed how some cognitive
biases are greatly related and are involved in the onset, maintenance, relapse and
recovery of this disorder. Specifically, we will discuss five biases [need for closure,
overconfidence bias, bias against confirmatory evidence (BACE), bias against discon-
firmatory evidence (BADE) and above all jumping to conclusions (JTC)] that have been
extensively studied and shown in patients with schizophrenia, especially with
delusions. In this chapter the importance of studying in depth these cognitive biases in
schizophrenia in order to understand, reduce and avoid them will be seen. The
reduction and avoidance of these biases will result in an improvement in symptoms of
schizophrenia. Therefore, it will lead to a faster, effective recovery. Moreover, the patient
with schizophrenia will have an active role in his recovery. As a result, nowadays we
can find several behavioral cognitive therapies, which are working on the reduction and
avoidance of these cognitive biases and are demonstrating their effectiveness.

Keywords: cognitive bias, schizophrenia, jumping to conclusions, overconfidence
bias, need for closure

1. Introduction

Throughout this chapter we will focus on the great influence of some cognitive biases in the
study of schizophrenia disorder. In this chapter we will describe how these cognitive biases are
involved in the cognitive processes, which lead to the onset, maintenance and recover of this
disorder. Therefore, we will mark the importance of studying these biases tounderstand, reduce

I m EC H © 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and avoid them. As a result, this knowledge would produce an improvement of the symptoms
of schizophrenia, increasing the quality of life of these patients.

Schizophrenia is a mental disorder characterized by a set of psychotic disorders which usually
involve abnormal social behavior and cognitive deficit [1]. Schizophrenia includes environ-
mental and genetic factors. In general, the onset of this disorder would be due to environmental
factors such as stress, cannabis, poor nutrition during pregnant and some traumatic episodes
or infections, among others [2]. Genetic factors include a variety of common and rare genetic
variants [3]. However, the genetic influence must be studied in the context of interaction with
environmental, social and cognitive effects [4].

In general, the symptoms of schizophrenia are usually divided into two main groups: positive
or negative psychotic symptoms. However, these disorders also have other important aspects,
which must be observed such as behavioral, affective and cognitive symptoms [5].

On the one hand, the positive symptoms would be typified by failure to understand what is
real. In this category we will find, for example, delusions, hallucinations and disorganized
speech. On the other hand, the negative symptoms would be typified by diminished emotional
expression or avolition such as apathy or alogia. The emotional symptoms would be affective
flattening, dysphoria and depression, among others. The behavioral symptoms would be
hostility, impulsivity, aggressive attitudes and antisocial behavior [6, 7]. And finally, cognitive
symptoms would include cognitive deficits, for example, in the executive functions [1]. In 2013,
the American Psychiatric Association removed all subclassifications of schizophrenia in the
new publication of DSM-5 [8].

Focusing in the factors which are involved in the onset and maintenance of schizophrenia
disorder, many studies have found multiple implicated psychological mechanisms. However,
we will talk about some implied cognitive biases such as jumping to conclusions (JTC) and
overconfidence bias, among others.

In 1974, Tervsky and Kahneman defined the term of cognitive bias [9]. In a general definition,
we can say that a cognitive bias would be a pattern of deviation in judgment, in which the
inferences we make about other people and/or situations can be illogical [10]. Besides, diverse
studies have found that these cognitive biases can be influenced by the context, personal
motivation, failure in the information processing and social/culture factors [11, 12].

In schizophrenia research, throughout years cognitive behavioral models have established a
strong relationship between some cognitive biases and schizophrenia disorders especially in
those patients with positive symptomatology [13, 14]. One of the origins and maintenance of
delusions are the cognitive biases or deficits in probabilistic reasoning processes of individuals.

However, these biases have been also studied in healthy populations with high scores on
schizotypy [13]. Schizotypy would be qualitatively analogous but quantitatively more
moderate than schizophrenia. Schizotypy trait could give us a possible explanation about the
possible etiological mechanisms underlying schizophrenia spectrum disorders and may
permit us to get better strategies for prevention and early detection of this disorder. Diverse
studies have found that people with high schizotypy trait have more probability to display
these cognitive biases [13].
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In addition, several cognitive biases have been identified in those with the diagnosis or those
at risk, especially when under stress or in confusing situations [15]. Therefore, it is necessary
to know how these cognitive biases work in the onset, maintenance and relapse or recovery
from this disorder.

Following this line, multiple studies have found bidirectional effects in these cognitive biases,
that is, one bias or its results could influence another bias or the effects of that second bias and
vice versa [16]. For example, Buchy et al. [17] investigated the relationship between jumping
to conclusions (JTC) bias and bias against disconfirmatory evidence (BADE) based on the
dimensional model of schizophrenia which bodes unifying cognitive biases or that these
cognitive biases may combine to contribute to the formation of the delusional aspects of
psychosis. Having said that, it is easy supposing there will have combinations of cognitive
biases that together would be involved in the onset, maintenance, relapse and/or recovery from
this disorder.

Another enriching way of studying cognitive biases in schizophrenia is through the compar-
ison between the involved cognitive biases in other mental disorders. This study may give us
important clues. For example, we could know how these operate in different mental disorders
and its symptoms. In fact, we could find specific cognitive biases, which are implicated in a
mental disorder but not in other disorders. An example of this type of studio, which tried to
compare some psychiatric disorders and its relationship with the cognitive biases, was carried
out by Wittorf et al. [18]. These authors did a cross-sectional study about jumping to conclusion
(JTC) and attributional biases (AB) with 20 patients with paranoid schizophrenia, 20 patients
with depression, 15 patients with anorexia nervosa and 55 nonclinical controls. Participants
completed a modified version of the beads task, a revised German version of the Internal,
Personal and Situational Attributions Questionnaire (AB) and several symptoms and neuro-
cognitive measures. The findings showed that patients with schizophrenia evidenced that they
are more likely to exhibit a jumping to conclusions bias than the other groups (patients with
depression or anorexia nervosa and healthy controls). With respect to attentional bias, there
were no significant differences between the clinical groups in personalizing bias, but patients
with schizophrenia exhibited greater externalizing than the other clinical groups. The inno-
vation of this studio is that it compared two cognitive biases in different psychiatric disorders
and this can help us in understanding them better. Therefore, the ultimate purpose of the study
of cognitive biases and their influence on schizophrenia is to better understand how these
biases are involved in cognitive processes of patients with schizophrenia and how we can get
to avoid, know and reduce them. This will result in a recovery of this disorder more effective
and faster. In addition, we will achieve an active role of the patient with schizophrenia in his
recovery and prevention of a possible relapse. Due to this multiple cognitive behavioral
therapies work on the avoidance and reduction of cognitive biases in their programs. For
instance, we can name the metacognitive training/therapy [19] or the famous cognitive bias
modification therapy [20]. The objective of these therapies is to detect, reduce and avoid the
cognitive bias implicated in the onset and maintenance of schizophrenia in order to get an
effective recovery and preventing a relapse. For that, different modules are used to work in
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different biases where the patient knows the bias, becomes aware of it and works on its
reduction and avoidance.

2. Schizophrenia and cognitive biases

As mentioned above, some cognitive biases have been widely related to schizophrenia such
as need for closure [21], overconfidence bias [14], bias against confirmatory evidence (BACE),
bias against disconfirmatory evidence (BADE) and above all jumping to conclusions [13, 17].
Then we will explain these four cognitive biases and their relationship with this disorder.

2.1. Jumping to conclusions, against disconfirmatory evidence bias (BADE) and bias against
confirmatory evidence (BACE)

The jumping to conclusions is a cognitive bias where there is a data-gathering bias and a
contrast of hypothesis testing bias. This cognitive bias occurs when there is a tendency to make
decisions very quickly even when there may not be a lot of evidence [22]. This bias is usually
tested using probabilistic reasoning tasks based on a Bayesian model of probabilistic inference
[13, 23]. As it is stated above, jumping to conclusions bias is a bias which has been largely
related to patients with schizophrenia, especially, in patients with delusions [13, 17].

Numerous researches said that jumping to conclusions would be an endophenotype of
psychosis [24]. In support of this, Menon et al. [25] found that antipsychotic treatment in
patients with schizophrenia did not reduce the bias which may suggest that jumping to
conclusions bias could be a trait maker for schizophrenia. This bias has also been observed in
first-degree relatives of patients with schizophrenia above all patients with delusions [26].
Similarly, these cognitive biases have been observed in patients with psychosis.

The jumping to conclusions bias is closely related to the origin and maintenance of delusions.
In fact, most studies have found this bias in patients with schizophrenia who have positive
symptoms and not in patients with schizophrenia who have a negative symptomatology.
Therefore, this bias is more associated with the delusions rather than with schizophrenia
disorder [26]. The JTC is found in people with delusions with a schizophrenia diagnosis or
delusional disorder. The subjects with delusions show a bias in the collection of information.
They need fewer data than the normal population to reach to a final decision. In delirium
process, there is a development constant by which ideas confirm and disconfirm through
approaches to hypothesis, information gathering and contrast of the results with the previous
hypothesis. Probably some of these steps are inadequate in delusional patients, both cognitive
and emotional processes.

At present, two different hypotheses have been advanced to explain this cognitive bias [27].
On the one hand, several authors support the hypothesis that people with jumping to conclu-
sions bias overestimate the conviction in their choices at the beginning of the decision process
[28]. In line with this viewpoint, patients with schizophrenia tend to accept choices early that
wrong inferences may.
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On the other hand, other authors argue that the bias could be due to a low information
threshold for acceptance of a decision [29]. “The hypothesis of liberal acceptance” was
proposed by Moritz and Woodward [30]. These authors based on their hypothesis in the
decrement of confidence gap in patients with schizophrenia who made final decisions with
little evidence collected for them. Moreover, liberal acceptance is thought as core deficit
because it is exhibited in delusion-relevant scenarios and neutral settings. Different experi-
mental tasks have been used to support their hypothesis. For example, Moritz et al. [31] carried
out an experiment called “Who wants to be a millionaire?,” a TV game, in patients with
schizophrenia and healthy control where they were asked to rate the probability of each of
four response alternatives to general knowledge questions. The results showed that patients
reached to final decisions at 54 % subjective probability ratings and healthy controls at 70 %.

In addition, several studies have explored the possible relationship between jumping to
conclusion bias and the bias against disconfirmatory evidence (BADE) and bias against
confirmatory evidence (BACE) [13, 17].

Bias against disconfirmatory evidence (BADE) is a cognitive bias where, regardless of the
inconsistent information, the hypothesis holds despite evidence to the contrary. Conversely,
in the bias against confirmatory evidence (BACE) individuals, regardless of inconsistent
information, they maintain their belief or hypothesis because of the evidence in favor of it [32].
The dimensional model of schizophrenia predicts unifying cognitive biases or combined
cognitive biases to contribute toward the formation of the delusional aspects of psychosis [17].
For example, according to Munz [33], jumping to conclusions would play a facilitating role in
the formation of new delusional systems and BADE. This dimensional model emphasizes
quantitative gradations of psychopathology, both within and between subjects, rather than
qualitative, discrete, all-or-none class distinctions. However, nowadays the relationship
between these remains unclear because the studies are controversial and there is no consensus.
At present, it is unclear whether these reasoning biases share common underpinnings or are
independent [33].

Based on the previous results of several studies about schizophrenia research [17, 32, 34], our
team decided to study the jumping to conclusion bias, bias against disconfirmatory evidence
(BADE) and bias against confirmatory evidence (BACE) in patients with schizophrenia and
healthy population with high and low score in schizotypy [13] using the Pictures Decision
Task [13, 23]. Following the dimensional theory of schizophrenia, we thought that it was
interesting to study the population with high schizotypy since it would be useful to understand
the etiological mechanisms that there are under schizophrenia spectrum disorders. This
understanding could do progress to the own prevention or the early detection of these
disorders [35]. The schizotypy is found within the normal variation of population general.
Individuals with high schizotypy have a similar psychopathology and cognitive styles than
patients with schizophrenia, that is, they are similar qualitatively but they are not similar
quantitatively to patients with schizophrenia [13]. For that, we recruited a total of 45 partici-
pants divided in three groups: 15 patients with schizophrenia and 30 healthy participants (15
high schizotypy and 15 low schizotypy). To measure schizotypy, we used the Community
Assessment of Psychic Experiences (CAPE) [36]. Moreover, there are no significant differences
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between them in age, education, gender, or premorbid intelligence. Once participants were
tested, they performed the Pictures Decision Task.

The results of the experiment demonstrated that the patients with schizophrenia displayed
jumping to conclusions more easily than control groups (high and low schizotypy). Also,
patients with schizophrenia showed confirmatory bias, so that, they were more reticent to
change their hypothesis even though it would have new disconfirmatory evidence. Moreover,
patients with schizophrenia were less sensitive to the feedback, so they did less use of feedback.
For example, in the cue condition, they did not profit in possible solutions when the other two
control groups (high and low schizotypy) did it. Therefore, we suggested that jumping to
conclusions bias may be related to propensity to hold strong beliefs (high plausibility rating
at first stages) and/or to low feedback sensitivity (FS), above all, when the task or context is
more ambiguous and difficult (uncued trials). This is corroborated by the fact that all groups
reproduced jumping to conclusions in the cued condition, but not in the uncued condition
(difficult task), where the patients with schizophrenia and high schizotypy group reproduced
the bias more early than low schizotypy group.

Based on these results, we could conclude that jumping to conclusions bias was a general bias
because this bias is not only presented in schizophrenia but also in nonclinical population
(high- and low-schizotypy healthy populations). However, patients with schizophrenia would
show it earlier and stronger than healthy population. It could say that jumping to conclusions
bias would be found in a straight line where the patients with schizophrenia would have a
greater tendency to show it, followed by populations with high schizotypy and low schizotypy.
Furthermore, this line would be influenced by context (more or less ambiguity). Hence, using
a controlled or heuristic processing would depend on context and type of participant. Also,
we observed that feedback sensitivity could be a factor that affects this bias. However, there is
no relationship between jumping to conclusions bias and the two other biases [bias against
disconfirmatory evidence (BADE) and bias against confirmatory evidence (BACE)].

To conclude, these results can have an important implication since they could help in the
treatment, prevention, or recovery from schizophrenia. For example, the therapy X could try
to teach how does more effective hypothesis testing through making a better use of feedback.
The jumping to conclusions bias and the other two biases could represent an important
therapeutic target. Individual differences in JTC performance could be useful in determining
the best course of treatment. Training programs that aim to ameliorate the jumping to conclu-
sions response style might prove to be an important adjunct to established therapies [37]. An
example of this, we can find it with the metacognitive training/therapy [19]. This therapy works
on different aspects between the cognitive biases like jumping to conclusions or confirmatory
bias. In this therapy there are sixteen modules, which must be done by the patient with
schizophrenia. For example, to work the confirmation bias, module 3 is used where patients
are informed and explained about this bias and then performed different tasks. A typical task
to work this bias would consist in a task with a series of three pictures which are shown in
reversed order. The sequences of pictures gradually reveal an ambiguous plot. For each picture,
participants are asked to rate the plausibility of four different interpretations. The goal of this
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task is that patients learn to look for more information before making a judgment and therefore
avoiding the confirmation or disconfirmation bias [17, 37].

2.2. Need for closure bias

Another cognitive bias that has been linked to schizophrenia disorder is the need for closure
bias [21, 38]. However, as discussed below this bias has not been studied so deeply as the other
biases (jumping to conclusions, BACE and BADE). Therefore, its influence in schizophrenia
disorder is not well known yet. Moreover, there are not many studies on its bidirectional
relationship with the other implicated cognitive biases in the schizophrenia.

According to Kruglanski [39], the cognitive bias called need for closure is:

“the need to reach a fast decision to have an answer and to escape the feeling of
doubt and uncertainty and “freeze” by failing to update”.

In addition, this author later adds that this bias could be displayed through the desire for
predictability and preference for order and structure and discomfort with ambiguity (need for
closure [40]). In general, different studies have evidenced that people who show the need for
closure bias have a great need for cognitive closure. They dislike uncertainty and prefer to
reach conclusions quickly and with certainty [39-42].

According to Federico et al. [41]:

“They seek to accomplish this goal by “seizing” quickly on any available infor-
mation to reach conclusions and by “freezing” on these conclusions once they are
reached”.

Focusing in the study of this bias in schizophrenia, Colbert and Peters [38] demonstrated that
members of the general population that are delusion prone had a higher score on the need for
closure scale (NCS). Moreover, these individuals displayed jumping to conclusions bias. So
they concluded that as the data-gathering reasoning bias was found in delusion-prone
individuals, this suggests that it may be involved in the formation, rather than merely the
maintenance, of delusional beliefs.

In other study, McKay et al. [21] found this bias in patients with schizophrenia. On the other
hand, the results of this investigation showed that need for closure and jumping to conclusions
biases would not seem related with each other. The intolerance of ambiguity correlated
positively with delusion proneness and decisiveness correlated negatively. According to these
authors, the delusion-prone individuals would be more indecisive in everyday life. In addition,
the need for closure has been associated with jumping to conclusions since the intolerance to
ambiguity contexts would lead to jumping to conclusions [21]. The following year, in 2007,
these authors realized other experiments studying the relationship between need for closure
and schizophrenia [43]. They wanted to replicate the study of Bentall and Swarbrick [44].

Bentall and Swarbrick thought that patients with delusions may be highly intolerant of
ambiguity, thatis, they show need for closure and in point the fact that the results of their study
confirmed their hypothesis. They found that patients with delusions were highly intolerant of
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ambiguity and had a higher score in the need for closure scale (NCS). Based on this studio,
McKay et al. [43] hypothesized that 22 patients with a history of persecutory delusions would
exhibit higher need for closure and a more extreme jumping to conclusions bias than 19 healthy
control participants. For that, the participants must realize a probabilistic task and fill out
depression and need for closure scale. The results demonstrated that patients with persecutory
delusions had a higher score than healthy control group. Therefore, the results support an
association between persecutory delusions and need for closure. In addition, they did not find
relationship between jumping to conclusions and need for closure.

Within the relationships between cognitive biases (e.g., jumping to conclusions, bias against
disconfirmatory evidence, need for closure), we can find the interesting study of Moritz et al.
[45]. These authors studied a total of 56 patients with schizophrenia through four independent
components: jumping to conclusions, personalizing attributional style, inflexibility and low
self-esteem. The study lends tentative support for the claim that candidate cognitive mecha-
nisms for delusions only partially overlap, so these mechanisms must be more widely studied
in order to have a higher knowledge. Meantime, these authors propose that these biases should
be treated independently via behavioral cognitive therapies, which work these biases.

Analyzing all these studies, we see clearly that it is necessary to study more deeply the need
for closure and its implication in schizophrenia. Nowadays, it is not known how this bias works
in schizophrenia, that is, it is not clear what is its real involvement in the onset, maintenance
and relapse of schizophrenia disorder. In fact, if we try to find studies, we will encounter that
there are few or almost no one study which attempts to discern what is its influence on
schizophrenia. In addition, there are few studies that have tried to investigate the relationship
of the implicated cognitive biases in schizophrenia. If the relationship between them is
independent, dependent or partially dependent is unclear. In general, it seems that these biases
are independent but it is necessary to study better. What is clear is that these cognitive biases
play an important role in schizophrenia because they have been found in the same population.
In conclusion, the study of need for closure bias and its influence on schizophrenia is needed.
In addition, the relationship between these biases in order to obtain better effective therapies
should be also examined. While this is not achieved as it is said by Moritz et al. [45], these
cognitive biases should be treated independently in the therapies.

2.3. Overconfidence bias

Finally, another cognitive bias that has been related to schizophrenia disorder is overconfi-
dence bias [46] because the patients with schizophrenia displayed overconfidence in their
choices or interpretations [13, 46, 47]. The overconfidence bias is the tendency to overestimate
or exaggerate our own ability [48]. The response confidence is usually enhanced for erroneous
judgments in patients with schizophrenia in comparison with healthy controls [13, 14]. In
general, the overconfidence bias has been obtained across memory tasks [46, 47]. For example,
Peters et al. [49] did an investigation with 27 patients with schizophrenia and 24 healthy
controls where they were administrated a developed emotional video paradigm with 5 videos
differing in emotionality (positive, 2 negative, neutral and delusional related). After each
video, the participants had to do a recognition task. Also, they are asked to say the confidence
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response, that is, participants must make old-new discriminations along with confidence
ratings. The objective was to see the memory accuracy and meta-memory deficits. The results
demonstrated that in the positive video the patients recognized fewer correct items than
healthy controls. The patients with schizophrenia exhibited more high-confident responses for
misses and false memories. So the overconfidence bias displayed by them would be related to
higher probability of committing error judgments.

Also, this cognitive bias has been observed in social cognition tasks [50]. Kother et al. [50]
carried out a study with 76 patients with schizophrenia or schizoaffective disorder and 30
healthy control participants. In this study, the participants must fill out the Reading the Mind
in the Eyes test (Eyes test). Moreover, they had to complement a rating scale requesting
response confidence. The results showed that patients with schizophrenia had more high-
confidence error and fewer high-confidence correct responses. Besides, this was most clear in
patients with formal thought disorder. Therefore, this study supports the implication of this
cognitive bias in schizophrenia and its spectrum disorders.

Other interesting study was realized by Moritz et al. [14]. In this study, the authors analyzed
the perceptual judgments in patients with schizophrenia. For that, a total of 55 patients with
schizophrenia, 58 patients with obsessive-compulsive and 45 healthy controls participated.
These participants had to judge whether the pictures depicted an object or not and how
confident they were in this judgment. The results showed that patients with schizophrenia had
more overconfidence in their error response and enhanced knowledge corruption index in
comparison with healthy controls. However, accuracy score did not differ between patients
with schizophrenia and obsessive-compulsive.

In the study discussed in the previous section [13] also, it was found that patients with
schizophrenia showed greater confidence in the early stages of the Pictures to Decision task.
In addition, they obtained more errors than healthy controls but the difference was not
statistically significant. However, the overconfidence bias is a possible explanation of higher
production of errors in patients with schizophrenia.

With respect to the relationship between this bias and the other implicated cognitive biases in
schizophrenia, there is not a strong conclusion. In fact, as we saw in the previous cases, it is
not clear if the relationship is dependent, independent, or partially dependent. Therefore, its
study is necessary for higher understanding, if it is clear that this bias would be involved in
the maintenance of schizophrenia disorders. Taking together the exposed results, we could
intuit the important implications of these cognitive biases in the onset, maintenance and
relapse or recovery in schizophrenia disorders. For that, several new therapies have been
created to work in avoiding and recognizing them.

3. Conclusions

Cognitive biases have been extensively studied in patients with schizophrenia especially those
with delusion-prone individuals [13, 14]. The results of experiments have shown that it is
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difficult to display these biases in patients with negative symptoms. So, currently the role of
these cognitive biases in this disorder is not yet known exactly because they are more linked
with the delusions rather than with schizophrenia disorder spectrum. The subjects with
delusions show a bias in the collection of information because they need fewer data than
healthy population to take a final decision.

However, itis clear that these cognitive biases have an important role in the onset, maintenance
and possible relapse. Because of this important role, numerous studies have attempted to
understand and see the relationship between them. But still no scientific literature agrees with
the type of relationship between these cognitive biases. Although it seems that these should
be interconnected through two-way relationship, studies show that the relationship between
these biases is independent or as much is a partial relationship. Therefore, further study on
how these biases work and how they interrelate produces greater understanding and therefore
the creation of more effective therapies. Until this happens, cognitive behavioral therapies
should continue to work with these cognitive biases independently. This already makes it
different therapies like metacognitive training and cognitive bias modification, among others.
Intervention studies of these therapies have shown satisfactory results. This type of therapy
has improved recovery and avoided relapses. In addition, these therapies make the patient
with schizophrenia have a more active role in their recovery, leading to greater control for
patients of their disease, a better understanding of it and increased self-esteem and self-control.

In future lines must keep working on greater knowledge of cognitive biases and their rela-
tionship with each other in schizophrenia and delusional disorder. Surely, we will find new
and new relationships. The ultimate goal is to get a therapy that is more effective and improve
the life of these patients.
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Abstract

A recently developed model describes how evolutionary old neuronal systems allow free-
moving animals, including humans, to escape from threats and discomfort and to acquire
sufficient necessities to maintain life and to continue as a species. The amygdala has an
essential role in regulating these fundamental reward-seeking and misery-fleeing behav-
iours. This is probably related to the ancient character of the corticoid and ganglionic
parts of the amygdaloid complex. During evolution almost the entire ventral and lateral
pallium (cortex) of the first vertebrates went up into the superficial and deep amygda-
lar nuclei, and their entire striatum and pallidum went up into the extended amygdala.
An important role of the amygdala is selecting the sensory cues which are relevant for
reward-seeking and misery-fleeing behaviour and should be paid attention to in order
to increase the animal’s chances. This corresponds to attentive salience. Disturbances of
this process in humans may lead to delusions. It has been suggested that in patients
with schizophrenia this aberrant salience results from dopaminergic hyperactivity. The
authors of this chapter believe that aberrant salience can result from dysfunctions every-
where within the chain: neocortex, corticoid amygdala, hippocampal complex, medial
septum, medial habenula, midbrain nuclei and ventral tegmental area.

Keywords: amygdala, hippocampus, habenula, salience, delusions, subcortical network

1. Introduction

Two basic principles of animal life are essential for survival of the individual and as a spe-
cies. Firstly, the animal should be motivated to obtain food, warmth, sexual gratification and
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comfort. Secondly, the animal should be motivated to escape from predators, cold, sexual
competitors and other forms of adversity. To survive as an individual and a species, even
our oldest ocean-dwelling ancestors living over 560 million years ago must have been able
to react to the environment to feed, evade predators, defend territory and reproduce. Hence,
their primitive nervous systems must have regulated the necessary behaviours and incor-
porated the most essential structures of all today’s freely moving Animalia. However, since
then the human brain passed through a long evolutionary pathway during which particu-
larly the forebrain showed major changes. The earliest vertebrate brain almost completely
lacked the forerunner of the human neocortex and the dorsal parts of the basal ganglia [1, 2].
These newer parts of the brain are believed to determine human behaviour to a high degree
and consequently receive most attention in research of processes explaining the genesis of
mental disorders (see, e.g. Ref. [3]). This contrasts the involvement in psychic disorders of
those behavioural processes described above as also being displayed by the most primitive
vertebrates. We want to suggest that these actions are still regulated in humans by brain
structures derived from the primitive forebrain of the earliest vertebrates. Therefore, we
described the anatomy of the forebrain of the earliest human vertebrate ancestors, which is
believed to be comparable with the brain of lampreys [2]. From a comparison of the striatum
of lampreys to that of anuran amphibians and younger vertebrates, it can be concluded that
the striatum of lampreys is the forerunner of the human nuclear amygdala [4]. In anuran
amphibians (frogs and toads), the lamprey’s striatum is retrieved as central and medial
amygdaloid nuclei, while a later ventral striatum for the first time appears in its direct vicin-
ity [2, 4]. The lamprey’s forebrain also contains a structure of which the connections are
very well conserved in more recent human ancestors: the habenula. The habenula consti-
tutes—together with the stria medullaris and pineal gland —the epithalamus and consists
of medial and lateral parts [5]. The habenula regulates the intensity of reward-seeking and
misery-fleeing behaviour probably in all our vertebrate ancestors. In lampreys the activity
of the habenula is in turn regulated by a specific structure: the habenula-projecting globus
pallidus. It is tempting to speculate that this structure has a similar role in humans, but
a clear anatomical human equivalent with the same function has not yet been identified.
Based upon the evolution of the basal ganglia in vertebrates and the mechanism of the
emotional response, we postulate the existence of two systems regulating the intensity of
the aforementioned behaviours [6, 7]. These two circuits include the activities of extrapy-
ramidal and limbic basal ganglia and are collaborating in a yin-and-yang-like fashion. The
two basal ganglia systems are linked together by the core and shell parts of the nucleus
accumbens (N Acb), which regulates motivation to show reward-seeking and misery-fleeing
behaviour, respectively.

The amygdala is believed to address the ability of learning to value sensory information
(attentive salience). This capacity is essential to determine which sensory information is
of vital importance to react on with reward-seeking or misery-fleeing behaviour. Aberrant
salience is believed to be a crucial component of the mechanism of (schizophrenic) psycho-
sis and the antipsychotic effects of dopamine antagonists [8]. We believe that the amyg-
dala regulates the behavioural output by affecting the connection of the ancient forebrain
(amygdala, hippocampus) with the monoaminergic centres of the midbrain through the
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medial and lateral habenula. Therefore, we will describe the evolution of the amygdaloid
complex and its final anatomy and functioning. Subsequently, we will integrate these find-
ings with our model of neuronal circuits regulating pleasure and happiness and give an
explanation how the connection between amygdala and habenula is involved regulating
these behaviours.

2. Evolution of the amygdaloid complex in vertebrates

An important reason for us to become interested in the embryology, connectivity and neu-
roanatomy of primitive vertebrates is the scientific notion that their primitive brains may
reflect earlier evolutionary stages of the current human brain. Hence, the brains of lampreys,
sharks, lungfishes, frogs, turtles, opossums, rats and monkeys correspond to the brains of
human ancestors from about 560 million years ago until now [9]. The very first vertebrate
is supposed to be an animal comparable with modern lamprey [2]. This animal has a head
containing a brain and it has vertebrates, but not yet a lower jaw. The lamprey forebrain con-
sists of olfactory bulbs, medial and lateral pallium, subpallium and diencephalon (extensive
thalamus). The lateral pallium already forms a primitive hemisphere (Figure 1). However,
some controversy exists how to divide it into different fields. The question emerges whether
the lamprey has a dorsal pallium, a structure which gives rise to the majority of the neocor-
tex in mammals. We have concluded that our earliest vertebrate ancestor (comparable with
lamprey) must already have had a dorsal pallium, but it functions as an extension of the
medial pallium. Lamprey medial pallium is considered to give rise to the hippocampal com-
plex in tetrapods [10]. The ventral pallium which appears to be present in all vertebrates,
but also in hagfishes, is related to olfactory structures. It is included as part of the amygdala
in tetrapods [10].
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Figure 1. Central nervous system of lamprey.
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2.1. Evolution of the cerebral cortex

Studying the development of the human cerebral cortex during subsequent steps of evolu-
tion brings a few typical problems. Firstly, in reptiles and birds, the neocortex developed
in another direction than in mammals [10]. Secondly, a large part of the cerebral cortex in
mammals is laminated (organised in three or six different layers), while the pallium in non-
mammals is primary organised in a non-laminar fashion. However, by integrating compara-
tive neuroanatomy with comparative embryology and developmental genetics, a clear picture
can be created on the evolutionary development of human cerebral cortex [10-12].

In human embryos the future insula is the first ‘neo’cortical structure to develop [13, 14]. The
primordial insula is initially located on the free lateral surface of the cerebral hemisphere
and adjoining the cortical amygdaloid regions on one side and olfactory cortical regions on
the other [13, 15]. This is highly comparable to the position of the dorsal pallium in lamprey
hemispheres [16]. According to the von Baerian theory, embryos of later-descendent species
resemble the embryos of earlier-descendant species to the point of their divergence. So, it may
be concluded that the human insula is the most ancient part of the neocortex. In addition,
the lamprey has a small but well-developed dorsal thalamus (the part forming the proper
so-called thalamus in humans), which connects the tectum (e.g. somatosensory and viscero-
sensory information) and optic tract (visual information) with caudal parts of the pallium
(mainly hippocampal primordium and subhippocampal lobe, i.e. medial pallium) [17].

In amphibians, the dorsal pallium has significantly expanded in comparison to lamprey dor-
sal pallium, and it covers almost the entire roof of the hemisphere in these animals [18]. Fibres
of neurons within these dorsal pallial fields run ipsilaterally to other pallial regions (medial,
lateral, ventral), to the septum and to the amphibian striatopallidum [18]. However, fibres
running from the thalamus to the primitive cerebral cortex are certainly not restricted to the
newly present dorsal fields [19-21]. Anterior parts of the anuran thalamus are projecting
widely within the forebrain, while, e.g. visual information is also projected to the hypothala-
mus and brainstem [19]. From electrical recording and anatomical labelling experiments, it
can be concluded that the anuran dorsal pallium does not yet has achieved its human input
processing and output generating role [19-21] but is still part of a more extensive ‘limbic’
behavioural control system including almost all pallial and subpallial regions.

In more recent jawed vertebrates, the input to the dorsal thalamus largely increases and this
leads to a significant expansion of the dorsal pallium [22, 23]. However, this expansion occurs
along different lines in non-synapsid (reptiles, birds) and synapsid (mammals) animals [12,
23]. Both groups derive from a common sauropsid ancestor with a turtle-like brain. The dor-
sal thalamus consists of two divisions called lemnothalamus and collothalamus, dependent
upon their brainstem input structures. Within the mammalian line, both thalamic divisions
with their corresponding cortical fields developed [23]. These cortical fields comprise the
subicular, cingulate, prefrontal, sensorimotor and related cortices of mammals. The described
expansion resulted probably in a total displacement of ventral and medial pallial fields. The
medial pallium became hippocampus and the ventral pallium became the most caudal edge
of the frontal lobe (including olfactory tubercle) and cortical regions of the amygdaloid com-
plex in the temporal lobe.
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Secondary to the described synapsid development of the dorsal pallium, lamination of the
cerebral cortex occurred [10, 24]. This lamination is absent in non-mammals and not restricted
to new, originally dorsal, pallial fields [10]. Due to this lamination, the human neocortex con-
sists of horizontal layers, intersected by vertical (or radial) columns that are stereotypically
interconnected in the vertical dimension and comprise processing units [24, 25]. The expan-
sion and elaboration of the cerebral neocortex during evolutionary development from primi-
tive mammals to humans resulted in formation of new areas with new connections creating
numerous extensive networks regulating different new or more sophisticated types of behav-
iour [24]. However, the majority of this progress is of relatively recent date.

2.2. Evolution of subcortical structures

The lamprey telencephalon can be divided into a dorsal, pallial region and a ventral, subpallial
region. This subpallial part largely consists from the striatum, septum and preoptic area [17].
Sten Grillner and collaborators have demonstrated that the complete basal ganglia circuitry
is already present in these phylogenetically oldest vertebrates [26, 27]. Moreover, these ani-
mals possess a subpallial structure (Figure 2), the habenula-projecting globus pallidus (GPh),
which has an essential role in selecting behaviours that are either rewarding and should be
continued or are not rewarding and should be abandoned [28]. We have hypothesised that
lamprey striatal subpallium is included in nuclear amygdala of mammals [2]. However, some
controversy exists concerning the fate of the GPh in more recent vertebrates. Lamprey also
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Figure 2. Position of the striatum and habenula-projecting globus pallidus of lamprey.
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have an epithalamus which is very similar to its homologue in more modern animals [2]. This
includes the output structures of the habenula via fasciculus retroflexus to midbrain nuclei.

It was formerly believed that the forebrain (especially its basal ganglia) underwent important
changes during the evolution from anamniotes (lampreys, fishes, amphibians) to amniotes
(reptiles, birds and mammals). However, the organisation of the basal ganglia is more con-
served than previously thought [29]. The two main components of the basal ganglia develop
embryologically from two different areas: the lateral ganglionic eminence (giving rise to the
striatum) and the medial ganglionic eminence (giving rise to the pallidum). During embryo-
logical development different genes are brought to expression in order to regulate the region-
alisation of these two areas. In particular, the transcription factor Nkx2.1 is expressed in the
medial ganglionic eminence (and not the lateral one), and the expression of this gene in com-
bination with that of others has been used to characterise pallidal basal ganglia in embryos
of amniotes and anamniotes [29]. These authors were able to identify striatal and pallidal
regions in cartilaginous fishes, ray-finned fishes, lungfishes and amphibians. However, in the
subpallium of lampreys, a pallidal region could not be identified because these animals lack
an Nkx2.1-expressing zone. Therefore, it was suggested that the pallidum is still absent in
agnathans and first appeared during or after the transition from jawless to jawed vertebrates
[30]. However, since Stephenson-Jones and colleagues [26, 27] have demonstrated the exis-
tence of a complete extrapyramidal circuitry in the subpallium of lamprey, this proposal of
Moreno and co-workers [30] has to be rejected. In lampreys pallidal structures do exist in spite
of the absence of expression of Nkx2.1 during the embryonic development of this structure.

The nuclear part of the amygdaloid complex is another derivative of the lateral ganglionic
eminence, and the development of the amphibian amygdaloid complex has been studied in
detail by Moreno and Gonzélez [4, 31-33]. Within the anuran forebrain, the striatum (ante-
rior) is continuous with the central and medial amygdala (posterior) and clearly separated
from pallidum, bed nucleus of the stria terminalis and septum [4]. In humans, the bed nucleus
of the stria terminalis is continuous with the connecting extended amygdala on one side and
with the shell part of the nucleus accumbens (NAcbS) on the other [2, 25]. As a matter of
fact, the original concept described the centromedial amygdala and bed nucleus of the stria
terminalis both as part of the extended amygdala [34]. The investigations made clear that
the organisation of the ancestral tetrapod (amphibian-like) amygdaloid complex is retained
within more recent ancestors [35]. Evolution of the anamnio-amniotic (mammalian) striatum
probably occurred in a modular sense when a more lateral part of the striatum was added
every time when a cortical part with a new function was added to the expanding the neo-
cortex [1, 36]. The amygdaloid complex derives from pallial and subpallial territories. Pallial
(corticoid) structures include the cortical amygdala (olfactory and vomeronasal) and the baso-
lateral complex deep to it [37]. These pallial components originate from lateral and ventral
pallial regions and are also maintained during evolution of amniotic vertebrates [35, 37].

An important discovery during studying the embryological development of anuran basal
ganglia was the finding that the bed nucleus of the stria terminalis (BST) and part of the
septum are also of pallidal instead of striatal origin [29, 38]. This is interesting because the
BST is a suitable structure to execute the functions of the limbic component of lamprey
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habenula-projecting globus pallidus. The architecture and connectivity of the rat BST has
been studied in detail by Larry Swanson and collaborators. It becomes evident that the BST
is an extremely complex set of nuclei, which can be separated into dorsal, lateral and ventral
areas [39]. These nuclei receive input from the central amygdaloid nucleus (innervating vari-
ous parts of the anterior BST division) and medial amygdaloid nucleus (preferentially inner-
vating the posterior BST division), but not from the superficial and deep corticoid nuclei of the
amygdala [40]. It is concluded that BST is a rostral differentiation of the pallidum receiving
massive GABAergic input from centromedial amygdala and giving again GABAergic output
to brainstem motor systems and thalamocortical re-entrant loops [40]. Viewed broadly, BST
posterior division cell groups share massive bidirectional connections with the medial amyg-
daloid nucleus and other amygdaloid components of the accessory olfactory system, and
they send massive projections to hypothalamic control centres regulating reproduction and
defence [41]. The BST anterolateral group projects to the ventral autonomic control network,
to midbrain structures modulating the expression of orofacial and locomotor somatosensory
responses and to the ventral striatopallidal system. This suggests that the anterolateral group
is primary involved in appetitive feeding (eating and drinking) behaviour [41]. The lateral
habenula hardly receives any fibres from these BST areas. However, the anteromedial BST
division projects to the lateral habenula [41, 42]. In our opinion, it is very well possible that the
anteromedial division of the rat BST contains glutamatergic neurons which are running to the
lateral habenula and have similar function as lamprey GPh neurons. Moreover, the anterior
BST division receives input from hippocampus (ventral subiculum) and infralimbic cortex
(comparable with the human subgenual anterior cingulate cortex, Brodmann area 25 (BA25)).
This connectivity probably corresponds to the cortical input to the habenula-projecting glo-
bus pallidus.

2.3. Conclusion: evolution of the amygdaloid complex

The endbrain (telencephalon) of the very first vertebrates can be considered to be the evo-
lutionary starting point of the human amygdaloid complex. Its pallium largely consisted of
ventral, lateral and medial fields. Its dorsal pallium was not contributing to a very significant
extent. Its subpallium contained a striatopallidal complex for motor control and a haben-
ula-projecting globus pallidus for decision-making. During evolution to an amphibian-like
ancestor, the dorsal pallium developed to a significant extent, but it can still be considered
an extension of the medial pallium. This can be concluded from its connectivity with other
pallial and subpallial structures as well as from its input received from the dorsal thalamus.
The medial pallium later developed into the hippocampus. At a subpallidal level, the primi-
tive striatopallidal complex becomes nuclear amygdala and bed nucleus of the stria termina-
lis, respectively. This limbic striatopallidal structure will later become the human extended
amygdala of Heimer [34]. Next to the amygdaloid complex, a new ventral and dorsal stria-
topallidal complex arises in amphibians which will form the extrapyramidal system in our
mammalian ancestors. In our opinion it actually took until the evolution of our mamma-
lian ancestors before the dorsal pallium was actually transformed into the current neocortex.
The massive growth of this neocortex resulted in a C-shaped and outside-inward curving of
the cerebral hemispheres. The medial pallium became hippocampus and the ventral pallium
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superficial and deep corticoid amygdala. This means that almost the entire cerebral hemi-
sphere is of quite recent origin. This is probably also true for the limbic cortical-subcorti-
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Figure 3. Position of the limbic basal ganglia (extended amygdala and nucleus accumbens shell) relative to the
extrapyramidal striatum (caudate nucleus, putamen, nucleus accumbens core) and hippocampus.

cal-cortical connectivity we have previously suggested [2, 6]. Corticoid amygdaloid output
reaches the hypothalamus and brainstem (to minor extent directly and) largely along nuclear
amygdala (striatal amygdala) and bed nucleus of the stria terminalis (pallidal amygdala). This
directly results from the regulation of vegetative and motor behaviour by the striatum instead
of the pallium in lamprey [2]. However, the human frontal neocortex is reached through con-
nectivity with the dorsal thalamus. This last connectivity must have developed later during
the evolution of the mammalian forebrain. The amygdaloid equivalent of the habenula-pro-
jecting globus pallidus is probably localised within the bed nucleus of the stria terminalis.

The final picture of the position of the human limbic and extrapyramidal basal ganglia is
given in Figure 3.
3. Connectivity of the amygdaloid complex

The amygdaloid complex is a heterogeneous group of 13 nuclei and cortical areas located in
the medial temporal lobe just rostral to the hippocampal formation [43]. The complex can
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Figure 4. Overview of the connectivity of the rat amygdaloid complex [adapted from Ref. [45] with permission of the
author].

neuroanatomically be divided into ‘deep nuclei’, ‘superficial nuclei’ and ‘remaining nuclei’
[43]. Both the cortical amygdalar nuclei and the basolateral amygdalar nuclear complex,
which is located deep to it, have cortex-like cell types [44]. In contrast, the so-called extended
amygdalar nuclei contain predominantly GABAergic spiny projection neurons, like the striatum
[44]. In order to simplify, we usually divide the amygdala in a corticoid basolateral and a nuclear
centromedial part (Figure 3). Each nucleus of the amygdala has a characteristic set of intercon-
nections with other amygdalar nuclei and extrinsic brain regions (Figure 4) [43, 45]. Within
the amygdalar nuclear complex, the primary flow is from corticoid to nuclear structures [46].

An unambiguous description of the structure and connectivity of the human amygdaloid
amygdala is hampered by the existence of a predominance of contradictory, confusing, and
unsubstantiated viewpoints both in recent and old scientific literature [47-49]. Moreover,
the connections of the amygdaloid complex have been studied in mammalian animal spe-
cies (mainly rats, cats and monkeys), which differ with respect to the extensiveness of their
neocortex [48]. This large size of the neocortex causes dominance of projections from and to
neocortical areas. Again looking into the connectivity of putative homologues of the amygda-
loid complex in our early vertebrate ancestors may be of help. In amphibians, the amygdaloid
complex is divided into three components: the vomeronasal amygdala, the olfactory/multi-
modal amygdala and the autonomic amygdala [4]. It should be realised that anuran species
probably do not possess a true homologue of the human neocortex yet (see above). However,
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the anterior, lateral and medial areas of the anuran amygdaloid complex reveal connectivity
which is roughly running ahead of the connectivity of the neocortex associated with amygda-
loid complex [4, 50]. This includes output of the later deep corticoid and medial amygdaloid
nucleus to the medial pallium, which is the later hippocampus.

Based on these start points, three or four components of amygdaloid connectivity can be dis-
tinguished: the accessory olfactory division, the main olfactory division, the autonomic divi-
sion and the frontotemporal division [47, 48]. As possession of a true vomeronasal organ,
which is originally the main source of input to the accessory olfactory division, by humans
is still controversial, the first two may be added together in humans. The frontotemporal
division is often primarily associated with strong bidirectional interactions with the prefron-
tal cortex and hippocampal formation [45, 46], but the amygdalo-hippocampal system can
also be considered to be an output channel of the amygdaloid complex. The connectivity of
the deep corticoid amygdaloid complex from and to the hippocampal complex is mediated
through parahippocampal regions [51]. Via the fornix the hippocampus sends a GABAergic
connection to the medial septum and a glutamatergic connection to the lateral septum [52, 53].
Reciprocally, cholinergic and to a far less extent GABAergic and glutamatergic fibres coming
from the medial septum-diagonal band of Broca complex run through the fornix to the hip-
pocampus [52, 53].

The four divisions of the amygdaloid system have more conjoined than separated functional
significance. All regulate in combination with each other several components of instinctive,
emotional behaviour. The accessory olfactory component is perhaps somewhat more involved
in social behaviour related to reproduction and the autonomic part somewhat more with
the regulation of visceral aspects of the emotional response. However, the abundancy of the
interactions between separate amygdaloid areas and the extensive mixed connectivity with
other brain structures [43—45] make that separate pathways cannot be clearly distinguished.
An important part of this amygdaloid output is delivered, either directly or via hippocampus
indirectly, to hypothalamic structures regulating reward-gaining and misery-fleeing behav-
iour [6, 54, 55]. These hypothalamic areas are also reached via the non-centromedial parts of
the extended amygdala (including the bed nucleus of the stria terminalis) [49, 56]. However, a
major role is played by the deep corticoid complex (mainly basolateral nuclei) in bidirectional
interaction with prefrontal cortical areas, the hippocampal complex, as well as sensory corti-
cal areas [44, 46, 57-59]. An essential characteristic of this bidirectional amygdaloid connectiv-
ity is the capability to learn from experiences through associative learning, complex response
conditioning, episodic memorisation and so on [46]. The best description of the function of the
amygdaloid complex is to analyse the complex input concerning the actual daily life situation
within the individual’s biotope (nature, flora, fauna, social circumstances) and to select the
sensory input which deserves more attention in order to improve the current chances (mis-
ery fleeing and reward seeking). The amygdala also receives information about the environ-
ment from the sensory thalamus and sensory cortices. The input is compared with memorised
information and modulated by programmes concerning implicit and explicit behavioural
output. This includes direct inhibition of the amygdala-dependent emotional response when
this is expected to be more profitable. This last function is primarily attributed to ventro-
medial areas of the prefrontal cortex [6, 60, 61]. Traditionally, the amygdala is supposed to
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induce an emotional response mainly by giving output to the hypothalamus and brainstem
via the centromedial nucleus after this validation process has been completed [46]. We want
to suggest that the significant part of output is additionally given via the hippocampus and
fornix to medial and lateral septal areas [52, 53]. After comparison with memorised experi-
ences in the hippocampus and processing within the septal area, this information may reach
the medial habenula (MHb). The septum, particularly the medial septum and the adjacent
nucleus of the diagonal band of Broca, is the main input to the MHDb [5, 62, 63]. Although
the MHb has been far less extensively studied than the lateral habenula (LHb), experimental
data support hyperactivity of the MHb to be associated with depression, anxiety and fear
[63]. The MHD projects through the inner area of the fasciculus retroflexus to the interpedun-
cular nucleus within the midbrain [5, 62, 64, 65]. The interpeduncular nucleus is a singular,
unpaired structure located at the ventral midline of the midbrain [62, 66]. The major efferent
pathways originating in the interpeduncular nucleus project to the dorsal tegmental nucleus
[66], the ventral tegmental area [62] and the raphe nuclei [62, 64]. However, the interpeduncu-
lar nucleus is well known for its widespread projections both ascending and descending [62,
66]. Hence, the above pathway from the corticoid amygdala, via hippocampus, septal nuclei,
medial habenula and interpeduncular nucleus to ventral tegmental area and raphe nuclei,
may represent a primary regulation mechanism to increase or decrease the intensity of the
emotional misery-fleeing response.
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Figure 5. Scheme showing the connectivity of limbic (cortical) system to the midbrain through the habenular complex.
BSTh, habenula-projecting part of the bed nucleus of the stria terminalis; DR, dorsal raphe nucleus; DTg, dorsal tegmental
nucleus; IPN, interpeduncular nucleus; LHb, lateral habenula; MHb, medial habenula; PHC, parahippocampal cortex;
RMTg, rostromedial tegmental nucleus; sCg, subgenual cingulate gyrus; and VTA, ventral tegmental area.
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In addition, the amygdala affects the activity of the ventral tegmental area through a pathway
including the lateral habenula. We want to suggest that anteromedial division of the bed
nucleus of the stria terminalis contains the human limbic equivalent of the lamprey haben-
ula-projecting globus pallidus (GPh). This area receives input from GABAergic projection
neurons originating within the central amygdaloid nucleus [40] and gives output to medial
and caudal regions of the lateral habenula [41, 42]. When this limbic GPh is functioning simi-
lar to lamprey GPh, the amygdala can inhibit reward-seeking behaviour by stimulating the
pathway, which runs from corticoid amygdala, through central amygdala, anteromedial bed
nucleus of the stria terminalis, lateral habenula and rostromedial tegmental nucleus to ventral
tegmental area (Figure 5).

In conclusion, the amygdaloid complex plays an essential role in fear and anger control, per-
ception and attention to relevant sensory input (including, e.g. facial expression in order to
allow adequate social functioning), by validating this input with respect to their significance
for reward-seeking and misery-fleeing behaviour. The activity of this emotional response
is regulated through a pathway including the habenula, in which two routes can be distin-
guished: one including the hippocampus, septal nuclei and medial habenula and the other
including central amygdala, bed nucleus of the stria terminalis and lateral habenula.

4. A model for the regulation of pleasure and happiness

4.1. Cortical regulation of behaviour

Behaviour can be considered a mechanism where the brain manages input to create a specific
output, which enables the organism to adapt to changed circumstances within the biosphere.
In humans, input from the senses is primarily translated within the cerebral cortex into a
specific behavioural output. Sensory information is processed within the posterior cerebral
cortex in a stepwise fashion [25, 67]. Specific information is integrated with other sensory
information and transmitted from the primary sensory cortex to the secondary sensory cortex,
from there to the association cortex and so on. Within the anterior cerebral cortex, a simi-
lar now diverging flow of information occurs, which leads to the activation of specific brain
regions, e.g. the motor cortex. Apart from this stepwise analysis, other fibres connect to more
distant regions that run in parallel. Every neural connection is capable of learning, due to the
characteristics of glutamatergic transmission, which can increase or decrease the sensitivity
of connecting synapses by inducing long-term potentiation (LTP) or long-term depression
(LTD). Therefore, the cortex can ‘learn’ to transmit specific sensory information to a specific
output unit via a ‘preferred” cortical tract. Accordingly, the cerebral cortex learns to interpret
sensory information and produce a specific behavioural response.

4.2. Subcortical regulation of behaviour

Although this process is expedient, it can be expected to be highly sensitive to dysregulation,
both in routine functions and in learning. Therefore, a parallel circuit has evolved, which includes
subcortical structures. All processing units in the cerebral cortex also send information to the
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basal ganglia [68]. The route through the basal ganglia and thalamus leads to corresponding
processing units in the anterior cortex [69]. This parallel circuit has stimulatory and inhibitory
pathways, and its glutamatergic synapses can also induce LTP and LTD. Therefore, this paral-
lel route through the basal ganglia enables the brain to correct serially transmitted information,
when it arrives at the ‘final” destination. Moreover, the connection through the basal ganglia is
convergent [69]. Hence, the processing units in the posterior and anterior cortices and their out-
puts converge within this subcortical circuit to the same output unit. Again, the ‘learning’ ability
of glutamatergic synapses within this framework makes it possible to process a constantly vary-
ing input and produce very complex, sophisticated output patterns, in a reproducible, precise
fashion.

This organisation of connections is well known as the extrapyramidal system, which regu-
lates cognition and movements [70]. In our mental function model, we suggest that a similar
organisation can be distinguished within the limbic cortex, although here, the structure is
more complex and less modular, due to the ancient origins of these structures. To simplify,
we propose the corticoid regions of the amygdala to represent the primary limbic cortex.
These corticoid regions are connected with many other cortical areas. The superficial (corti-
cal) and deep (basolateral) corticoid regions of the amygdaloid complex can be considered
input areas, and the centromedial (ganglionic or nuclear) region can be considered the output
area of the amygdaloid complex [46]. In the earliest vertebrate ancestors, the striatum directly
manages autonomic and motor control centres in lower diencephalon and brainstem [2]. In
the lamprey very limited connectivity exists between pallial (cortex) areas and diencephalic
and brainstem control centres. This is also true within the corresponding system in mammals:
only light connectivity has been found between corticoid amygdalar areas and the hypothala-
mus or brainstem [45]. The stria terminalis connects the ‘striatal’ centromedial amygdala with
its corresponding pallidum (bed nucleus of the stria terminalis) and also directly with the
hypothalamus and brainstem [45]. Although the majority of output from the limbic basal gan-
glia flows to the brainstem, also connectivity exists with the (dorsal) thalamus and cerebral
cortex. This is true for the output of the bed nucleus of the stria terminalis [40, 49] and for the
output of the hypothalamus, which is probably related to affect the motor output of higher
vertebrates, including humans, by inducing the drive to seek food, warmth, comfort, etc., or
to escape from pain, thirst, misery, etc. [55]. This finally results in a limbic cortical-subcortical
circuit that is more complex, but nevertheless essentially similar, to the well-known extrapy-
ramidal system, provided that one realises that the cerebral neocortex was included within
the circuit on a later evolutionary moment (Figure 6).

Hence, two types of cortical-subcortical circuits may be distinguished: extrapyramidal and
limbic circuits. These systems have different ganglionic relay stations: the extrapyramidal
circuit includes the dorsal and ventral striatum, and the limbic circuit includes the extended
amygdala (as defined in Ref. [34]). These circuits are linked to each other by means of the
nucleus accumbens, which serves as an interface between the two circuits [71]. The core part
belongs to the extrapyramidal and the shell parts more to the limbic circuit. The extrapyrami-
dal circuit regulates rational, cognitively constructed, skilled behaviour, which is often goal
oriented and includes decision-making. The limbic circuit regulates emotional (instinctive
and automatic) behaviours, which are often defensive, and this regulation includes (attentive)

121



122

Schizophrenia Treatment - The New Facets

Figure 6. Limbic cortical-subcortical regulatory circuit. BST, bed nucleus of the stria terminalis; CM, centromedial
amygdala; orange, extended amygdala; dark yellow, diencephalon and brainstem; and light yellow, corticoid amygdala
and neocortex.

salience. The two systems influence each other in a reciprocal (yin-and-yang-like) fashion;
moreover, both systems can inhibit or activate, as the situation demands. It is generally
accepted that the prefrontal cortex (PFC) is in control of selecting the appropriate response
[72, 73]. The dorsolateral PFC is particularly important for controlling rational responses, and
the medial PFC controls emotional responses. Within the medial PFC, the orbitofrontal cortex
(OFC) plays a particularly noteworthy role, because it is essential for regulating the direction
of motivation [74].

4.3. Motivation to reward-seeking and misery-fleeing behaviour

Behaviour can be a reaction to an influence in the environment, or it can also be generated by
the individual. To enable this proactive instead of reactive behaviour, motivation comes
into play [73, 75]. Three stages of behavioural motivation can be distinguished: general
motivation, initiative and selective precedence conveying (via inhibition). The OFC plays
a significant role in regulating these processes by delivering input to the ventral striatum,
the anterior cingulate cortex and the amygdala [74].

Although the extrapyramidal and limbic circuits regulate two different types of behaviour
(constructed/rational and instinctive/intuitive, respectively), the individual must be highly
motivated to express these conducts. This motivation requires the involvement of two spe-
cific structures: the NAcbC and the NAcbS (Figure 7) [71, 76, 77]. The NAcbC motivates the
individual to show behaviour that may lead to a feeling of reward. The NAcbS motivates
the individual to show behaviour that may lead to escape from adversity [6]. When high
stimulation of these motivations suddenly ceases as its goal is obtained, the individual expe-
riences feelings of pleasure (NAcbC) or feelings of happiness (NAcbS). Therefore, we dis-
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Figure 7. Stimulation of the core and shell of the nucleus accumbens (adapted from Ref. [76] with permission of the
author). VTA, ventral tegmental area; LC, locus coeruleus. Red arrows, glutamatergic; blue arrows, GABAergic; grey
arrows, dopaminergic; and green arrow, adrenergic.

tinguish between circuits that regulate pleasure and circuits that regulate happiness [6]. We
have hypothesised that the best candidate for the perception of feelings of pleasure (reward)
and happiness (euphoria) would be the insular cortex [7]. The posterior part of the insula
contains areas for gustation, thermo-sensation, pain, somato-sensation and viscera-sensation
[15]. Indeed, the insular cortex has been demonstrated to be involved in processing emo-
tions like anger, fear, happiness, sadness or disgust and has been shown to display treatment-
responsive changes of activity in different mood disorders [78].

4.4. Brainstem regulation of behaviour

The activities of the NAcbC and NAcbS, in turn, are regulated by monoaminergic nuclei
within the midbrain. These nuclei transmit signals through dopaminergic (ventral tegmental
area), adrenergic (norepinephrine, locus coeruleus) and serotonergic (raphe nuclei) tracts. In
addition to their direct regulation of the NAcbC and/or NAcbS [6, 7], these monoaminergic
nuclei regulate the activity of other, first relay station, basal ganglia and important parts of
other areas in the forebrain. Therefore, it may be concluded that behavioural output is con-
trolled at three levels within the brain. The highest level is the cerebral cortex (isocortex, lim-
bic cortex, corticoid (cortical, basolateral) amygdala and hippocampal complex). The second
level is the subcortical forebrain (dorsal striatum, ventral striatum, extended amygdala). The
third level of control is the midbrain (monoaminergic regulation centres).
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4.5. Habenular regulation of behaviour

As part of our model, we suggest that a fourth regulatory system exists, the habenula, which
connects the cerebral cortex and midbrain systems (Figure 8) [6, 7]. Based on the regula-
tion of appetitive behaviour in lampreys, we suggest the lateral habenula also to have an
important regulatory function in humans [6]. In the lamprey, when a behaviour is particularly
rewarding, the lateral habenula promotes this behaviour by intensifying stimulation of the
phylogenetic homologue of the ventral tegmental area. However, when the reward is smaller
than expected or absent, the behaviour is inhibited by affecting the ventral tegmental area
equivalent of the lamprey. The medial habenula appears to play a similar role with respect
to misery-fleeing behaviour as the lateral habenula with respect to reward-seeking activities.

The habenula belongs to the epithalamus, which also harbours the pineal gland and the stria
medullaris. The habenula’s projections to the midbrain were very well conserved during ver-
tebrate evolution [7, 79], but its input structures are not so easily to be traced back from the
anatomy of earlier vertebrates. The septum, particularly the medial septum and the adjacent
nucleus of the diagonal band of Broca, is the main input structure of the medial habenula [5,
62, 63]. We suggest that by means of this pathway the corticoid amygdala (cortical and baso-
lateral areas of the amygdaloid complex) gives input to the medial habenula (via hippocam-
pal complex and fornix) (Figure 5). Although probably an important part of the functional

epithalamus
., -
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[

_"\-\'

faschoulus retroflexus —

Figure 8. Simplified representation of the connectivity through the epithalamus (adapted with permission from Ref.
[79]). GPh, habenula-projecting globus pallidus; IPN, interpeduncular nucleus; RMTg, rostromedial tegmental nucleus;
SNc, substantia nigra, pars compacta; and VTA, ventral tegmental area. GPh depends upon the cortical-subcortical
circuit being considered. GPh is localised within the bed nucleus of the stria terminalis in the limbic circuit, within the
ventral pallidum concerning the motivational circuit and within the globus pallidus (border region, GPb) within the
extrapyramidal circuit.
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input to the lateral habenula has not yet been elucidated, this nucleus is known to receive
excitatory input from the preoptic area, lateral hypothalamus and globus pallidus and from
anterior cingulate and the medial prefrontal cortex [5, 80, 81]. Moreover, the lateral habenula
also receives strong GABAergic innervations from various brain regions [82]. In addition,
the medial habenula is directly giving input to the lateral habenula [83]. The striatopallidal
(extended) amygdala is heavily (directly and indirectly) connected to the lateral hypothala-
mus. We suggest that the activity of the lateral habenula is modulated by this pathway. In
addition, the bed nucleus of the stria terminalis contains the human equivalent of lamprey
habenula-projecting globus pallidus, as we have argued above.

The corticoid amygdaloid complex is in a perfect position to increase the magnitude of mis-
ery-fleeing (happiness) over reward-seeking (pleasure) behaviour. This limbic cortex regu-
lates the activity of monoaminergic centres within the midbrain by affecting the medial and
lateral habenula. In addition, the amygdaloid complex regulates instinctive motivation to
gain certain essential prerequisites to maintain life (such as food, water, warmth, etc.) by
affecting the lateral hypothalamus.

4.6. Model for the regulation of behaviour

In conclusion, the extrapyramidal and limbic cortical systems regulate cognitive (rational)
and instinctive behaviours, respectively. The intensity of behaviour that ultimately leads to
reward is controlled by the cortico-striato-thalamo-cortical (CSTC) circuit that includes the
NAcbC. The intensity of behaviour that ultimately leads to safety is controlled by the CSTC
circuit that includes the NAcbS. On the temporal side of the brain, the amygdala determines

misery-fleeing reward-seeking

fasciculus
retroflexus

Figure 9. Overview of model for the regulation of behaviour.

125



126

Schizophrenia Treatment - The New Facets

the appropriateness of flight, fight, or appetitive responses. Based on attentive salience, it
initiates the proper emotional component of behaviour. On the dorsal side of the brain, the
caudate nucleus determines the suitability of the available repertoire of skilled behaviours; it
selects the proper motor response to achieve the intended goals. The motivation to express
these behaviours is regulated by monoaminergic centres within the midbrain. In turn, these
monoaminergic centres are regulated by old and new parts of the cerebral cortex through a
dorsal connection that travels through the medial and lateral habenula. Of note, the mono-
aminergic centres are also regulated by the medial prefrontal cortex via a direct ventral con-
nection, which possibly travels through the medial forebrain bundle [7] (Figure 9).

5. From aberrant salience to schizophrenic psychosis

Salience attribution is the process of events and thoughts that come to grab attention, drive
the actions and determine behaviour because of their associations with reward or punish-
ment [84]. This corresponds very well to the role of the amygdaloid complex described in
a few pages above: playing an essential role in fear and anger control by perception and
paying attention to relevant sensory input (including, e.g. facial expression in order to allow
adequate social functioning), by validating this input with respect to their significance for
reward-seeking and misery-fleeing behaviour. As until mammals the neocortex was not capa-
ble of playing its input-processing and output-organising role as in humans, salience attribu-
tion was taken care of by the pallium of our anamniote and turtle-like ancestors. As described
above this ancient pallium essentially corresponds with the superficial and deep corticoid
amygdala and associated hippocampal areas. Later during evolution the interaction of the
corticoid amygdala with neocortical areas became involved in the process, and in humans
probably no part of the neocortex can be excluded from participating.

At the beginning of this century, Shitij Kapur [8, 85-88] proposed a model for the development of
delusional systems in psychiatric disorders due to aberrant attribution of salience to objects and
associations, which would normally be meaningless, but now are interpreted as being significant
and to be dealt with considerable carefulness. Due to a dysregulated, hyperdopaminergic state
this theory holds, environmental events and internal representations become associated with
important elements of one’s experiences and induce the creation of a cognitive construct (the
delusion) to explain these strange occurrences. Hallucinations are believed to reflect the direct
observation of these salient internal representations [85]. Antipsychotics decrease the salience
of the abnormal experiences by blocking dopamine transmission and allow their resolution by
making them unimportant. Howes and Kapur integrated vast experimental findings to this
pathophysiological context of causing psychosis by inducing aberrant salience [88].

The model may correspond to the observation that delusions and hallucinations are not
uncommon in the general population and not always result in a full-blown psychosis [89].
Substantial evidence suggests that psychotic-like experiences exist along a continuum in the
general population [90]. Moreover, stress from life hassles can provoke delusional ideation
[90]. In line with this, Jim van Os has suggested to replace the concept of schizophrenia being
an illness with the model that it is a salience dysregulation syndrome [91-93].
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An important limitation of the model is that the corticoid amygdala is integrated within at
least four cortical networks regulating salience-involving processes [61, 84]. Within this con-
text, especially, the interaction between the ventromedial prefrontal cortex and the corticoid
amygdala may be essential. Therefore, the corticoid amygdala cannot be considered to be a
separate salience-attributing structure, but is having this role in interaction with other cortical
structures participating in the network [61].

6. Application of our model to explain the pathogenesis of schizophrenic
psychosis

In our opinion, a weak point of Kapur’s model is the starting point that the aberrant salience
attribution is due to a dysregulated, hyperdopaminergic state. This is not necessarily true.
Actually, the hyperdopaminergic state could result from dysregulation on every level within
the corticoid amygdala to midbrain monoaminergic area chain, including input from neocor-
tical areas to the corticoid amygdala and the influence of the habenula to relevant midbrain
structures. In most psychotic disorders, the hyperdopaminergic state may not induce aber-
rant salience, but may result from it. This does not exclude that increased sensitivity to the
effects of dopaminergic transmission may increase the vulnerability to become psychotic.

So, we propose that the primary dysregulation which causes psychotic symptoms in ‘schizo-
phrenia’ is localised within the interaction between the corticoid amygdala, in interaction
with neocortical fields, with midbrain monoaminergic centres. The ventromedial prefrontal
cortex may be the principle pathway for the corticoid amygdala to interact with these other
cortical areas. Via connections through the habenula, the amygdaloid complex regulates the
activity of the midbrain monoaminergic centres which in turn regulate motivation to exhibit
reward-seeking or misery-fleeing behaviour. Increased dopaminergic input to the basal
ganglia may induce behavioural hyperactivity and to the parahippocampal region may
lead to hallucinations [94]. The amygdaloid complex is also innervated with dopaminergic
fibres. Dopamine may lead to increased sensitivity of the amygdala to induce an emotional
response. Psychotic disorders may be due to increased dopaminergic activity within the
amygdaloid complex, aberrant salience attribution due to genetic or learned (conditioned)
neuronal faults or aberrant inhibition by the dorsomedial prefrontal cortex due to neuro-
degenerative network failure. However, the hyperdopaminergic state is probably not the
essential factor causing schizophrenic psychosis, and this may explain why antidopaminer-
gic agents, as are all current antipsychotic drugs, are not always effective in treating schizo-
phrenic psychosis.
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Abstract

Transcranial magnetic stimulation (TMS) is a method that can be used in neurophysio-
logical research of schizophrenia and in the treatment of some symptoms or syndromes
of this mental disorder. The most important indications for TMS (or repetitive TMS—
r'TMS) are the negative symptoms of schizophrenia and auditory hallucinations. Other
less proven indications include cognitive deficit, especially working memory. This text
summarizes general knowledge about (r)TMS and its use in schizophrenia. According
to recent experiences, TMS is a very promising experimental and therapeutic method,
but it needs further research for its optimized use.

Keywords: transcranial magnetic stimulation, TMS, rTMS, schizophrenia, negative
symptoms, auditory hallucinations

1. Introduction

Transcranial magnetic stimulation (TMS) represents a relatively new method used in neuro-
physiological research, in which it helps to measure various cortical phenomena, including
cortical inhibition, facilitation, and neuroplasticity. Itis also used in the diagnosis and treatment
of certain neuropsychiatric disorders. This method is a neurostimulation (neuromodulation)
technique as is electroconvulsive therapy, vagal nerve stimulation, deep brain stimulation,
transcranial direct current stimulation, and magnetic seizure therapy. Some neurostimulation
techniques are invasive or semi-invasive; others, including TMS, are noninvasive [1, 2].
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2. TMS principles, parameters and mechanism of action

The principle of the TMS method is based on Faraday’s law of electromagnetic induction,
formulated in 1831. This law states that around the primary coil through which a time-varying
current is flowing, a changing magnetic field is created that is able to induce a secondary
current in conductors found within its reach. A patient’s brain may be one such conductor. The
secondary current induced is, according to Lenz’s law, in the direction opposing the primary
current. During TMS, an insulated metal coil is placed over the patient’s head that delivers a
changing electrical current producing a changing magnetic field perpendicular to the current
passing through the coil. Magnetic pulses may be administered individually (single-pulse
TMS), or in pairs a few milliseconds apart (paired-pulse TMS), or repeatedly in a sequence or
“train” lasting from seconds to minutes (repetitive transcranial magnetic stimulation or rTMS).
The first two options are used primarily for research and diagnostic purposes; rTMS is used
mainly in the treatment of certain neuropsychiatric disorders, including schizophrenia [1, 3].

Repetitive transcranial magnetic stimulation is defined by the number of pulses per second or
by frequency in Hertz (Hz). The frequency is categorized as “low-frequency” (“slow”) rTMS
with 1 Hz or less and “high-frequency” (“fast”) rTMS with more than 1 Hz (usually between
5 and 25 Hz). Another parameter of stimulation is its intensity expressed as the percentage of
the individual resting motor threshold (MT). The motor threshold is defined as the minimal
intensity of the stimulus able to produce muscle contraction in at least 5 of 10 successive trials
(usually in one of the small muscles of the hand, e.g., the abductor pollicis brevis) when the
stimulation is applied to the motor cortex. The most commonly used stimulation intensity
varies between 80% and 120% of the individual resting motor threshold. Other stimulation
parameters include the length of the train of pulses, the duration of the pause between them
(“intertrain”), the total number of pulses administered during one session, the total number
of individual sessions, the stimulation coil localization, the type of coil (the most commonly
used type in rTMS is the “figure-of-eight coil”; there are also oval coils, conical coils etc.; the
double cone coil is one of the most innovative types), and the coil’s position, and orientation
on the patient’s head. The most frequent stimulation site is the dorsolateral prefrontal cortex
(DLPEC). This stimulation site is usually defined as the location 5 cm rostral to the area of the
motor cortex, the stimulation of which determines the resting motor threshold. Another
method for the localization of the stimulation site uses the international system of EEG
electrode placement 10/20; the most precise localization method is performed by stereotactic
neuronavigation. An interesting modification of standard rTMS is pattern stimulation, with
theta burst stimulation (TBS) as the most important [1-3].

Although the specific effect of rTMS on neurotransmission is not entirely clear, it has been
proven repeatedly that high-frequency rTMS (10 to 20 Hz) increases brain excitability, and low-
frequency rTMS (1 Hz and lower) decreases it. It has also been found that high-frequency rTMS
applied over the left prefrontal cortex (PFC) increases brain perfusion, and thus the metabolism
of this region, whereas low-frequency rTMS has the opposite effect [4].
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3. TMS in neurophysiological research of schizophrenia

TMS with various single-pulse protocols and paired-pulse protocols is a useful tool for the
assessment of physiology of the human motor system, including cortical excitability, inhibitory
and excitatory mechanisms, conduction time, connectivity, and plasticity [5]. Moreover,
Camprodon and Pascual-Leone [5] suppose that this tool has properties that we now need to
understand across affective, behavioral, and cognitive circuits, to establish solid circuit-based
models of neuropsychiatric diseases with the potential to affect clinical practice.

One of the phenomena, studied with TMS, is cortical inhibition. Cortical inhibition (CI) can be
defined as a neurophysiological mechanism by which GABAergic interneurons influence the
activity of other neurons. Several studies have identified CI impairment in schizophrenia. CI
and CI impairment can be measured with a number of markers and protocols, including the
cortical silent period (CSP). CSP measurement consists of a suprathreshold TMS pulse over
the motor cortex paired with voluntary electromyographic activity, causing a cessation of
muscle movement. The duration of this movement cessation is a measure of CI. It is thought
that CSP measures GABAy inhibitory activity. Another CI marker is short-interval cortical
inhibition (SICI). SICI measurement consists of a subthreshold conditioning TMS pulse
preceding a suprathreshold pulse by several ms (1-5 ms). The amplitude of the motor-evoked
potential (MEP) is then measured; it should be reduced by 50-90%. This marker is thought to
measure GABA ,-mediated cortical inhibition [6-13]. Recent studies show that CI impairment
can be improved with antipsychotics, especially clozapine, but also with quetiapine and
risperidone [13-15]. Kaster et al. [13] suggested that the potentiation of GABAg may be a novel
neurotransmitter mechanism that is involved in the pathophysiology and the treatment of
schizophrenia. Another recent study found inhibitory deficits directly in the prefrontal cortex
specific for schizophrenia using a combination of TMS and electroencephalography (EEG) [9].
Camprodon and Pascual-Leone [5] suppose that this multimodal combination of TMS and
neuroimaging methods (EEG, magnetic resonance imaging, or positron emission tomography)
can achieve TMS full potential —to measure the neurobiological effects of TMS even beyond
the motor cortex.

4. Clinical application of TMS in schizophrenia

The most important use of TMS (or rTMS) is in the treatment of specific symptoms or syn-
dromes of schizophrenia, especially negative symptoms and auditory hallucinations. Other
less proven indications in schizophrenia include cognitive deficit, catatonic symptoms,
obsessive-compulsive symptoms, and comorbid nicotine abuse (through the decrease of
craving).

4.1. Negative symptoms

There is a consensus that the negative symptoms of schizophrenia include symptoms of
affective flattening, alogia, avolition, social withdrawal, and anhedonia. The symptoms of
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inattention, poverty of content of speech, and inappropriate affect are also often assigned in
measuring scales mainly due to the clinical evaluation of the overall disorganization seen in
patients with schizophrenia [16].

Severity of negative symptoms in schizophrenia is usually linked with worse functional
outcomes, including specific relationships with impaired occupational functioning, household
integration, social functioning, engagementinrecreational activities, and quality of life [16 — 18].

Negative symptoms are often associated with hypofrontality and with a lack of dopamine in
the prefrontal cortex [19, 20].

4.1.1. Effect of rTMS in the prefrontal cortex

Some authors have found that high-frequency rTMS could increase cortical excitability and
the metabolic activity of targeted neurons [21, 22]. Prefrontal rTMS also modulates dopamine
release in the dorsal striatum and in the nucleus accumbens in Wistar rats [23]. High-frequency
r'TMS of the DLPFC induces the release of dopamine in the ipsilateral nucleus caudatus in
healthy volunteers, and it causes downregulation of the 5-HT2 receptors in the frontal cortex
[24, 25].

The change of the expression of glutamic acid decarboxylase, which is the synthetic enzyme
of the precursor of GABA, could be also modified by rTMS. This finding may be important
because the severity of negative symptoms has been found to be inversely related to benzo-
diazepine receptor binding in the medial frontal region [26].

These findings have led to the hypothesis that high-frequency rTMS applied at the prefrontal
cortex may be an effective treatment of negative symptoms in schizophrenia, and many studies
were published on this topic.

4.1.2. Current results of r¥TMS in the treatment of negative symptoms

We summarize in this text the results from three meta-analyses and from recent articles that
are not a part of the last meta-analysis by Shi et al. [27].

The first meta-analysis reviewed eight double-blind studies and found that rTMS had a mild
to moderate (d = 0.58) effect on alleviating the negative symptoms of schizophrenia [28]. The
second meta-analysis evaluated nine double-blind studies with more than 200 enrolled
patients [29]. When studies with any high-frequency stimulation of the left PFC were evalu-
ated, the effect size of the treatment was low (d =0.43); when the analysis included only studies
with a 10 Hz frequency, the effect size of the treatment was intermediate (d = 0.63) [29]. The
results of the third, most recent, meta-analysis suggest that rTMS is an effective treatment
option for negative symptoms in schizophrenia. This meta-analysis included 16 studies. The
moderators of r-TMS on negative symptoms included duration of illness, stimulation frequen-
cy, stimulation intensity, and the type of outcome measures used (the effect size of rTMS on
negative symptoms in sham-controlled trials was 0.80 as measured by the Scale for the
Assessment of Negative Symptoms —SANS and 0.41 as measured by the Positive and Negative
Syndrome Scale—PANSS) [27].



Transcranial Magnetic Stimulation in Schizophrenia
http://dx.doi.org/10.5772/65631

The authors of the third meta-analysis formulated some recommendations for the treatment
of negative symptoms by rTMS based on the available results, which show that long-term
stimulation (3 weeks or more) has a better effect than short-term stimulation. The best effect
was with 10 Hz rTMS and 110% of individual MT. The number of pulses is also important—
the effect is greater when the patient receives a higher number of pulses [27].

A recent study by Wobrock et al. included a sufficiently large sample (175 patients), but no
statistically significant effect of rTMS was found in the improvement of negative symptoms in
the active group compared with the sham group. The stimulation protocol was 15 sessions of
10 Hz stimulation of the left DLPFC, 110% MT, 5 s train and 30 s intertrain, and 15,000 pulses
in the whole study. However, less-precise method was used for targeting the left DLPFC (the
international system of EEG electrode placement 10/20, F3 electrode), and patients received a
relatively small number of pulses, although the last meta-analysis indicated that a higher
number of pulses have a better effect [30].

In another double-blind study, 117 patients with negative symptoms were randomized to a 20-
day course of either active rTMS applied to the left DLPFC (it was targeted to 5 cm anterior to
the point where maximum stimulation of the abductor pollicis brevis muscle was observed)
or sham rTMS. The stimulation protocol was 10 Hz frequency, 4 s train and 56 s intertrain,
20 min each day, 80% MT, and 800 pulses per day. They reported that treatment with high-
frequency rTMS for 6 weeks significantly improved negative symptoms in the active stimula-
tion group as compared to the sham group. The decrease in negative symptoms persisted to
the 6-month follow-up assessment [31].

Dlabac-de Lange et al. evaluated the effect of bilateral rTMS of DLPFC in schizophrenia
patients with negative symptoms. The Tower of London (ToL) task during fMRI was used to
measure the brain function of the DLPFC. The stimulation protocol was 10 Hz frequency, 15
sessions (divided into 3 weeks), 10 s train and 50 s intertrain, and 90% MT. Patients received
20 trains in one stimulation session. The brain activity in the right DLPFC and in the right
medial frontal gyrus showed an increase in the active stimulation group after the stimulation,
and the left posterior cingulate showed a decrease in brain activity after rTMS treatment of the
DLPFC. No significant differences were found in task performance between the sham group
and the active group after the treatment with rTMS. A significant difference was found in SANS
butnot in PANSS. The limits of the study can be seen in the localization of the DLPFC (targeted
by F3 and F4 location from the EEG 10/20 system), in the small sample size (total of 24 patients)
and in its heterogeneity, as there were significant differences between the active and sham
groups at the beginning of the study [32].

4.1.3. New paradigms of rTMS in the treatment of negative symptoms

The authors of a recent study compared 96 patients who received 10 and 20 Hz, theta burst
stimulation (TBS) and sham stimulation. The 10 Hz stimulation was only 80% MT at the be-
ginning, and the intensity was gradually increased to 110% MT. Patients received 30 trains in
one stimulation day, one stimulation interval was 5 s of the train and 30 s of the intertrain.
The stimulation was divided into four weeks (20 stimulation sessions). The 20 Hz stimula-
tion had the same stimulation parameters as the 10 Hz stimulation. In TBS, the basic train
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had a frequency of 5 Hz, and the stimulation was given every 200 ms. Three single pulses
(50 Hz) were embedded within each 5 Hz pulse, on 80% MT, and each session had 2400
pulses. The TBS group had significantly larger reductions in SANS and PANSS negative
subscale scores than the 10 Hz group and the 20 Hz group, but there were no significant
differences in the two scales between the 10 and 20 Hz groups. There was a reduction in the
scores in the mentioned scales in all groups with active stimulation compared with the sham
group stimulation [33].

The cerebellum and cortico-thalamic-cerebellar circuit have also been included in the patho-
physiology of schizophrenia. In patients with schizophrenia, some cerebellar dysfunctions
were found, such as neurological soft signs, impaired eyeblink conditioning, procedural
learning deficits, dyscoordination, abnormal posture, and poor cognitive performance. Resting
state gamma activity is supposed to be a biomarker related to functional brain connectivity.
One study tried to investigate the effect of cerebellar rTMS on resting state gamma activity.
The efficacy of cerebellar rTMS was tested in 11 recent-onset schizophrenia patients who
received 10 sessions of high-frequency rTMS to the midline cerebellum over a 2-week period.
A significant decrease in negative symptoms and depression scores was observed after the
r'TMS treatment. Gamma spectral power in left frontal and temporal segments was reduced
significantly after this treatment. In light of these preliminary results, cerebellar rTMS could
be a useful innovation for the treatment of negative and affective symptoms in schizophrenia,
but this has to be confirmed in further studies [34].

4.1.4. Negative symptoms and rTMS —summary

Recent guidelines state that high-frequency rTMS of the left DLPFC has a probable effect in
the treatment of negative symptoms of schizophrenia (Level B evidence) [35].

A number of double-blind studies also proved a statistically significant decrease in the
intensity of negative schizophrenia symptoms when current antipsychotic treatment was
augmented with rTMS; the actual clinical significance of this procedure is disputed [4].

Another issue is represented by antipsychotic and other medication used in the treatment of
patients with schizophrenia. According to some studies, this medication could negatively
influence the activation induced by rTMS [36, 37].

rTMS represents a promising direction in the treatment of negative symptoms in schizophre-
nia, but it is necessary to improve current stimulation protocols (to use different frequencies
in different areas, to investigate the effects of intensive stimulation protocols, and to investigate
new targets such as the cerebellum).

4.2. Auditory hallucinations

Auditory verbal hallucinations (AVH), perceptions of voices in the absence of external stimuli,
are a fundamental feature of mental illness and one of the characteristic symptoms of schizo-
phrenia with high clinical importance [38]. AVH are reported by 50-70% of patients with
schizophrenia, and in about 25-30% of patients, AVH are resistant to antipsychotic medication
[39]. rTMS could be an additional therapeutic tool for AVH in schizophrenia [40].
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4.2.1. Effect of rTMS on auditory hallucinations

The positive impact of rTMS on AVH can be seen in the inhibition of increased activity in the
left temporoparietal cortex (TPC) (Broadmann area 40). This increased activity is repeatedly
proven during hallucinations using brain imaging methods. This area is supposed to be
involved in the perception of speech. The repeated stimulation of this area with a frequency
of 1 Hz (low-frequency rTMS) induces a long-lasting decrease in the frequency and severity
of medication-resistant AVH [41].

4.2.2. Current results of clinical studies and meta-analyses

The first study that applied rTMS as a therapeutic instrument for AVH was performed by
Hoffman et al. in 1999. They postulated that low-frequency rTMS (1 Hz frequency) delivered
to the left TPC would curtail auditory hallucinations by reducing the excitability of distributed
neurocircuitry [39]. Since then several studies have been performed; some studies with positive
results and others with negative results. All these studies were included in several meta-
analyses.

The authors of the first meta-analysis observed a significant mean weighted effect size for rTMS
versus sham stimulation, across 10 studies involving 212 patients (d = 0.76). The main outcome
measure was the reduction in hallucinations as measured with appropriate psychometric
rating scales. A typical hallucination rating scale is the Auditory Hallucinations Rating Scale
(AHRS), which is a seven-item scale measuring frequency, reality, perceived loudness, number
of different speaking voices, length of hallucinations (single words, phrases, sentences, or
extended discourse), attentional salience (the degree to which hallucinations captured the
attention of the patient), and distress level. When studies reported on multiple brain areas that
were targeted with rTMS, only the left TPC was included. When only studies were included
that used continuous stimulation (nine studies), the mean effect size increased to d = 0.88. To
investigate whether the number of stimulation session would be an important variable, they
compared studies with fewer than five stimulation sessions (four studies) to those with more
than five stimulation sessions (six studies); there was no significant improvement. Two studies
that included PANSS reported that rTMS had no significant effect on the PANSS positive
subscale. Thus, the observed effect was specific to auditory hallucinations. There was no
significant effect of rTMS on a composite index of general psychotic symptoms. The results
provide support for the efficacy of the treatment in reducing the severity of AVH [42].

The second meta-analysis included ten studies with 232 patients. All these studies used low-
frequency rTMS of the left TPC on patients with schizophrenia and treated and measured
medication-resistant AVH. They extracted outcomes from several scales for assessing AVH:
Hallucination Change Scale (HCS), Auditory Hallucinations Rating Scale (AHRS), Severity of
Auditory Hallucinations (SAH scale), Psychotic Symptom Rating scale — Auditory Hallucina-
tions Subscale (PSYRATS-AH), and Positive and Negative Syndrome Scale—Auditory
Hallucinations Item (PANSS-AH). The HCS seems more sensitive to rTMS effects on AVH,
while most studies using AHRS reported negative results. The authors observed significant
effect size (Hedges’ g =0.514) [43].
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The third meta-analysis was performed by Freitas et al. [28]. The authors specifically analyzed
the effect on auditory hallucinations in seven sham-controlled studies and found a large and
significant effect size for the sham-controlled studies (1.04; p = 0.002). They observed the need
for individual assessment of the functional anatomy of hallucinations, using hallucination-
activation maps obtained either by PET or fMRI, and stereotaxically determined the stimula-
tion site following individual fMRI detection of inner speech regions instead of less
sophisticated approach including coil position using the international 10/20 EEG electrode
system in TP3 site, which might enhance TMS efficacy [43]. A critical finding in a study by
Hoffman et al. concerned the discrepancy between the fMRI-guided TPC sites used in their
trial and the standard TP3 which had little to no overlap [44]. Moreover, in a study by Sommer
et al., five of the seven patients undergoing functional guided rTMS had predominant right-
sided hallucinatory activity and were therefore stimulated over the right TPC [28, 45].

Another three meta-analyses were published by Slotema et al. [41, 46, 47]. According to the
first one, with seven randomized controlled trials and 189 patients included, rTMS was
superior to sham treatment, with a mean weighted effect size of 0.54 [46]. The second meta-
analysis included 17 studies. The mean weighted effect size of rTMS directed at the left
temporoparietal area was 0.44. But the effect of rTMS was no longer significant at one month
of follow-up care (according to five studies with a follow-up assessment of at least one month)
[47]. The most recent meta-analysis by Slotema included 19 studies with a total number of 548
patients. The mean weighted effect size for the treatment of auditory hallucinations was 0.44.
No significant mean weighted effect size was found for the severity of psychosis. For patients
with medication-resistant auditory hallucinations, the mean weighted effect size was 0.45.
Repetitive transcranial magnetic stimulation applied at the left temporo-parietal area with a
frequency of 1 Hz yielded a moderate mean weighted effect size of 0.63, indicating the
superiority of this paradigm. Various other paradigms failed to show superior effects. rTMS
applied at the right temporo-parietal area was not superior to sham treatment. The authors
concluded that rTMS, especially when applied at the left temporo-parietal area with a
frequency of 1 Hz, is effective for the treatment of auditory hallucinations, including for
patients with medication-resistant hallucinations [41]. The limitation of all 'TMS studies is the
placebo, because of the difficulty of reproducing the noise and the scalp sensation (including
superficial muscle contractions) of the active treatment. The initial method of producing a
placebo effect was to tilt the coil at 45° or 90°. However, this method clearly unmasks it to
patients who were previously treated with rTMS or for those in a crossover design. The more
recent methods involve using a completely similar sham coil. Another significant limitation of
these studies is the concomitant pharmacotherapy in all subjects. Several pharmacological
treatments may interfere with treatment response, by modifying cortical excitability, by
preventing the transsynaptic transmission of rTMS, or by interfering with the cerebral
plasticity effects induced by rTMS [43].

4.2.3. Auditory hallucinations and rTMS —summary

The results of all of these meta-analyses show that 1 Hz rTMS applied at the left temporo-
parietal area is effective in the treatment of auditory hallucinations (even in treatment-resistant
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patients), but the effectis of a relatively short duration (shorter than in patients with depressive
disorder). In the trials covered in the meta-analysis by Slotema et al. [47], the effect of rTTMS
on AVH was no longer significant at the one-month follow-up visit. This short duration of the
effect of rTMS is a matter of concern. A daily treatment of 2-4 weeks with a small treatment
effect combined with a short duration may call into question its utility as a meaningful
treatment for patients troubled by persistent symptoms [47]. The treatment of other positive
symptoms with rTMS is ineffective. Recent guidelines state that low-frequency rTMS of the
left TPC has a possible effect in the treatment of auditory hallucinations (Level C evidence);
for other paradigms (high-frequency rTMS or continuous theta burst stimulation—cTBS),
there are no recommendations [35].

4.3. Other indications

The treatment of other symptoms, syndromes, and comorbid conditions in patients with
schizophrenia is less proven. Some studies focused on the cognitive effects of rTMS in
schizophrenia. Their results were heterogeneous. A meta-analysis included four studies of
high-frequency rTMS at the DLPFC and its effect on working memory. The authors concluded
that rTMS significantly improved all measures of working memory performance [48]. But a
recent study failed to prove a superior effect of rTMS over sham stimulation in the improve-
ment of various cognitive domains in 156 schizophrenia patients with predominant negative
symptoms [49]. Recent guidelines state no recommendations for the treatment of cognitive
deficit in schizophrenia [35].

Three case studies described rTMS in the treatment of catatonic symptoms in patients with
schizophrenia—the improvement in two cases was rapid and sufficient; the last case was
negative [50].

A similar situation was seen in the treatment of obsessive-compulsive symptoms associated
with schizophrenia. Two case studies with positive results were published, but the effect was
only transient, and a recent pilot study had negative results [51, 52].

TMS offers an interesting option for the treatment of comorbid misuse of alcohol, nicotine, and
other psychotropic substances. Two studies proved the effect of high-frequency rTMS at the
left DLPFC on the reduction in cigarette consumption in patients with schizophrenia [53, 54].

TMS could also influence other less specific symptoms which are presents in schizophrenia as
well as in other mental disorders, such as attention deficit or impulsiveness.

5. Future directions

It is possible to distinguish between two categories of factors associated with the efficacy of
rTMS in schizophrenia: (1) clinical factors and (2) factors associated with rTMS, especially
stimulation parameters.

Clinical factors include heterogeneity of symptoms of schizophrenia treated with rTMS,
especially negative symptoms. Prikryl et al. analyzed negative symptoms influenced with
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r'TMS using five domains of SANS (affective flattening/blunting, alogia, avolition/apathy,
anhedonia, and impaired attention). The stimulation improved all domains, except for alogia
[4]. To improve the results with rTMS, the definition and the prediction of responders are
needed. This could be achieved using markers of impaired cortical inhibition and neuroplas-
ticity —especially when TMS (with the potential to measure cortical inhibition and its changes)
and EEG or other neuroimaging methods (MRI, fMRI, SPECT, PET) are combined. Tikka et al.
described significant correlation between the reduction in negative and depressive symptoms
in patients with schizophrenia and the reduction in gamma spectral power in left frontal and
temporal segments after cerebellar rTMS. The authors suggest resting state gamma spectral
power in frontal and temporal regions for a biomarker of treatment response [55]. Homan et
al. described that responders were robustly differentiated from nonresponders to rTMS by the
higher regional blood flow in the left superior temporal gyrus before treatment for AVH. The
authors conclude that resting perfusion measurement before treatment might be a clinically
relevant way to identify possible responders and nonresponders to rTMS [56].

The optimization of stimulation parameters is another important issue. New stimulation
targets (for example, the cerebellum or anterior cingulate), better and more precise methods
of stimulation coil placement (stereotactic navigation), new coil types (double cone coil, maybe
H-coils for deep TMS), stimulation frequency (individual frequency), intensity, number of
pulses (higher number of pulses), and the number of stimulation sessions (intensive stimula-
tion) are also subjects of current research. This research can provide data for new and inno-
vative stimulation paradigms, which are needed for a more robust clinical effect of TMS in
schizophrenia.

6. Conclusion

TMS is a very promising research and therapeutic method for patients with schizophrenia. It
is a useful tool for researching cortical inhibition and neuroplasticity. The most important
application of TMS (or rTMS) is in the treatment of some symptoms or syndromes, especially
negative symptoms (high-frequency rTMS at the left DLPFC) and auditory hallucinations
(low-frequency rTMS at the left TPC), and maybe even cognitive deficit. The results of clinical
studies are promising, but further research is needed to optimize the treatment results.
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Abstract

Sport is a universal language, recognized and shared by all. A psychiatric users
Association, in collaboration with public Mental Health Department and UISP, Italian
Union Promoting Sport for All, proposes the sport as one of the possible strategies
within a wider therapeutic project for schizophrenia. Soft gymnastic, swimming,
football, and volley are observed from the point of view of users, main recipients of the
intervention, trainers, and referees. The perceived quality of life was measured in the
users/athletes, using the WHOQOL-brief schedule. To practice sport enhances the
adhesion to treatment and the quality of life and can reduce hospitalizations. It is a
useful tool for promoting well-being, personal autonomy and an active lifestyle,
preventing isolation, and improving self-esteem and social cognition. It may be an
important factor preventing poor functional outcome and promoting recovery. Team
sports seem to have a greater therapeutic value, producing fun, cohesion, and social
inclusion; they can also play an important educational role, preventing social stigma.

Keywords: sport, schizophrenia, functional outcome, self-esteem, social cognition,
quality of life, psychiatric users

1. Introduction

The schizophrenic disorders show a very diverse spectrum for symptoms, manifestations,
abilities/disabilities both personal and in the different aspects of relational and social life,
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experiences and self-perceiving, and external points of view, including those of family members
and practitioners, judgments, and prejudices of society.

The transition from a hospital care model, almost always based on seclusion, to a territorial
care model has eliminated the artifacts of institutionalization, allowing to highlight the wide
range of individual differences in the onset, course, and outcome of the disease. It is impossible
to apply a unique model of approach and therapy; instead, it is essential to work using
individual projects, which should be adapted to the evolution over time of the person-disease-
care system. In Italy, the model of nonhospital psychiatric assistance is now being implemented
by almost 40 years, allowing to accumulate an enormous asset of experiences and expertise in
a system in which everyone plays an active role: patients, better defined as users, family
members, practitioners and psychiatric workers, associations, schools, and other agencies of
civil society.

The challenge of the last years is not the treatment of the symptoms, which, at least for the
positive symptoms, finds a wide range of effective drugs: the challenge is to recreate or to
build up ex novo personal skills and social relationships networks, to find a valuable role in
society, and to achieve a satisfactory quality of life. To achieve these objectives is an ambitious,
but possible, goal, and requires employing all the available resources. In this context, a
psychiatric users Association proposes the sport as one of the possible strategies within a wider
therapeutic project for schizophrenia. The main characteristic of this work is that schizophrenic
disorders and sport as a method of rehabilitation and social inclusion are observed first of all
from the point of view of users, main recipients of the intervention: subsequently, they have
broadened the point of view, involving other figures that operate in this project: psychiatric
workers, facilitators, trainers, referees, family members, teachers and students, local Author-
ities, and other associations.

2. Background and caseload
2.1. Population, Mental Health Department and schizophrenia

The province of Ferrara, in the Emilia-Romagna region (Italy), has a population of around
360,000 inhabitants. The treatment of psychiatric disorders is guaranteed by the Local Public
Health Agency of Ferrara, through the Mental Health Department (MHD), using the com-
munity care model. The territory has an important feature in offering personalized care
paths and on relies to hospitalization only in the case of onset of acute symptoms that can-
not be treated as outpatients.

The treatment path uses different instruments: medical and nursing interviews, drug therapy,
psychoeducational groups, cognitive groups, expressive therapies, family intervention, and
proposals for enrolling in specific training programs stage.

People affected by schizophrenia spectrum disorders are diagnosed and taken over by the
MHD Territorial Service, which starts a personalized treatment plan and carries it on over time,
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referring also, where necessary, to rehabilitative semi-residential or residential programs or to
short-term hospitalization (average 11 days) in acute pathology ward. In recent years, it was
also initiated a very interesting departmental project of early intervention for psychosis [1].

In 2009-2010 [2], a systematic evaluation of all people affected by schizophrenia spectrum
disorders [category 295 of International Classification of Diseases (ICD9)], in charge of the
provincial MHD, allowed to get several important and useful information. The cases were 842:
486 males and 356 females, with an average observation time of 13 years.

The research considered both symptoms, evaluated using the Brief Psychiatric Rating Scale
(BPRS) 24 item [3] and personal/social functioning evaluated using the Personal and Social
Performance Scale (PSP) [4]. Only 5.3% of cases showed severe symptoms versus 78% of
cases asymptomatic or mildly symptomatic. Conversely, the evaluation of personal and
social functioning evidenced, in the sample, a widespread situation of disability, with
relevant difficulties in one-half of cases in the work/social utility area and in personal
relationships area. There were statistical significant gender differences with males less able
than females.

A very important result of this research is that course and outcome of the disease are not
affected by early onset or long disease duration: the possibility of improvement or healing
exists for all cases, even those with a long history of illness and hospitalizations.

2.2. The psychiatric users association

Club Integriamoci NGO Association, based in Ferrara, was founded in 1998 by a group of
psychiatric users and former users, psychiatric workers, and volunteers.

In the early years of the association, the psychiatric workers have provided a constant presence
and played a very important role, supporting users in their path toward autonomy: they started
activities, participated in them, and identified the most suitable users carrying out manage-
ment functions or activities conductors. Many activities and projects were also financially
supported by the MHD. Over the years, manual and craft activities have been carried out,
especially for females and a 3-year theater project as part of a European project of which the
town of Ferrara was partner.

Currently, the Association is completely managed by the users, who hold all the management
positions, perform administrative functions, and take all decisions as a group and plan together
the activities and initiatives. The main activity of the association has always been and nowa-
daysis to practice sports, in collaboration with the Mental Health Department, the UISP (Italian
Union Promoting Sport for All) and the Municipality of Ferrara. The Association participates
in further outdoor activities, especially hiking, walking, and bike riding, as part of a regional
project ("Moving Citizens 2") that promotes physical activity outdoors.

The Association undertakes activities of information and contrasting stigma, especially in high
schools: testimonies, but also volleyball or football matches. Moreover, it participates in
regional sport tournament and collaborates with different NGO Association in ethical projects.
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3. Method

The Mental Health treating team performs the referral to the sport activity with different
objectives as to promote health and physical well-being, to motivate social participation and
prevent isolation, to have recurring weekly activity, and to socialize or to promote specific
personal and relational skills or social integration.

The technical aspects of training are supervised by professional coaches provided by UISP,
while the weekly organization and conduction of sports activities, initiated by psychiatric
workers and conducted by them for over 10 years, are since 3 years assigned to a user with
specific training as a social facilitator, who is always present. The facilitator is a user who
has achieved a good level of clinical stabilization and who is perceived by other users as an
ally, able to understand their feelings, because he too has had experiences. At the same time,
he is the referee of fairness of play in the field and guarantees the respect of sporting rules;
he acts as a mediator among the athletes and acts as a liaison between them and the MHD
staff.

The psychiatric worker, belonging to the MHD semi-residential rehabilitation center,
collaborates with the social facilitator for the implementation of sports activities and works
together with the caring team when admitting the new users/athletes; she supervises and
maintains links with MHD and regional sports groups. Facilitator and psychiatric worker
together reinforce the results obtained with the sports, promote self-esteem, create the
conditions allowing everyone to feel at ease and find a role in the activities. They closely
cooperate in the organization and coordination of activities, as required by a specific protocol
of collaboration.

Sports activities as part of a therapeutic rehabilitation project are currently four: at an indi-
vidual level, gymnastics and swimming in the pool, and as a team, volleyball and football (5
or 11 players). To these activities take part weekly about 50 people, males and females, aged
between 20 and 64 years, with different psychiatric disorders; schizophrenia represents more
than half of the diagnoses. Many users/athletes practice currently more than one activity.

All sports are practiced at least once a week; in addition to this, we organize and take part to
social events and regional sport meeting. Atleast once a month, the volleyball and soccer teams
play against teams of high schools, as part of a project aiming to educate young people and
fight stigma. Sport activities are subject to either external observation—by professional
coaches, psychiatric worker and facilitator —and self-observation by athletes themselves. In
team sports, the end of a session of training is often followed by a time of reflection, informal
but very effective, where the team group examines the progress achieved and any difficulties
encountered, and programs the next workout or the participation in tournaments.

To gather more information, the point of view of users athletes has been audited in 2016 with
individual interviews and using the World Health Organization Quality of Life ((WHOQOL)-
brief schedule, 26 items [5], to get information about the perceived level of quality of life.
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4. Sport

“Sports have the power to change the world. It has the power to inspire, the power to unite
people in a way that little else does. It speaks to youth in a language they understand. Sports
can create hope, where there was once only despair. It is more powerful than governments in
breaking down racial barriers. It laughs in the face of all types of discrimination” said Nelson
Mandela in 2000 [6].

Sport as an ideal value [7] was born in ancient Greece, where the Olympic Games were the
occasion of peaceful encounter, and not confrontation, among people who recognized
themselves in a common identity, while belonging to different political or social systems.
During the games, conflicts were suspended, gift was exchanged, and all people had to follow
common law, as the possibility of participation for all; misbehaviors were prevented or
punished.

In contemporary culture, sport is a total cultural phenomenon that has transformed social
customs and even the clothes; itinvolves everyday life context, it is magnified out of proportion
by the media, and it reflects, at a different level, the same problems and contradictions of the
society. It is no longer a value in itself; rather it is often a source of conflict, confrontation, and
aggression.

It becomes a “value” only within an ethical and educational context, when it takes a positive
social meaning and promotes the good of the community and the improvement of relations
among its members [8]. The Recommendation on the European Sport for All Charter, adopted
in 1992 and revised in 2001 [9] defines sport as a right for all citizens, of which the States must
be guarantors; moreover, it recognizes “the diverse contributions which sport can make to
personal and social development.”

For people with disabilities, whether physical or mental, sports are not always easy: it is
necessary to overcome resistance and personal or environmental barriers. Sometimes, one has
to use devices, or even build them. Sometimes, it is necessary to adapt the rules, so that they
may become accessible, to find the facilities but, above all, it is essential to find organizations
available to welcome individual athletes or groups of athletes with disabilities and their needs.
For isolated people this is very difficult; the presence of corporate associations, connected in a
network of associations, increases the possibilities and sport opportunities.

In physical disability, injury or sensory loss is visible and obvious; in this area, sport is now
universally recognized as a therapeutic, rehabilitative tool of socialization and inclusion. The
high costs of devices are certainly an obstacle, but there is usually a strong motivation of the
athletes, their family and social environment. Adapted Sport [10] plays an important role both
at school and in leisure and free time, while the Paralympics events [11], with their large
participation of athletes and public, are a powerful media instrument of sport values in
conditions of disability.

In mental disability, impairment is not immediately visible, and devices are not necessary, but
it is often necessary to adapt the rules of the different sports. In most cases, sports activities
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are carried out within the Psychiatric Services, for recreational and therapeutic purposes; for
young people, there are special projects in schools, especially in high schools.

Networks of Associations promote sport at a regional level or national one: some Associations
are strongly characterized in the health-psychiatric domain (i.e.,, ANPIS, Plural Sport Associ-
ation for Social Integration); others operate in an "external" field the civil society. Among these,
the UISP is the most common, but there are many others. Intellectual and Relational Disability
Federation (FISDIR) is affiliated with the Paralympic Committee.

The concrete work in this area is extremely widespread, at least in Italy, with a wide range of
popular sports: athletics, gymnastics, swimming, skiing, sailing, canoeing and rowing, archery,
bocce, judo, tennis, table tennis, football, basketball, volleyball, and rugby. In our limited
experience, we are aware of a dozen soccer teams and more than twenty volleyball teams, we
have reports of various regional tournaments and even a regular UISP championship, in the
Piemonte Region.

4.1. Our practiced sports

4.1.1. Soft gymnastics

Soft gymnastic was born in the seventies of the last century, as a set of activities aimed at finding
a harmonious relationship with the body and the environment, through a conscious and active
working attitude. It is a misleading to consider it as an application of traditional exercise in a
reduced scale, for “weak” people.

Our body is very sensitive to anything that can alter its equilibrium. If one makes a pleasant
experience and enjoys feelings of well-being, it will try to reproduce these feelings in an
unconsciousness manner; on the contrary, bad experiences and unpleasant feelings will lead
to painful muscle contractions and poor posture. Therefore, it is important to learn to feel and
know every sensation coming from the body, to become aware of the movement, and to adopt
personal strategies contrasting physical and psychological distress.

Anyone can enjoy soft gymnastics, regardless of age, even in non-homogeneous age groups;
the perfect setting for these activities is a heated gym with a wooden or rubber silent floor, in
order to favor listening and concentration. There is no need for special equipment, except for
mats and small equipment, such as balls or tennis balls, which facilitate the work on the
perception of the body.

Our gymnastics groups, attended by about thirty people, males and females, are held weekly
and are led by a UISP teacher with special training. Each lesson lasts between 50 and 60 min
and is divided into three sections: worm up, work, and cooldown. During worm up, we execute
full body preparation exercises, aimed at further improvement of equilibrium, muscle tone,
coordination, and proprioception. After the warm up, there is a phase in which participants
stand in circle to be able to face each other. This produces a greater degree of harmony and the
creation of a group in which all feel an integrative part.
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Exercises and movements are taken from different techniques, all aiming to restore the
psychophysical equilibrium and the harmony of the body: Eutonia, or Alexander method [12],
Bertherat “anti-gymnastic”[13], Feldenkrais method [14], and Stretching.

The final phase, body relaxation, allows to reach a physical and psychological well-being. We
also use musicas a basis to facilitate individual expressiveness and build a body-mind feedback
that generates positive reactions.

The teacher carries out both an individual and group observation, periodically evaluates
eventual problems, improvements and acquisitions of skills, highlighting especially the
qualitative aspects of the movement. Other objectives of soft exercise are to improve psycho-
logical well-being and ability to manage stress, to reduce anxiety, and to improve self-esteem
and social integration. An important goal is also to create a positive and welcoming environ-
ment, encouraging the formation of a good group, and allowing to achieve harmony and well-
being among all participants.

4.1.2. Swimming

In swimming, the main factor is water, with its physical characteristics (hydrostatic pressure,
temperature, buoyancy) that interacts with the body. Our classes, involving 12 people, males
and females, are conducted on a weekly basis in an indoor pool, 1.30 m deep, under the
guidance of a professional UISP instructor. The sessions include a technical phase, in groups,
related to different swimming styles (crawl, backstroke, breaststroke), and a phase of free
swimming for those who have already acquired skills. Also diving activities are carried out in
group, in a circle, and so is final relaxation, using schemes like the horse water or the fish star.

A preliminary difficulty, for some people, is made up of having to undress, and show a body
that does not meet the prevailing standards of beauty, or a shape which is different from your
“ideal” body, that of youth or before illness: leaner, more muscular, straighter, maybe more
tanned. Some women have implemented an effective strategy to deal with this problem,
wearing different costumes, such as those for diving.

To get in the pool is, for some people, an already known experience, mostly pleasant: they are
good swimmers and they are happy to be in the water. For others, it's a new experience and it
can also be scary for the loss of contact with the earth, for fear of sinking, for the difficulty of
letting go to support of water, and for the loss of the usual boundaries.

Once entered in the water, the cutaneous perceptions change: most of the body surface is no
longer surrounded from the air, but by a liquid, which exerts a pressure on the skin, and which
has a temperature that may be important for the purposes of the first adaptation.

People must also deal with the effect of buoyancy on every single human body, depending on
the shape, the weight and body density: some parts tend to float and others, with a greater
relative weight, tend to sink. Flotation entails a different equilibrium, which will vary with the
slightest movement, inducing continuous adaptations in the proprioceptive perception
system. This changes completely the entire movement control and coordination, according to
new parameters, not usual in a "dry" environment.
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The decrease in the gravity for the effect of water leads to a feeling of lightness, which is
generally pleasant. For the same reasons, this environment is particularly suitable for mobili-
zation and a gradual cardio-respiratory training in people with weight problems, condition
often associated with psychotic disorders, especially chronic.

Among the benefits of the activity in the pool, we note especially the possibility of enhance
movement and coordination and the feeling of psychological well-being, helpful in decreasing
anxiety. To attend a swimming pool, with its rules of use, helps to take a greater care of self.
In addition, being able to carry out a complex activity and learn new skills improves self-
esteem, while to take part of a group fosters communication.

4.1.3. Football and 5-players football

In our Association, currently, we have only male players: fifteen people with age ranging from
21 to 57 years (older people are goalkeepers). Football is a sport that readily attracts new young
users, as known and socially widespread and appreciated. In the version with 11 players, it
requires good physical condition and enough breath to run across the field, as well as a certain
level of technical ability. Everyone seems to have previous experience; they all had play as
children: on outdoor courts, at school or after the school.

In the 5-players version of the game, the field is much smaller, and the spaces are narrower,
with more frequent contacts among the players; breathing capacity becomes less important,
while control of the ball and quick overview of the field, teammates, and opponents becomes
more important. The game is dynamic and fast, and there is the possibility of some injury due
to the accidental knocks or falls; risks of accident are taken into account from the very begin-
ning. The main problem of football is the physical contact between players, and its possible
meaning —not openly declared —of aggressive behavior.

In our team, the starting rules, shared and accepted by all, are simple and clear: to play for fun
and you can win or lose; it makes no sense to get angry with you or with teammates. Teams
are not fixed, but they are decided from time to time. The instructor looks after the technical
aspects, while the facilitator is the guarantor of fairness in the field. If the aggressiveness
increase, the facilitator gives a first call; then, if the problem persists, he stops the game and
sends all in the locker room.

The football team plays once a month against a representative of the Ferrara Scientific High
School and participates in several tournaments in the area of Mental Health or during local
events.

4.1.4. Volleyball

More than twenty people take part to Volley activity, males and females, aged from 27 to
60 years. This sport is easy to understand: at the basic level, people of all ages and fitness levels
can participate, sometimes eventually using small adjustments, such as the stroke from inside
the field.
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Volley promotes correct behavior in the field and the respect of the opponent to the point that
the team who protests or offends the referee loses the point. It has also the great advantage of
keeping teams separate, each in own field, with a net between the two teams and the two halves
of the field. The net allows to see the opposing team, but there is no body contact; only the ball
can pass from one field to the other, always in the air, in flight; who let it drop loses the point.

The error is a normal occurrence in the course of the game: the team who makes fewer mistakes
wins the match. It is an exquisitely collaborative game: all players bring a contribution. To
know the playmates and their characteristics increase the chances to play well and successfully.
The continuous rotation of positions, then, allows to experience different points of view of the
field and to adjust to different actions companions.

Many factors come into play, such as structure and physical fitness, technical skills, tactical
sense, spatial orientation, ability to predict the moves of others, ability to communicate, and
understand each other and help each other in the field.

In our team, all players participate in the game: when there are more people than 12 —the sum
of two teams’ players—we use to change a player at the time of stroke, thus allowing everyone
to play. Who is not in the field at that time participates as audience. Every successful action is
applauded, and people with less technical skills are strongly encouraged and applauded when
they manage to keep the ball in play.

The Volleyball team regularly plays with teams of the city's high schools and participates in
several tournaments during the year. In recent time, we evolved to a more engaging level of
play, attending to the UISP National Championship.

5. Results and discussion

Exercise, physical activity, sports, health, mental health, psychosis, and therapy: how do these
concepts relate each other? Physical activity, health, and quality of life are closely intercon-
nected [15]; to practice sport with friends, colleagues or family do have a positive effect
increasing social asset [16]. On these issues, there is a common consensus, so that Regions and
States define policies to encourage physical activity. It is also generally acknowledged the
positive effect of exercise on mental health, in particular on self-esteem and mood, but it is not
clear whether carry it out in the open air is a further advantage; greenspaces of high natural
and heritage value seem to add an extra benefit [17].

In severe psychiatric patients, exercise seems to produce an improvement in the symptoms
both positive and negative [18] and quality of life [19]; in some individuals, exercise may be a
useful coping strategy for dealing with positive symptoms, such as auditory hallucinations;
moreover, it seems to associate with an alleviation of negative symptoms such as depression,
low self-esteem, and social withdrawal. Aerobic exercise positively affects cognitive perform-
ance in hospitalized subjects, suffering from schizophrenia or depression [20]. Physical activity
in severe psychiatric disorders helps to prevent metabolic and cardiovascular diseases [21],
improves the satisfaction about the body and self-esteem [22], and is used as part of a multi-
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functional rehabilitation treatment in schizophrenia, although the negative symptoms may
hinder the program, reducing the motivation and causing dropouts [23]. The exercise of an
overlearned physical skill, as biking, improves brain connectivity in patients and healthy
individuals [24]. While in the review by Patel [25] on a wide range of mental disorders, the
effects on schizophrenia are defined as “not known,” the review of Soundy et al. [26] lists the
possible benefits of sports activities in this disorder, and the Firth et al.’s review [27] concludes
that a moderate to vigorous exercise for about 90 min per week has a therapeutic effect by
decreasing cardiovascular risk factors and reducing the psychic symptoms.

The literature offers heterogeneous works, using a wide range of exercise (aerobic, anaerobic,
sports) in different contexts (inpatients and outpatients), with fairly short follow-up times and
limited samples; currently, it is not possible to generalize the results, or choose an activity over
another, only according to the literature.

Physical activity, exercise, sport are they synonymous? In our opinion, they are not. Physical
activity and exercise, at least how they are described in many works, pose as major goals the
physical muscular mobilization and the cardio-vascular prevention. The concept of sport, in
our view, is different: it means to deal freely with rules shared by all those who practice it,
healthy or sick; it means trying to play technically or with a good performance, in a controlled
environment, aiming to improve. It means, in team sports, interfacing with peers and with
opponents and dealing with mistakes and defeats as part of the game. Finally, it means tackling
success without humiliating opponents. Sports are leisure activities, strictly linked to concepts
such as fun and enjoyment, which also constitute the main motivation to maintain the practice
[28, 29].

Can a person with schizophrenic disorders deal with all it? If it does, may he/she encounter
difficulties and advantages that can face? In summary, what are the specific therapeutic factors?
The literature indicates the presence, in the schizophrenia spectrum disorders, of both
neurocognitive deficits and social cognition deficits, related to each other but not overlapping.
The neurocognitive deficits have a role in influencing the "functional outcome": self and
interpersonal behaviors and skills for independent life; they can concern attention, short or
long-term memory and the ability to solve problems. The Social Cognition concerns empathy,
the ability to recognize and understand emotions and feelings of others, and also the ability to
infer intentions, beliefs and desires of other people [30-32].

Cognitive deficits appear related to negative symptoms and a poor functional outcome: being
able to modulate the functions of social cognition may be an important factor in determining
the outcome of the disease and in promoting a full recovery [33]. Sport can be one of the
strategies.

Sport can be one of the strategies to improve both neurocognitive aspects and social cognitive
abilities. In this context, Corretti et al. [34] propose sports as a useful tool in every stage of the
disease: pre-acute, post-acute and even chronic.

From our point of view, that of an users’ association, we have no direct information on the
effects of exercise or sport on the pathogenesis of schizophrenia: our intervention begins when
the disease is overt, when there is already a diagnosis and a therapeutic program.
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Our experience confirms some literature data: some of our athletes report that the sport has
provided them some tools to better cope with symptoms as hallucinations, especially auditory:
to fix the attention on other bodily perceptions, or on the current game in team sports,
antagonizes hallucinations and decreases their disturbing effect. In team sports, the habit to
trust others and the self-esteem improvement are effective antagonists of some delusions,
particularly those of persecution.

5.1. The users’ point of view

In over 15 years of sporting activities in the area of psychiatric disorders, especially schizo-
phrenia, we have accumulated a wealth of experience. After several interviews with our users/
athletes, we would like to try to use their words to a “collective” description of their experience
in the disease, and subsequently in sport.

5.1.1. The experience of illness

When you get sick of schizophrenia, the world falls upon you: everything is confused, your
head is filled up with noise, you do not recognize the person you were before and even your
environment; you do not know who to trust in. Above all, you do not know what is happening
to you.

Family members and friends see you strange, they eventually could think that you take
substances (sometimes, itis true), but the strangeness remains even when you are "clean". Some
people pity you or are ashamed of you; sometimes they get angry and you get angry too. No
one knows what to do.

Sooner or later you obtain a diagnosis and someone takes charge of you. Therapy begins: at
least, the radio in your head lowers the volume, maybe turns off, but you have to deal with
the medicines every day: now you are, first of all, a sick! Sometimes therapies bother, to find
the right dose and the right drug is not always easy; sometimes you're too sedated and you
look like a zombie, sometimes you get fat and bloated, or stiff and walking like a robot, or your
hands and your mouth shake. Everything is treatable, but in the meantime you seem even
stranger.

Your family members begin to protect you a bit too much, to treat you like when you were
thirteen. Sometimes, they think you are doing it on purpose, that you spoil the situation, that
you don’t help yourself enough. Even to pronounce the name of the disease is very difficult: it
is better to talk about "depression” or "nervous exhaustion": people can understand it. And you
wish to have another illness instead of this, any: a broken leg, pneumonia, anything but that.

You start to look for the "guilty" of illness: another disease, a sentimental disappointment, a
lack of work, a failure in the studies. Sometimes you think that the diagnosis is wrong, the
doctor is incompetent, and “the pilgrimage of hope” begins, towards more and more well-
known and expensive doctors or faraway places, where perhaps a miracle will happen.

In all this, you become more and more passive, and more and more really depressed: ill,
chronically, considered untreatable, you feel useless and you hide from previous friends and
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you run out of your previous life, so that no one could see how much you are changed. Only
in your room you feel safe, even in the dark and with the music on headphones. Even com-
plaining does not work: there is always someone who does that before and more of you.

Every business and social relationship loses its meaning, the sense of emptiness is spreading,
it is difficult to express in words. It seems that nothing interests you, even if, within you,
emotions and fears are pressing. It's hard to pay attention, to decode the expressions of others
people: you search isolation so not to be injured. If in your life "before" there were plans,
expectations, hopes, now, in the limbo of disease, the idea prevails that everything will always
be the same, or rather will only worsen.

Sometimes we get stubborn, but then we accept to follow a therapeutic process where
everything is very structured and encoded and disease-related: it continually reminds us of
the disease. There is not much room for fun or for personal initiatives, but then, when we have
to go outside in real - not protected - world, there we must to walk alone.

5.1.2. The experience in sports

Soft gymnastic is often considered mostly as exercise, whereas all other activities are consid-
ered and lived as sports. All interviewed user-athletes expressed a positive opinion: they are
happy to play sports and think it is a useful tool for them both physically and psychologically.
All users emphasize the importance of working together within a group, also in individual
activities, and find a good social environment, which allowed the development of better social
relationships and friendships.

The main reported benefits of gymnastics and swimming are to improve agility and muscle
coordination, to reach a greater satisfaction with the own body and a feeling of well-being; in
swimming, they are also enhanced by learning new skills and improve self-esteem overcoming
fears. In team sports, the main positive aspects are fun and the feeling of belonging, in addition
to the opportunities for tournaments. The rare reported difficulties are in football, for the
management of aggressiveness. In volleyball, there is a great sense of teamwork and pride for
the ability to face and overcome obstacles and the ethical and educational values of which the
team is witness. There is a general demand for a more frequent activity, as a source of great
personal satisfaction and good social relations.

All athletes emphasize that, when they are within the sport, they completely dismiss the sick
role, and they feel only people, citizens and especially athletes. This allows them to improve
their self-esteem, and even increase in value with respect to the family and the environment.

5.2. The role of sport in the therapeutic project

What needs can be met in the sport, and what are consequently the objectives? Well-being,
skills, to avoid isolation, to build activities for leisure, to deal with other people, to improve
self-esteem and quality of life, to acquire autonomy. The different activities offer varied
opportunities and have different indications and features.
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Gymnastics, for example, can be a preparatory: a good start for those who do not move since
a long time and have to learn to well perceive their body. It is a good motivation to leave the
house, and does not require an excessive involvement in social relations, although it provides
the opportunity. For people who continue to practice, it is a useful tool for physical well-being,
posture, equilibrium, self-knowledge and anxiety management.

In swimming, the more specific aspects are weightless and floating: it should be interesting a
further investigation about the specific effects of various bodily perceptions in the aquatic
environment and their effect on body image and on perception system in general, so often
impaired in schizophrenia. The acquisition of new skills and the achievement of objectives
increase self-esteem, while the informal moments can provide a "play area" that allows
exercising relational skills.

Football, the most popular sport in the country, both as a practice and as interest of individuals
and the media, is also the one who, in the literature, seems to receive particular attention as a
therapeutic rehabilitative tool. Battaglia et al. [35] studies football as an additional treatment
in schizophrenia, and Masala et al. [36] describes a training protocol for football in this
syndrome. Football, however, forces us to reflect on the significance of sport: it affects huge
economic interest; the overpaid players, very popular, can convey positive social values but
also negative. Some famous players often express in the field behaviors that would be consid-
ered highly symptomatic of mental disorder, off the field. Intolerant, provocative, threatening,
aggressive, simulators; in the face of all this, they are not strongly discouraged, recalled or
punished. Admonitions, expulsions and disqualifications, but then they come back and behave
exactly the same way. There are matches that look like gladiator fights: faults, yellow cards,
expulsions and all players exaggerate the effects of contrasts; in the meanwhile, speakers
repeatedly define the game with adjectives like "hard," "aggressive," "male," all presented as
positive and praiseworthy. Some fans, then, go to see football as if they were going to a battle:
framed in organized groups, often armed with assault weapons, ready to destroy "the enemy"
and everything they find on their way.

How can we reconcile these dis-dominant values with a sport practiced in view of psychiatric
rehabilitation, with ethical and educational values? It is not always easy: there is a conflict.
Almost all football teams we know were faced with this difficulty: some of them have found
strategies to deal with it, others (especially ones inside the Psychiatric Services) preferred to
channel the energies on other sports. We are however convinced that aggressiveness challenge
can be addressed and overcome. That indeed is one of the most important goals of our activity:
to learn how to deal with our and others” aggressiveness and overcome it. When we play in
schools, one of our goals, in addition to combating the stigma, is to give a good example of an
ethical and educational way to play the game of football.

In his very interesting and documented work, Carboni [37] defines the football as "a cognitive
gym" useful to reach psychosocial health goals. For us, this happens especially with the
volleyball, the sport that gives us most satisfaction, the one where you go to training half an
hour before, and later you stay there chatting, joking, and making plans with your playmates
and friends. It is our "cognitive fitness," this sport easy to learn, good looking, flexible respect
to the number of players, cheap because you can play almost anywhere, even in the public
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gardens and on the beach. Few experiences are reported in the international literature, but they
all are very positive [38, 39], even in the adapted version of sitting volley [40].

The volleyball allows improving a lot of cognitive skills: attention, spatial orientation, percep-
tion and recognition of a range of situations, decision-making skills, strategy: it is a problem-
solving training in a context of play, which fully satisfies the Rasmussen general pattern of
human activity [41].

(KD

"Was I wrong?" "Have the others been better or smarter than us?" "No problem, try again and
see if it works, with a new strategy, or even the same as before, but better applied.” It is no
coincidence that the tradition of the game suggests to newly serve the player who has made a
mistake, in order to give him/her the opportunity to rebuild and regain confidence. Point after
point, play after play, self-esteem and ability to cope with the emotions grow together with the
sense of the group-team. The players reflect one each other as in a mirror; following the mirror
neurons theory [42], this means to communicate and to understand each other better and better.
Meanwhile, people get used to work in an organized way, to come out from the isolation and
to look around: it really means a training for life.

5.3. Outcomes

5.3.1. How is effectiveness measured?

A first indicator may be the number of hospitalizations: people practicing physical and sport
activities require fewer hospitalizations than when they were inactive; some people decreased
from 4 to 5 annual admissions to one or none. During the past year, in the group of users
athletes there were only four admissions: one in the ward for acute symptoms, which lasted
2 weeks, and three, in three different people, in facilities for intensive rehabilitation programs.

A second indicator may be the adhesion to the treatment in general and, in particular, to sport
classes. We do not remember, in the last 5 years, the necessity of Compulsory Admissions in
people who attend sports groups; in our opinion, this means that users become more aware of
their own care and they are more participating and reliable in applying it. The drop-out in
sport activity is rare, usually due to external causes: family burdens, work activities, physical
illness or injury. Often the injured or convalescent athletes will participate to the gym classes,
to cheer their friends and even to play a useful role as "external" observers.

A third indicator is the user-athletes satisfaction and their families: sport activity is very
appreciated by the family for the promotion of personal autonomy, independence and for its
socializing value.

Even high school students really appreciate the opportunity to play against our teams, and
their teachers feel these activities as very qualifying and deeply educational.

An external observation is provided by the interviewed referees: they all highlight the fair play
of MHD teams. Furthermore, they describe a feature that makes us very happy: they knew
nothing, before, of mental disorders, they expected to referee matches of very low level, and
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they were pleasantly surprised to find a good knowledge of the rules, a decent technical level,
a pleasant game, surrounded by a great enthusiasm.

5.3.2. Quality of life

The perceived quality of life was measured in the group of users athletes, 51 people, 30 males
and 21 females using the WHOQOL-brief scale 26 items. All schedules are valid.

The overall quality of life is perceived in all cases as "good" or "very good" and only 12% of
people are dissatisfied with their own health.

The level of physical perceived health is high: the majority of cases declare that they feel well,
without pain, full of energy, able to cope with their daily activities; many people have a job.
They need some treatment, but they don't consider this as an impairment.

Psychological health level is high, too: only 6 people are unhappy about their appearance, they
are mainly self-satisfied and able to concentrate. The majority think that life is pleasant and
meaningful. None of the athletes-users felt always or often discouraged, in the last few months.

Information, mobility, safe and security, place where they live and transport does not show
any kind of dissatisfaction or problem, but the financial resources are very limited, just enough
to cover the needs, in 65% of cases; it is difficult to engage in leisure activities for a lack of
money and time.

They are very satisfied for the support received from friends, quite satisfied about their
personal relationships, often unsatisfied in the sexual activities area.

Overall, the perceived Quality of Life looks good and it is very significant that it is also
good in the Domains most at risk in schizophrenia: Social Relationships and Psychological
Aspects.

6. Conclusion

Sportis a universal language, recognized and shared by all. It promotes well-being, self-esteem
and social relationships, it improves compliance and fosters an active attitude of the users/
athletes; no one feels excluded.

We think that sport is a very useful and inexpensive tool in the overall frame of the treatment
of schizophrenic disorders. During the first definition of the therapeutic program, sport
promotes the establishment of a good relationship with the treating team and improves the
adherence to treatment. It introduces the new users, especially young people, in a friendly and
fun environment that helps them to overcome many misconceptions about the role of a
"psychiatric patient," by seeing other people, who are users and athletes, well integrated into
society. Moreover, it is an appropriate form of secondary prevention against chronic medical
conditions related to sedentariness, avoiding weight gain and its deleterious effects on health,
quality of life, general functioning and compliance.
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In a subsequent period, it becomes targeted to specific needs of individual cases and assumes
a greater significance as an effective tool for psychiatric rehabilitation, easy to implement and
inexpensive. It can reduce the hospitalizations, improve Social Functioning, achieve a good
quality of life, promote social inclusion and functional recovery. Schizophrenia is not a
malignant disease that inevitably deteriorates over time [43]: we must work to promote
recovery in every single person.

Sport allows gradually regaining a role in a social environment and finding a life domain
where the disease remains outside. In our opinion, team sports have a high therapeutic
value. The team is not a sum of individuals, but a unique "entity." In an ideal society, the
individuals fade away and the players become a "single body" whose parts interact each
other. The stronger parts support the weaker parts; the resources of all are at stake and
enhanced to create that Universe-Group which aims to get the best result. Play on a team
means to know and apply the rules of the sport, find the correct position on the field,
learn and use specific technical skills, collaborate with others, respect fellow and opponents.
The victory is a moment of cohesion and sharing of positive emotion: the result of
everyone's work; even the defeat, though, is constructive, producing reflection and the
reorganization of the work of the team. It is not a rewarding experience, but it's definitely
a growth factor and analysis: sport teaches us to accept failures as part of a learning
process or as one of the factors of the game.

Fitness, technical skills, attention, observation skills, and willingness to cooperate: these are all
important factors and build expertise and resources that, if exploited, give a role in the team
and increase self-esteem. Within the teams, valid relationships can grow and continue beyond
the classes, producing autonomous leisure opportunities.

In our opinion, sport “treatment” combines the features of the clinical work, of clinical research
and of self-help systems. We think that the treatment of schizophrenia requires a personalized
approach, which evaluates the characteristics and needs of each individual: this also applies
to exercise and sport: we always prefer the concept of “sport” to that of “exercise,” for its value
on self-esteem and social integration. In our experience of users, we suggest starting out,
especially in the post-acute phase, with the proposal to an individual activity such as gym-
nastics, allowing a period of observation and adaptation to the movement in a friendly but not
too-demanding environment. Subsequently, we propose to try an additional sport, according
to the therapeutic needs and preferences of the individual subject; after an initial phase of
welcome, the user will continue to practice weekly, at least for a year. Many users continue to
practice sports for years, when they are symptoms-free and also after finishing their course of
treatment, as volunteers.

Our and others experiences using sport in the treatment of schizophrenia may act as suggestion
and encouragement toward a research centered on outpatients, using shared outcome
indicators and providing for a sufficiently long follow-up, to evaluate the persistency of
benefits over time. It would be very interesting also to carry out research on the different sports
and on their various potentially therapeutic factors.
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