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Abstract

Schizophrenia is a brain disconnection syndrome involving abnormal interactions between widespread networks. Genetic and non-genetic mechanisms are thought to
interact affecting the developing brain resulting in a predisposition to suffer schizophrenia. We did a review of current data of research emphasizing on white matter
abnormalities mainly punctual axonal disorganization in many pathways and reduction of total number of neurons in different parts of the brain, brainstem and/or
cerebellum. Finally we consider: (i) hypoactivation of dorsolateral and dorsomedial prefrontal cortices from thalamic reticular and mediodorsal thalamus impairing
the normal streaming of working memory and causing cognitive disorder, (ii) hyperactivation of hippocampal pyramidal neurons provoking hyperdopaminergic
subcortical outbursts giving rise to positive symptoms like paranoid delusions and auditory visual hallucinations and (iii) inefficiency of salience networks linked to
diminished population of Von Economo spindle neurons in anterior cingulate cortex and reduction of gray matter in anterior insula which can be linked with negative
symptoms, aberrancies in default-mode network and self-face recognition disorder.

Introduction

Despite intensive research for over a hundred years, the exact
causes of schizophrenia (SZ), remain unclear. Schizophrenia is a severe
neuropsychiatric disorder with a lifetime prevalence of approximately
1% in most studied populations. It is a brain disconnection syndrome
involving abnormal interactions between differentiated networks
[1]. This causes disturbances in cognition, mood, reality testing,
interpersonal relations, social abilities and workplace functionality [2].

Age of onset is frequently between 12 and 30 years, and is associated
with multifactorial genetic risk, involving genes in chromosomes 1, 6,
8,10, 13, 16, 17 and 22 among others.

Prefrontal Networks

Okubo et al. [3] found reduced radioligand binding to D1 neurons
in the prefrontal cortex (PFC) of SZ patients, this reduction correlated
with the severity of the negative symptoms and to poor performance in
the Wisconsin Card Sorting Test. Thus, dysfunction of D1 in the PFC
may contribute to the negative symptoms and cognitive deficits seen
in SZ patients.

The currently dominant view is that SZ might be characterized
by an imbalance between subcortical and cortical DA systems:
subcortical mesolimbic DA projections being hyperactive through
hyperstimulation of D2 receptors causing positive symptoms, while
mesocortical DA projections to the PFC are hypoactive resulting in
hypostimulation of D1 receptors, cognitive impairment and negative
symptoms. Deficiency in mesocortical DA function would cause
disinhibition of mesolimbic DA activity [4]. 5-HT2a antagonists may
increase DA release in the PFC cortex by direct action at 5-HT2a
receptors on DA nerve terminals [5-7]. 5-HT2a antagonists may also
prevent the effect of decreased prefrontal glutamatergic activity that
inhibits burst firing of ventral tegmental area (VTA) DA neurons
and this would probably be one of the mechanisms by which 5-HT2A
antagonists decrease negative symptoms [8].

Friston and Frith [9] have suggested a severe disruption in
prefronto-temporal interactions known as “the disconnection
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hypothesis”. Although SZ is not characterized by gross abnormalities
of white matter, it may involve a dysregulation of myelin-associated
gene expression, coupled with reductions in oligodendrocyte numbers,
and marked abnormalities in the ultrastructure of myelin sheaths. Since
each oligodendrocyte (OLG) myelinates as many as 40 axon segments,
changes in the number of OLG, and/or alterations in the integrity of
myelin sheaths, and/or axoglial contacts can have a profound impact
on signal propagation and integrity of neuronal circuits.

Kubicki et al. [10] using DTI information in SZ patients found
fractional anisotropy (FA) decreased in SZ patients in the fornix, corpus
callosum, also bilaterally in the cingulum bundle, bilaterally in the
internal capsule, in the right inferior occipito-frontal fasciculus and in
the left arcuate fasciculus. DTT data showed white matter abnormality
is predominant in the anterior corpus callosum and fibers projecting
to the medial frontal cortex. The medial frontal region identified by
these imaging techniques corresponds to the anterior midline node of
the default mode network (DMN), a brain system which is believed
to support internally directed thought, a state of watchfulness, and/or
the maintenance of the individual s sense of self, all of the above are
currently of interest in neuropsychiatric disorders [11]. DMN is most
commonly shown to be active when an individual is not focused on the
outside world and the brain is at wakeful rest, such as during mind-
wandering, but it is also active when the individual is thinking about
others, thinking about himself, remembering the past or planning for
the future [12]. The hypoconnectivity with medial prefrontal/ ACC
change in SZ patients the normal pattern in DMN.

Wible et al. [13] using MRI found right prefrontal white matter
significantly reduced in SZ patients and those with high negative
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symptom scores had significantly smaller bilateral white matter
volumes. In addition, right prefrontal gray matter volume alterations
were significantly correlated with reduced right hippocampal volume in
the SZ patients but notin the control group. These results underscore the
importance of temporal-prefrontal pathways in the symptomatology
of schizophrenia, and they suggest an association between prefrontal
abnormalities and negative symptoms. Other investigators reported
white matter reduction to be more severe in orbitofrontal regions and
these findings were associated with negative symptoms [14].

Alterations in brain function in SZ are evident during specific
cognitive challenges (cognitive control network, CCN) and also found
in functional MRI (fMRI) data obtained during resting state (DMN).
In SZ patients, an inverse correlation of negative symptoms was
found with right anterior PFC activity at rest. These findings suggest
that aberrant DMN connectivity contributes to regional functional
pathology in SZ bearing significance for core symptoms. Aberrant
connections between anterior and lateral DMN have been observed
[15], suggesting a pivotal role for DMN in SZ, however the dissociation
pattern of functional connectivity (FC) in DMN subsystems remains
poorly understood.

The reduction in functional connectivity between thalamus and
PF cortex alters the working memory network (WMN) affecting the
central executive complex [16] (Figure 1). Other investigators found
correlations in SZ patients between WM performance and FA at the
right anterior internal capsule [17] and left thalamus [18]. Atypical
connectivity was associated with failure in introspective processing and
limitations in theory of mind (ToM), as has been demonstrated in most
SZ patients [19-21]. First degree relatives of these patients have been
reported to present similar atypical connectivity to that observed in
patients, although patients tend to exhibit more severe and widespread
aberrances [22-24]. According to Marenco et al. patients with SZ had
reduced thalamocortical connectivity than controls in the left PFC
although having an increase in total connectivity with the motor cortex
[25]. Neurons projecting to PFC in the MD were reduced in numbers
en SZ [26,27,28] (Figure 1).

It has been pointed out that PF networks provide us the matrix in
order to choose (free will?) between taking an action or not [29] and
give anatomical substrate for active thought (tittige Gedanken [30],
Kleist 1937), “the inner voice of thoughts”, found to be abnormal in SZ
patients during auditory verbal hallucinations (AVH) [31,32].

Role of amygdala and entorhinal-hippocampal system

Amygdala

The Edinburgh High-Risk Study (EHRS) evaluated initially healthy
adolescents with at least two affected relatives. This study found that
the amygdala-hippocampal complex (AHC) volumes are reduced
pre-morbidly but not to SZ levels, suggesting that further volume
reductions may be associated with the onset of SZ. AHC volumes
appear to be genetically mediated in families with a dominant pattern
of transmission. Neuropsychological testing has also demonstrated
pre-morbid impairments and symptom-related deterioration [33,34].
Krekzmanski et al. [35] examined 13 post-mortem brains of male SZ
patients and found a 12.1-17.6 % (left-right) reduction in the volume
of lateral nucleus of the amygdala and 15.9-16.2 (left-right) mean
reduction in total neuron number at the same nucleus. According
to Rasetti et al. [36] decreased amygdala reactivity suggests that SZ
patients have a deficit in the recruitment and regulation of limbic
areas implicated in the response to salient stimuli, specifically, fear
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Figure 1. Frontocingulothalamic network (FCTN) Hypoactivation of DLPFC and DMPFC
from TRN-MD thalamus. FCTN is involved in cognitive symptoms of SZ and disorganized
psychosis. TRN thalamic reticular nucleus. MDT mediodorsal thalamic nucleus. MC:
Magnocellular sector. PC: parvocellular sector. DC: Densocellular sector. OC: Olfactory
Cortex. ErC: Entorhinal Cortex. AH: Amygdala-Hippocampus. HT: Hypothalamus. PVG:
Periventricular Grey matter. VP: Ventral Pallidum. LN: Locus Niger. OFC: Orbitofrontal
Cortex. VMPFC: Ventromedialprefrontal Cortex. DMFFC: Dorsomedialprefrontal Cortex.
DLPFC: Dorsolateralprefrontal Cortex. PMC: Premotor Cortex. S/NAcc: Striatum/Nucleus
accumbens. ACC: Anterior Cingulate Cortex. Pg: Perigenual sector. Sg: Supragenual
sector. M: Middle sector

*Specific defects found in SZ patients, according to Popken et al. (2000) and Wagner et al.
(2013) among others.

related. Mier et al. [37] replicated previous findings of affected emotion
recognition in SZ, these results provide further evidence for impaired
social cognition in SZ and point to a central role of the amygdala in
negative misperceptions of facial stimuli in SZ. Early postnatal lesions
of the amygdala in rats lead to a SZ-like behaviour whereas such lesions
in adults rats do not produce such changes [38]. Following these
findings, a neurodevelopmental deficit in SZ affecting the basolateral
amygdala was suggested [35]. The amygdala is involved in encoding
valence and intensity of emotions [39]. The connections between
PFC and hippocampus-amygdala are involved in emotional learning,
modulation of memory, and emotional contribution to decision-
making and social behaviour [40]. The amygdala is also involved in the
organization of emotional tension discharge into consciousness, and
the building of the nucleus of a conscious experience [41]. The amygdala
is an essential point of contact between cognitive representations
and emotional feelings [42]. Electric stimulation studies suggest it
may be the site of parathymic experiences [43] which are frequent in
schizophrenic patients [44].

Entorhinal-hippocampal system (EHS)

Bilateral hippocampal size reduction in SZ, has been described
[45-48] as early as the first psychotic episode [49,50]. Morphometric
neuroimaging, magnetic resonance spectroscopy, and functional
neuroimaging, have provided evidence for abnormal hippocampal
structure and functionality in SZ. Hippocampal volume reduction
is now one of the most consistent structural abnormalities found in
SZ; it can be found at onset of the illness and to a lesser degree in
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first-degree relatives of SZ patients. Decreased levels of N-acetyl-
aspartate imply a cellular or axonal basis for the volume changes.
Functional neuroimaging studies have demonstrated enhanced levels
of hippocampal activity at rest, during the experience of auditory
verbal hallucinations (AVH), and during the performance of memory
retrieval tasks. These neuroimaging study results complete the evidence
of post-mortem and behavioural studies, which have found specific
regional hippocampal abnormalities and of memory function in SZ [51].

Patients with SZ undergoing fMRI during visual tasks showed
reduced habituation of the hippocampus and visual cortex, and a
lack of neural discrimination between old and new images in the
hippocampus. Hippocampal discrimination correlated with memory
performance, suggesting reduced habituation may contribute to the
memory deficits commonly observed in SZ patients [52].

Compared to controls, the patients with SZ showed a significant
decrease in the mean number of oligodendrocytes in the left and
right CA4 area [53]. Reif et al. [54] have suggested diminished adult
neurogenesis in the dentate gyrus in SZ, plausibly associated in some
patients with changes in risk gene DISC-1 [55] and/or NRGI1 [56].
Kolomeets et al. [57] reported reduction in the number of synapses of
mossy fibers into CA3 pyramidal neurons in post-mortem SZ tissue. In
addition, post-mortem examinations of SZ subjects revealed a marked
decrease in the number of CA2 inhibitory neurons, while the rest of
the hippocampus remained largely unaffected [58]. Experimental
data showed activation of the subiculum promote release of DA
in the VTA indicating the EHS region is a key structure involved in
hyperdopaminergc states [59] (Figure 2).

Post-mortem molecular changes in the hippocampal formation in
SZ patients suggest a selective reduction in glutamate transmission in
the dentate gyrus and in its efferent fibers, the mossy pathway, provoking
increased activity in disinhibited CA3 neurons and loss of dentate gyrus
mnemonic functions, namely pattern separation. Through pattern
separation, novel events are recognized as unique. Through pattern

TRN-MDT

Generation of
gamma oscillations

SZ NEGATIVE SYMPTOMS

completion a conjunctive representation can be recalled capturing the
co-occurrence of the multiple features that constitute a given experience,
this is dependent on mechanisms located in CA3, CA1 and subiculum
[60]. The abnormal changes in SZ patients may reduce discrimination
between present and past experiences in memory. Thus CA3-mediated
pattern completion could result in cognitive mistakes and memories
with psychotic content. The relative shift from pattern separation to
pattern completion can introduce inappropriate associations, illogical
memories and paranoid susceptibility, retrieving a past event rather
than encoding a new representation and the patients repeat the same
patterns of delusions or hallucinations. In summary, the acquisition of
new experiences could be disturbed in SZ patients as a consequence
of structural and functional disturbances in some regions of the EHS.

Role of the thalamus

The thalamus provides a nodal link for multiple functional circuits
that are impaired in SZ. Despite inconsistencies in the literature, a
meta-analysis suggests that the volume of the thalamus, relative to that
of the brain is decreased in SZ patients. Morphometric neuroimaging
studies employing deformation, voxel-based and region of interest
(ROI) methodologies suggest that the volume deficit preferentially
involves the anterior, MD nuclei and the pulvinar [61]. In vivo
studies using magnetic resonance imaging have demonstrated smaller
thalamic volumes in SZ, as well as shape deformations, suggesting
changes in those thalamic regions that are most densely connected
to the portions of the brain responsible for executive function and
sensory integration. These changes seem to be correlated with clinical
symptomatology described in these patients [62]. Using stereological
techniques in six pairs of individually matched brains from SZ patients
and controls, Popken et al. have found a significant reduction in total
neuron number in mediodorsal nucleus (MD). Because the subnuclei
of MD have different connections and project to different areas of the
frontal cortex, specific loss of neurons in MDpc and MDdc may have
implications for the functional defects observed in SZ [26] (Figure 1)
but its clear significance remains uncertain.
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Figure 2. Entorhinal Hippocampal System (EHS) Neurochemical alterations at the EHS level enhancing their projections to VTA-NAcc and diminishing the generation of gamma
oscillations at the thalamic level could explain SZ positive and negative symptoms (Lisman et al. (2008) and possibly paranoid psychosis derived from positive symptoms. CA1, CA3
hippocampal subfields. SC: Schaffer’s collateral bundle. Sub subiculum. ErC: Entorhinal Cortex. PP: Perforant Pathway. Dg: Dentate gyrus. mf: mossy fibers. TRN: Thalamic Reticular
Nucleus. MDT: Mediodorsal Thalamic Nucleus. VTA: Ventral Tegmental Area. S/NAcc: Striatum/Nucleus accumbens. Am Amygadala. He Hippocampus.
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Glutamate receptor expression was lower at both transcriptional
(NMDARI1, NMDAR2B, NMDAR2C, gluR1, gluR3, and KA2 subunit
mRNAs) and posttranscriptional ([(3)H] ifenprodil and [(3)H]
MDL105,519 binding to polyamine and glycine sites of the NMDA
receptor) levels in the thalamus in patients with SZ than in comparison
subjects. Differences were most prominent in nuclei with reciprocal
projections to limbic regions consistent with diminished glutamatergic
activity in the thalamus in SZ [63].

Wagner et al. during a fMRI study applied a Stroop task in an
event-related design. In the fMRI analysis, the patients demonstrated
a significantly decreased BOLD signal in the fronto-cingulo-thalamic
network. A significantly decreased bilateral endogenous connectivity
between the MD and the anterior cingulate cortex (ACC) was detected
in patients in comparison to healthy controls (Figure 1). This was
correlated with the Stroop interference score. A decrease in white
matter volume was observed in the MD and frontal cortex of these
patients [64].

Evidence suggests gamma oscillations are regulated by TRN
influence on thalamocortical loops [65]. In this way, Pratt and Morris
[66] emphasize the role of the thalamic reticular nucleus (TRN) in
attentional disorders in SZ (see also Ferrarelli & Tononi [67], Steullet
et al. [68]), considering the possibility of dynamic interactions with
other thalamic nuclei and thalamocortical networks. TRN function
is supposed to be linked with switching between environmental and
internal stimuli and switching between DMN and CCN [69].

Reduced levels of spontaneous cortical gamma oscillations are
typically detected in SZ patients and the degree of this reduction is
correlated to negative symptoms [70] (Figure 2) also in association
with sensory processing or performance of executive tasks [71-73].
Considering the relationship between oscillatory activity and cognition,
the characteristic cognitive deficits of SZ may be directly connected
with these impairments. Gamma band oscillations are linked with
performance of working memory (WM) tasks [74-76], SZ patients
show impairment in these tasks [77,78]. In PFC, reduced NMDAR
signalling on fast-spiking GABAergic interneurons may disrupt

gamma oscillations resulting in impaired WM and other cognitive
abnormalities [79]. The alteration of high frequency oscillation and its
effect on WM may account for the so called mental disaggregation.

Paralimbic and limbic cortices
Insula

A growing body of research suggests a crucial role for the insula
in the neuropathology of this disease. There is consistent evidence
that the insula’s gray matter volume is substantially decreased in SZ
[80]. Patients with predominantly negative symptoms had significant
volume reduction in right posterior insula compared to those with
predominantly positive symptoms. Virupaksha et al. [81] conclude
that insular volume deficits in antipsychotic-naive SZ patients, support
intrinsic role for the insula in the pathogenesis of this disorder. Gong et
al. reported reductions in the gray matter volume of the right anterior
insula in SZ patients as compared to controls, describing their finding
as “a neuroanatomical signature” [82].

Salience network comprised of anterior frontoinsular cortex and
ACC have been identified as a system that enables the switch between
dynamic brain states. Salience network dysfunction has been proposed
as a mechanistic model for several core symptoms of SZ [83]. Functional
and anatomical deficits in the insula, ACC and the connection between
them have been found in early stages of the illness (Figure 3).

Impaired insula function in SZ has been related to general deficits in
self-awareness, introspection, empathy and the processing of affective
experience. In this light, the finding of reduced insula responsiveness to
disgusted faces might hint to a certain “social asymbolia” [80].

Anterior Cingulate Cortex (ACC)

The available MRI data suggests that gray matter reductions in the
ACC precede psychosis onset in some groups of high-risk individuals
-showing some sub-regional specificity in dorsorostral area Brodmann
32- and may be further reduced during illness progression. Post-
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Figure 3. Salience Network (SN) Mainly comprised of AI (Anterior Insula) and dACC (dorsal anterior cingulate cortex) both structures reported to be dysfunctional in SZ patients. SN takes
part in the distinction between external perceptions and inner feelings and thoughts switching between DMN and CCN and can be linked with negative symptoms, aberrancies in DMN and
self face recognition disorder. Al reflects affective and cognitive demands of self awareness, meanwhile dACC interacts in response selection guiding overt behavior. HT: Hypothalamus.
VTA: Ventral Tegmental Area. LN: Locus Niger. Am: Amygdala. S/NAcc: Striatum/Nucleus accumbens. TPC: Tempral Pole Complex. C: Cingulum. UF: Uncinate Fasciculus. MDT:
Mediodorsal Thalamic Nucleus. TRN: Thalamic Reticular Nucleus. OFC: Orbitofrontal Cortex. VMPFC: Ventromedialprefrontal Cortex. DLPFC: Dorsolateralprefrontal Cortex. DMN:
Default Mode Network. CCN: Cognitive Control Network (Modified from Menon V (2015) Salience Network. Brain Mapping. An: Encyclopedic Reference 2015(2): 597-611.)
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mortem findings indicate these changes are accompanied by reductions
in neuronal, synaptic, and dendritic density, as well as increased
afferent input, suggesting the gray matter differences observed in
MRI arise from alterations in both neuronal and non-neuronal tissue
compartments [84]. Brune et al. have found Von Economo neurons
(VEN) reduced density in the ACC in early onset schizophrenics [138].
Spindle neurons (VEN) is believed to be important for bodily feelings,
self-control, empathy and social abilities. A significantly decreased
bilateral endogenous connectivity between the MD thalamus and the
ACC has been detected in SZ patients as compared to healthy controls
[64] (Figure 1). Neurochemical studies detected enhanced GABA
binding in ACC of postmortem brain in SZ patients [85] and reduction
in D2 binding in the same region [86].

Solid evidence that damage to ACC function is present in SZ has
been found. Some studies have shown SZ patients present difficulties
in dealing with conflicting spatial locations in a Stroop-like task
and having abnormal error-related negativity [87,88]. Apathy and
automatic obedience which are common in SZ patients are possibly
related with impaired function in ACC. The ACC has been associated
with response selection, conflict resolution and cognitive control [89].

Cerebellum and striatum

Cerebellum

Atrophy of the vermis is the most cited structural cerebellar
abnormality in SZ [90]. Bibliographic evidence enables our
presumption about the participation of cerebellar dysfunction in the
pathogenesis of SZ, the so called “cognitive dysmetria” [91] based upon
PET studies showing dysfunction of prefronto-thalamic cerebellar
circuits. Andreasen et al. [92] established this concept as “difficulty in
prioritizing, processing, coordinating, and responding to information”,
in relationship with cognitive symptoms of SZ patients.

Investigators have reported a decreased linear density in Purkinje
cells [93], coupled with a specific decrease in their size (8.3% reduction)
[94] associated with decreased excitatory input from the granule cells
[95]. From post-mortem studies, accumulating evidence supports
GABAergic signalling decrease in the cerebellum of SZ patients
secondary to a decreased expression of NMDA receptor subunit 2C
which in turn provokes NMDA receptor dysfunction [96].

SZ patients present reduced correlations between modularity and
microstructural integrity, as measured by FA in lobules I-IV and X.
The aforementioned alterations were significantly correlated with the
Positive and Negative Syndrome Scale symptom scores, suggesting
altered network architecture in the cerebellum with reduced local
microstructural connectivity in SZ patients [97]. Additionally, fiber
tracts located between the cerebellar white matter and the thalamus
exhibit a reduced FA in patients with SZ compared to controls. The
FA values along the defined fiber tracts were not reduced overall but
showed a reduction in the FA in the superior cerebellar peduncles
projecting towards the red nucleus [98].

Although it has been established that cerebellum is related, albeit
partially, in the genesis of cognitive symptoms of SZ, its role remains
uncertain in relation to positive and negative symptoms.

Striatum

Despite numerous revisions and reformulations, dopamine (DA)
striatal dysregulation may not be a primary dysfunction in SZ, but
rather may represent a final common pathway [99]. According to a
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seminal paper from Laruelle et al, dysregulation of dopamine function
revealed by the amphetamine challenge is present at onset of illness
and in patients never previously exposed to neuroleptic medications;
This dysregulation was observed in patients experiencing an episode
of illness exacerbation, but not in patients studied during a remission
phase [100]. The aetiology of such dysregulation is still unclear, but
evidence support is related to alterations in other areas functionally
connected and in other neurotransmitters systems, such as the frontal
cortex and the glutamate, GABA and 5HT neurotransmission. Indeed,
the striatum receives inputs from the hippocampus and the cerebral
cortex, two areas involved in the pathology of SZ that directly and/
or indirectly project back to the cortex and DA midbrain neurons.
Striatal dopaminergic dysfunction can be also reciprocally linked to
a cortical dopaminergic dysfunction [101]. Recent evidence indicates
the hippocampus as a main source of altered modulatory influence
on dopamine, possibly leading to excess striatal activity [102] (Figure
2). The striatal DA excess is attributed a glutamatergic corticostriatal
deficit, although in catatonic and/or malignant neuroleptic syndrome
the picture can be the reverse: increased striatal glutamatergic activity
and impaired or blockade of DA terminals [103]. Some studies have
reported higher DA levels in caudate nucleus tissue samples from
patients with SZ [104] and NAcc [105] and increased number of D2-
D3 receptors at the same regions [106].

On spiny GABAergic neurons in the striatum, D1 receptors
facilitate Glu transmission but D2 receptors have the opposite effect.
Increased density of striatal D2 receptors in SZ patients has been
found in several postmortem studies [106-110]. This data is in line
with increased vulnerability of SZ patients to DA enhancing drugs and
this increase is believed to be psychotogenic. D2 receptor levels are
increased in healthy monozygotic twins compared to dizygotic twins of
patients with SZ and probably the caudate D2 receptor up-regulation is
linked to a genetic risk factor for SZ [111].

The NAcc is a prime region of interest, as inputs from numerous
brain areas altered in SZ are integrated here. McCollum et al.
using electron microscopy, have studied the morphology of NAcc
synaptic connections. The NAcc core and shell of 6 SZ subjects and
8 matched controls were compared in this pilot study. SZ subjects
had a 19% increase in the density of asymmetric axospinous synapses
(characteristic of excitatory inputs) in the core, but not in the shell.
Both groups had similar densities of inhibitory inputs. These results
indicate that the core receives increased excitatory input in SZ,
potentially leading to dysfunctional dopamine neurotransmission on
cortico-striatal-thalamic stimulus processing [112].

De Leeuw et al. [113] using DTI reported reduced FA in the
tract connecting the left NAcc and left DLPFC, indicating a possible
reduction of white matter integrity, commonly associated with SZ. As
both, patients and unaffected siblings showed reduced FA, this may
represent a vulnerability factor for SZ.

Krekzmanski et al. [35] examined 13 post-mortem brains of male
SZ patients and found a 5-4.1% (left-right) reduction in the volume
of the putamen and a 8.1-11.6% (left-right) mean reduction in total
neuronal numbers at the same nucleus and 10.4-12% (left-right) in
caudate nucleus. Buchsbaum et al. [114] have suggested that small
putamen size at disease onset may be a predictor of outcome and
the expansion of putamen size may be a physiological correlate of
neuroleptic responsiveness.

Rajarethinam et al. [115] have observed smaller caudate nuclei
in drug-naive individuals with SZ but larger in antipsychotic-treated
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patients and found volume reduction of right and left caudate by 8.9
and 8.1% respectively in MRI in offspring without psychosis of patients
with SZ (n = 50) compared with controls, providing evidence that
caudate volume reduction may be a trait-related abnormality in SZ.

Dopamine (DA) dysregulation plays a central role in the
pathophysiology of SZ, as it relates most directly to the positive
symptoms and to their treatment. Such dysregulation has been well
characterized by in vivo imaging studies in humans and comprises two
main components: a striatal excess and a cortical deficit.

Substantia Nigra (LN) and Ventral Tegmental Area (VTA)

LN is a mesencephalic nucleus responsible to produce dopamine
and projection of dopaminergic neurons to the striatum. In a post-
mortem study Williams et al. examined the cytoarchitecture of DA
neurons in LN in SZ compared to matched controls. Astrocyte density
was decreased in SZ as compared to controls. Significantly increased
nuclear cross-sectional area and length and increased nucleolar volume
in DA neurons were observed in SZ patients in comparison to controls,
suggesting nuclear pleomorphic changes [116].

Imaging studies have consistently demonstrated SZ is associated
with increased presynaptic activity of nigral DA neurons projecting to
the striatum [117].

In event-related WM-fMRI studies, Yoon et al. reported task-
evoked LN-caudate hyperconnectivity and PFC-striatal hypofunction
in SZ patients. The magnitude of the LN-caudate hyperconnectivity
was highly correlated with psychosis severity [118]. Decreased PFC-
striatal functional connectivity leads to disinhibition of striatonigral
cells which in turn can induce nigral overactivity and hyperfunction of
D2 receptors in the striatum.

Ventral Tegmental Area

VTA is another midbrain DA nucleus supposed to be related to
the pathogenesis of SZ. According to Bogerts et al. the number of DA
neurons in VTA is diminished in SZ patients [119] and the remaining
cells look smaller and dystrophic [120]. Yamashita et al. through a
neuromelanin sensitive MRI study found that the intensity of the
VTA signal in patients with SZ was significantly decreased compared
to healthy controls. The VT A/LN ratio was also significantly lower in
patients with SZ than in the control group. In addition, scores on the
Scale for the Assessment of Positive Symptoms showed an independent
negative correlation with VTA. Thus, selective signal attenuation in
the VTA was correlated with positive symptoms, in patients with SZ
[121]. In another study, SZ patients had significantly smaller midbrain
measures compared with control subjects and midbrain size was
significantly and inversely correlated with positive symptoms [122].

Alba-Ferrara and de Erausquin presented data revealing increased
anisotropy in DA tracts in the midbrain of SZ patients and their
unaffected relatives and discuss the possible biological underpinnings
and physiological significance of this fact [123]. It could be thought
that such neural overactivity may modulate synaptic maps resulting
in deficient axonal pruning. Deficient axonal pruning may lead to
redundant networks which may indicate decreased efficiency in
information transmission.

Temporal Lobes

The association of SZ with the temporal lobes is generally accepted,
in part by the occurrence of SZ-like psychosis associated with temporal
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lobe epilepsy and/or herpetic encephalitis. In this paper we have
presented alterations described in relation to amygdala and/or EHS
pathology, that seem to be milestones in the understanding of SZ.

Shenton et al. did a volumetric MRI with 3D reconstructions
comparing SZ patients with normal controls, showing gray matter
volume decreases in left anterior hippocampus/amygdala (19 percent),
left parahippocampal gyrus (13 percent) and left superior temporal
gyrus (15 percent). None of these regional volume decreases were
paralleled by decreases in overall brain or temporal lobe volumes. The
authors conclude that neuroanatomical pathology in schizophrenia
does not consist of global atrophy but rather of strategically localized
left-lateralized reductions in gray matter, especially in temporal lobe
[29,124]. Additionally, a reduction in right temporal volume, has been
found in deficit patients [125], a group of patients with enduring,
primary negative symptoms.

Auditory verbal hallucinations (AVH) are frequently present
symptoms in schizophrenia. While functional imaging studies have
suggested the association of certain patterns of brain activity with
positive symptoms, there has been only limited evidence from structural
imaging or post-mortem studies. During such hallucinations Bentaleb
et al. [126] have reported metabolic enhancement in the primary
auditory cortex. Gaser et al. have investigated the relation of local
brain structural deficits to severity of AVH using deformation-based
morphometry to assess local gray and white matter deficits in MRI of
SZ patients. They found severity of AVH to be significantly correlated
with volume loss in the primary auditory cortex and left inferior
supramarginal gyrus, as well as middle/inferior right prefrontal gyri.
This demonstrates a pattern of distributed structural abnormalities
specific for AVH and suggests alterations in frontotemporal network
in relation to processing auditory information and language [31].

Chang et al. published a study combining MRI and fMRI on SZ
first-episode patients comparing those who presented AVH and those
who didnt. All patients presented abnormalities in parahippocampus
and striatum, but aberrant bilateral DMN in inferior frontal gyrus and
cerebellum was only present in AVH patients, whereas alterations in
superior temporal gyrus and precentral gyrus were specific to non-AVH
patients. This study corroborates that SZ is characterized by aberrant
dysconnectivity and suggests the localization of such abnormalities
may be crucial to where AVH develops [32]. In a more recent study
AVH patients were characterized by connective alterations in neural
circuitry involving the anterior cingulate cortex, insular cortex (Figure
3) and various language-related regions [127].

Discussion

The current techniques for SZ research, like PET, morphometric
and volumetric studies, fMRI with BOLD signals and/or FC, ROI
techniques, DTI, etc. have changed the search for a unique brain area
responsible for the occurrence of SZ symptoms, turning the attention
to brain networks and their functional connectivity. Diffusion tensor
imaging (DTI) studies in SZ, have demonstrated lower fractional
anisotropic (FA) diffusion within white matter due to microstructural
disorganization and axonal dysfunction secondary to either loss of
coherence of white matter fiber tracts, changes in the number and/
or density of interconnecting fibers or changes in myelination.
These findings are in line with the Friston and Frith “disconnection”
hypotheses [9]. It must be said that these networks can have evidenced
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aberrant behaviour in spite of normal anatomical structural appearance
and/or lack of proven anatomical connections between them.

There are a considerable number of reports describing subtle
decrease in number of cells or diminished volumes in different parts
of the brain of SZ patients, sometimes prior to the debut of psychotic
symptoms (Table 1) or in their first-grade relatives or siblings (Table
2,3). These facts show that the illness has a genetic component and/
or pre/postnatal stressful events trigger the predisposition to suffer
SZ in the adulthood. When the pruning of brain neurons reaches
certain threshold, previously subnormal circuits become insufficient
to generate normal drive and actions in order to respond to adult life
demands. Regarding left or right hemisphere asymmetric data it is well
established that both sides of the brain take part in the disease (Table 4).

Conclusion

As Price and Friston [128] have stated, SZ can be interpreted as
a prefrontal cortex failure to control the temporal lobes activity,

Table 1. Alterations before or at the onset of psychotic symptoms in SZ patients

Deviant olfactory experiences can precede the onset of psychosis [130].

Table 4. Left (i) and right (ii) asymmetric findings in SZ patients

@

Volume decrease in left anterior hippocampus, amygdala, Para hippocampal and left
superior temporal gyrus in MRI [124].

Using deformation-based morphometry (DBM) severity of AVH correlated with volume
loss in left inferior supramarginal gyrus [31].

FA decreased in the left arquate fasciculus [10].

Left thalamic FA was correlated with spatial working memory deficits [18].

Through fMRI activation, lower thalamocortical connectivity in the left PFC [25].
Reduced FA in the tract connecting left NAcc and left DLPFC [113]

(i)

Right prefrontal white matter and right prefrontal gray matter and right hippocampal
volume reduced in MRI studies [13].

Increased rCBF in right superior parietal cortex in relation to positive symptoms, a
PET study [136].

From DBM data, severity of AVH correlated with volume loss in middle/inferior right
prefrontal gyri [31].

FA decreased in the right inferior occipitofrontal fasciculus [10].

Reduced FA in the right superior longitudinal fasciculus in deficit subjects [137].

VEN density in the right ACC correlated with the age at onset, and inversely with the
duration of the illness in early onset, post mortem study [138].

IN DTI, asymmetric microstructural change in the anterior limb of the right internal
capsule, which correlates with cognitive impairment [17].

31 and lateral ventricular enlargement in MRI studies [30].

Reduced right temporal volume in deficit patients [125].

Premorbid impairments in neuropsychological testing [33].

Gray matter reduction in ACC, showing a sub-regional specifity in dorsal and rostral areas
[84].

Table 2. Alterations in first grade relatives or siblings of SZ patients

Eye tracking dysfunction in first grade relatives [135].

In MRI studies, reduced volumes in amygdala-hippocampal complex in relatives of SZ
patients [33].

Caudate D2 receptors up-regulation in healthy monozygotic twins, PET study [111].

SZ patients and first-degree relatives showed significant deficit in their ability to correctly
identify odorants [131].

Caudate volume reduction in 50 offspring’s of SZ patients without SZ; MRI study [115].

Temporoparietal P300 amplitude reduction and frontal P300 amplitude increase seem to
be quantitative phenotypes associated with increased risk of schizophrenia [132].

Default-mode network dysfunction in healthy siblings of SZ patients [22-24].

Increased anisotropy in DA tracts in the midbrain of unaffected relatives [123].
Reduced FA in the tract connecting left NAcc and left DLPFC in unaffected siblings [113].

Table 3. Region of interest and specific findings in SZ patient, siblings or relatives

Region Finding

Third and lateral ventricles Enlargement [130]

Mediodorsal thalamic nuclei Reduction in total neuron number [26]

Gray matter reduction [84]

Spindle neurons reduction in the right side
[138]

Deficit in right anterior insula volume [82]
Deficit in right posterior insula volume [81]

Anterior cingulate cortex

Right insula

Left prefrontal cortex Lower thalamocortical connectivity [25]

Reduced white and gray matter [13]
Decreased activity at rest [15]

Volume loss correlated with severity of
ADH [31]

Increased rCBF in relation with positive
symptoms

Right prefrontal cortex
(anterior)
(middle and inferior)

Parietal cortex (right superior)

Volume reduction [115]

Caudate nucleus Up-regulation D2 receptors [111]

Midbrain Increased anisotropy in DA tracts [123]

Hippocampus Volume decrease [33], idem left anterior
pp P section [124]

Amygdala Volume decrease [33,124]

Volume decrease in left superior temporal
gyrus [124]
Reduced volume in the right side [13,125]

Temporal lobe
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In fMRI, decreased right anterior prefrontal cortex activity at rest correlated with
negative symptoms [15].

Deficit in right posterior insula volume in those with negative symptoms, 3T MRI study
[81].

Through fMRI increased connectivity between right DLPFC and right MD thalamic
nucleus was assessed [64].

Deficit in right anterior insula volume, MRI data [82].

impairing volitive actions (negative) and causing psychotic
hallucinations and delusions (positive symptoms). In neurochemical
terms, the dysregulation of dopaminergic, serotonergic, GABAergic
and/or glutamatergic neurons diminished the efficiency of context
information and flexible updating of stored information (cognitive
symptoms) [129]. Genetically determined glutamate receptor
expression could be a common deficit in SZ patients in different areas

like EHS, PF cortex, cerebellum, MD thalamus and ACC.

Anysimple gene, dysgenesis, neurotransmitter or neuropathological
locus nor any simple white matter tract or network can explain the
disorder, so we will need complex approaches in order to restore
mental health in SZ patients.
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