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A B S T R A C T

Schizophrenia is a psychiatric disorder that affects 21 million people worldwide. Despite several studies having
been shown that some brain regions may play a critical role in the pathophysiology of schizophrenia, the mo-
lecular basis to explain this diversity is still lacking. The cerebellum (CER), caudate nucleus (CAU), and posterior
cingulate cortex (PCC) are areas associated with negative and cognitive symptoms in schizophrenia. In this
study, we performed shotgun proteomics of the aforementioned brain regions, collected postmortem from pa-
tients with schizophrenia and compared with the mentally healthy group. In addition, we performed a proteomic
analysis of nuclear and mitochondrial fractions of these same regions. Our results presented 106, 727 and 135
differentially regulated proteins in the CAU, PCC, and CER, respectively. Pathway enrichment analysis revealed
dysfunctions associated with synaptic processes in the CAU, transport in the CER, and in energy metabolism in
the PCC. In all brain areas, we found that proteins related to oligodendrocytes and the metabolic processes were
dysregulated in schizophrenia.
Significance: Schizophrenia is a complex and heterogeneous psychiatric disorder. Despite much research having
been done to increase the knowledge about the role of each region in the pathophysiology of this disorder, the
molecular mechanisms underlying it are still lacking. We performed shotgun proteomics in the postmortem
cerebellum (CER), caudate nucleus (CAU) and posterior cingulate cortex (PCC) from patients with schizophrenia
and compared with healthy controls. Our findings suggest that each aforementioned region presents dysregu-
lations in specific molecular pathways, such as energy metabolism in the PCC, transport in the CER, and synaptic
process in the CAU. Additionally, these areas presented dysfunctions in oligodendrocytes and metabolic pro-
cesses. Our results may highlight future directions for the development of novel clinical approaches for specific
therapeutic targets.

1. Introduction

Schizophrenia is a severe psychiatric disorder that affects 21 million
people around the world [1]. It is characterized by the presence of
positive (e.g. hallucinations, delusions) and negative symptoms (dis-
organized speech, social withdraw, anhedonia), and cognitive deficits
[2]. Schizophrenia is a neurodevelopmental disorder, in which N-me-
thyl-D-aspartate receptor (NMDAr) hypofunction and dysfunction in

dopaminergic activity in mesolimbic and mesocortical pathways are
associated with symptoms development [3,4]. In addition, several brain
imaging studies have described the role of each brain area in the pa-
thophysiology of this disorder.

The cerebellum (CER) is a well-known brain region related to motor
coordination, as well as functions in language, emotions, sleep, and
visceral responses [5,6]. Increasing recognition of the importance of the
cerebellum has pointed to a potential role of this area in the
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pathophysiology of schizophrenia [7]. A recent mega-analysis showed
that patients with schizophrenia present a decrease in gray matter in
posterior regions of the cerebellum, which has functional connectivity
with associative areas, such as the cortex [8]. In addition, evidence
suggests a correlation between the positive symptoms and cerebello-
thalamo-cortical disconnectivity [9,10].

The posterior cingulate cortex (PCC) plays a pivotal role in cognitive
functions and in the default mode network [11]. Patients with schizo-
phrenia show alterations in the default mode network when presented
passive tasks [12,13]. Despite the PCC exhibiting a high metabolic rate,
imaging studies have described disturbances in glucose metabolic rate
in the PCC for patients with schizophrenia [14–16]. Rencently, Kirino
and colleagues have found that this patients present an enhanced
functional connectivity between cortical areas, such as the PCC and
caudate nucleus, suggesting an additional disruption in cortico-striatal
networks [17].

The caudate nucleus (CAU), which plays a pivotal role in learning
and reward processes, is a basal nucleus and a part of the striatum [18].
Dysfunctions in the CAU are related to negative symptoms, such as
deficits in reward processes, which is hypothesized to be due to a
dysregulation of dopamine pathways in the striatum [19–22]. In addi-
tion, the CAU was also associated with cognitive symptoms, since this
region and cortical areas connected to the CAU present abnormal
hemispheric specialization, which can affect memory and language
functions [23].

Despite all these efforts to understand schizophrenia, a molecular
basis related to the brain regions mentioned above is still lacking.
Proteomics is a powerful approach to investigate complex and multi-
factorial diseases such as schizophrenia and other psychiatric disorders
[24–26]. Several investigations have been done using postmortem brain
tissue from patients with schizophrenia, mainly with the prefrontal
cortex [27,28], anterior temporal lobe [29], orbitofrontal cortex [30],
corpus callosum [31], and thalamus [32]. Proteomic approaches even
allow for the investigation of subcellular fractions, such as the nucleus
and mitochondria. Studies have shown that nuclei from white and gray
matter are differentially regulated in patients with schizophrenia [33],
as well as mitochondria presenting aberrant size, location, and number
among the brain areas [34].

Here, we performed shotgun proteomics to characterize the pro-
teome of postmortem Posterior Cingulate Cortices, Caudate Nuclei, and
Cerebella from patients with schizophrenia and compared them with a
mentally healthy control group. Additionally, we carried out a sub-
cellular fractionation of mitochondria and nuclei from the same brain
regions, performing each respective proteomic analysis. Therefore, this
approach allows a whole, mitochondrial and nuclear analysis to hy-
pothesize about novel molecular features associated with schizophrenia
spectrum disorder.

2. Materials and methods

2.1. Brain extraction and storage

Brain samples were collected postmortem and provided by the Brain
Net Europe Consortium. Patient samples (n = 5, for each region) came
from the State Mental Hospital, Wiesloch, Germany. The individuals
were chronic patients with residual symptoms, diagnosed antemortem
according to the Diagnostic and Statistical Manual of Mental Disorders
IV (DSM-IV) criteria and were medicated. The mentally healthy group
(n = 5, for each region) did not present any brain disorder or somatic
disease, neither were they medicated with antidepressants or anti-
psychotics. Control samples came from the Institute of Neuropathology,
Heidelberg University, Heidelberg, Germany. Both groups were re-
presented by German Caucasians with no history of alcohol or drug
abuse. Supplementary Table 1 shows individual aspects of patients and
healthy subjects, as well as the respective brain regions collected.
Additional information about patients can be found in Saia-Cereda,

2015 [35].

2.2. Subcellular fractionation, protein extraction, and digestion

Subcellular fractionation, protein extraction, and digestion were
carried out following the protocol described by Reis-de-Oliveira [36].
Approximately 45 mg of brain tissue was weighed out in duplicate; the
first sample was used for subcellular fractionation and the second was
for whole-proteome analysis. The portion used for subcellular fractio-
nation was submitted to cell lysis and a sucrose gradient, followed by
differential centrifugation to isolate high membranous organelles (e.g.
nuclei) and mitochondria. Both enrichment and whole tissue samples
were added in denaturing buffer(Tris-SDS, 2-mercaptoethanol, glycerol,
and bromophenol blue), followed by mechanical lysis with pestle and
ultrasonication. The samples were then heated at 95 °C and centrifuged
at 21,000 ×g. Samples were desalted using electrophoresis on a 12%
polyacrylamide gel. This experiment was carried out on a short elec-
trophoresis run and a unique gel spot was generated and digest. Each
gel lane was trimmed and submitted to in-gel trypsin digestion. The
peptides were dried and stored at −80 °C [36].

2.3. LC-MS/MS analyses

Peptides were resuspended in ammonium formate (50 mM, pH 10),
quantified by a spectrophotometer (DS-11, DeNovix), and analyzed by
liquid chromatography tandem-mass spectrometry (LC-MS/MS).
Samples were injected into an ACQUITY UPLC M-Class (Waters, Co)
coupled to a Synapt G2-Si mass spectrometer (Waters, Co). The peptides
were separated using an HSS T3 1.8 μm × 75 μm × 150 mm column,
carrying out a binary gradient from 3 to 40% acetonitrile (ACN) with
0.1% formic acid, followed by a binary gradient from 40 to 85% ACN at
a flow rate of 400 nL/min. When performing two-dimensional liquid
chromatography (2D), the peptides were first loaded on an XBridge
BEH130 C18 5 μm× 300 μm × 50 mm column and fractionated in five
elutions before the stepwise gradient across the analytical column,
using 11.4%, 14.7%, 17.4%, 20.7%, and 50.0% ACN. The chromato-
graphic conditions were based on previous work from our group
[31,36]. Details about each experiment are described in Table 1.

NanoElectrospray ionization was set to positive mode and Data-
Independent Acquisition was performed using ion mobility separation
and fragmented using collision-induced fragmentation (CID) (HDMSe,
Waters Co.). The acquisition range utilized was 50 to 2000 m/z, using a
collision energy fragmentation ramp of 19 to 53 eV. Glu-fibrinopeptide
B was used as reference lock mass compound, at a flow rate of 500 nL/
min and 100 fmol/uL. CER analyses were enhanced by optimizing
precursor fragmentation efficiency based on drift time-specific collision
energy profiles (UDMSe).

Table 1
Chromatographic and mass spectrometry methods for each experiment per-
formed.

Brain
region

Sample type UPLC
system

Fractions/
sample

Gradient
time (min)

MS acquisition
mode

CAU WP 1D – 95 HDMSE
CAU MIT 1D – 95 HDMSE
CAU NUC 1D – 95 HDMSE
PCC WP 1D – 120 HDMSE
PCC MIT 1D – 54 HDMSE
PCC NUC 1D – 54 HDMSE
CER WP 2D 5 54 UDMSE
CER MIT 2D 5 54 UDMSE
CER NUC 2D 5 54 UDMSE

CAU = Caudate Nucleus; PCC = Posterior Cingulate Cortex;
CER = Cerebellum; WP = Whole-proteomic; MIT = Mitochondrial-enrich-
ment; NUC = Nucleus-enrichment.
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2.4. Data processing and statistical analysis

Progenesis QI for Proteomics® (version 3.0) was used to analyze MS
raw files. MS/MS spectra were searched against the Homo sapiens da-
tabase (Uniprot Reviewed database, March 2019), using the Ion
Accounting algorithm (Version 4.0) [37]. Cysteine carbamidomethyla-
tion was applied as fixed modification and methionine oxidation as
variable one. Trypsin was set as the digestion enzyme with a maximum
of 1 missed cleavage and 600 kDa as the maximum protein mass. The
ion set requirements were 2 or more fragments/peptide, 5 or more
fragments/protein, 1 or more peptides/protein, and a false discovery
rate (FDR) of 1% for peptide and protein identification. Quantitation
was performed using the 3 most abundant peptides for each protein
[38]. Proteins with absolute mass error of 20 ppm were deleted.

Progenesis QI for proteomics performs a variation of the one-factor
ANOVA calculation, which assumes that the conditions are independent
and the means of the conditions are all equal. Therefore, the tests return
a p-value that takes into account the mean difference and the variance
and also the sample size [39]. Proteins differentially regulated
(ANOVA<0.05) were used to perform the in silico analyses in Data-
base for Annotation, Visualization and Integrated Discovery (DAVID)
[40] and Ingenuity Pathway Analysis® (IPA, QIAGEN). Data visualiza-
tion was performed in an RStudio [41] and Cytoscape [42].

3. Results

3.1. Proteomic analysis

The postmortem caudate nucleus (CAU), cerebellum (CER), and
posterior cingulate cortex (PCC) samples from patients with schizo-
phrenia and the control group were submitted to differential cen-
trifugation in order to perform subcellular fractionation of high-density
organelles (e.g. nuclei) and low-density mitochondria. The proteins
from all experiments, whole tissue and its enrichments, were extracted
and digested in-gel with trypsin. The peptides were loaded in the liquid-
chromatographic system coupled to a Q-TOF mass spectrometer and the
data were analyzed in Progenesis® QI for Proteomics (Fig. 1A).

The CER analyses represented the highest number of proteins
quantified, with 1518, 1599, and 1703 proteins from mitochondrial
enrichment (CERMIT), nuclear enrichment (CERNUC), and the whole
proteome (CERWP), respectively. For the CAU samples, 1518
(CAUMIT), 1599 (CAUNUC), and 1703 (CAUWP) proteins were quan-
tified among the experiments. Finally, the PCC was the region with the
lowest number of quantitated proteins: 788 proteins in mitochondrial
enrichment (PCCMIT), 1097 in nuclear enrichment (PCCNUC), and
1473 in the whole proteome (PCCWP) analysis (Fig. 1B).

We also calculated Pearson's correlation coefficient between the
patient and control datasets (Fig. 1C). The hierarchical clustering sug-
gests a switching in the proteomic similarities among the brain areas of
schizophrenia patients when compared with control subjects. This data
suggests that patients with schizophrenia share more similarities in
proteome profiling between the PCC and CAU than the control group, in
which the PCC is closer to the CER.

3.2. Cerebellum

Proteomic analysis of the CER revealed 135 proteins to be differ-
ently regulated in patients with schizophrenia compared to controls
(ANOVA<0.05, Fig. 2A and Supplementary Table 2). Functional en-
richment analyses carried out using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) suggest these proteins are
mainly related to cellular junctions and cytoskeleton processes
(Fig. 2B).

The network analysis performed in IPA (Fig. 2C) presented dys-
function in cellular organization, which highlighted the role of these
proteins in the over-migration of neurons (p = 1.40e-06) and Purkinje

cells (p = 3.14E-05), and other cellular movements (p = 1.97e-06).
Additionally, deregulated proteins in these networks can lead to dys-
functions in the proteasome, NfkB complex, caspase, and ERK signaling
pathways (Fig. 2D).

3.3. Caudate nucleus

The proteomic analysis of the CAU showed 106 to be proteins dif-
ferentially regulated in patients with schizophrenia when compared
with control subjects (ANOVA<0.05, Fig. 3A, Supplementary
Table 3). The in silico functional analysis carried out using GO and
KEGG revealed that the CAU region from patients presented dysregu-
lations in vesicle-mediated transport (p = 2.0e-04), and the synaptic
vesicle cycle (p = 3.11e-04, Fig. 3B).

The network analysis performed in IPA reinforced the dysregulation
of transport synaptic vesicles (p = 2.55e-08) in the top scoring net-
works. Additionally, IPA revealed that patients with schizophrenia
presented disturbances in the apoptotic process in neurons (p = 4.80e-
05, Fig. 3C). Proteins related to these networks can also affect key
molecules of the immunological process (e.g. TCR, NFkB complex),
signaling (ERK1/2), and hormonal pathways (LSH, growth hormone,
Fig. 3D).

3.4. Posterior cingulate cortex

The posterior cingulate cortex showed a total of 727 proteins to be
differentially regulated in patients compared to controls
(ANOVA<0.05, Fig. 4A-B, Supplementary Table 4). The in silico
analysis revealed these proteins are related to the tricarboxylic acid
cycle (p = 2.96e-15), carbon metabolism (p = 9.24e-25), oxidative
phosphorylation (p = 2.92e-22), and neuronal processes, such as sy-
naptic vesicle cycle (p = 2.61e-11) and dopaminergic synapses
(p = 6.55e-07).

The further network analyses carried out in IPA uncovered that
proteins deregulated in the merged top1 networks were related to
transport of proteins (p = 1.20e-07), vesicles (p = 6.38e-06), and
molecules (p = 1.16e-05); mitochondrial disorders (p = 3.73e-05); and
neuritogenesis (p = 1.18e-04, Fig. 4C). In addition, this merged net-
work presented proteins related to energy metabolism (e.g. phospha-
tases, ATPases), as well as signaling pathways (e.g. ERK1/2, 14–3-3)
and the immunological process (e.g. NFkB, TCR).

3.5. All brain regions

According to the proteomic analyses, patients with schizophrenia
presented 897 differentially regulated proteins. Of the three regions,
the PCC was the region that was most affected, while the CAU was the
least affected(Fig. 5A). Although there is no shared dysregulated pro-
tein among all three brain regions, the PCC shared 35 proteins with
both the CAU and CER, while the CAU and CER just presented 1 protein
in common (VPS35).

The enriched pathways generated from differentially regulated
proteins were submitted to the Enrichment Map [43] and MCODE [44]
plugins in Cytoscape in order to select the regions with higher con-
nections in the pathway networks (Fig. 5B). This analysis showed a
relationship between the brain areas and their main affected pathways:
the PCC was highly represented by energy metabolism and signaling
pathways, the CAU was most deregulated in neurotransmission pro-
cesses, and the CER presented a dysregulation in transport-related
proteins. In addition, translational processes were affected in all the
brain regions.

As mentioned above, 35 differentially regulated proteins were
identified in the CAU and PCC areas, as well as in the CER and PCC
(Fig. 5C). We performed a pathway enrichment analysis of just these
proteins that were deregulated in the PCC and other regions (Fig. 5D).
Despite the absence of shared proteins among all three regions, the
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proteins deregulated in more than one region were related to metabolic
pathways, oxidative phosphorylation, neuron development, the myelin
sheath, and the MAPK signaling pathway. Taken together, despite our
data suggesting compartmentalization of cellular dysfunctions
throughout the brain of patients with schizophrenia, these regions also
share some dysregulations in their biological processes.

4. Discussion

As far as we are aware, this is the first study using shotgun pro-
teomics to investigate multiple postmortem brain areas from patients
with schizophrenia, areas which are known to be associated with dif-
ferent functions, such as movement coordination, default mode net-
work, and reward processes. These divergent functions were reflected
in our proteomic results, in which each brain region presented specific
dysregulated pathways, such as the transport process in the CER, sy-
naptic processes in the CAU, and energy metabolism in the PCC of
patients when compared to controls.

Proteomic analyses of all brain areas suggested that the proteome of
patients with schizophrenia share different profiles in each region
compared to healthy subjects. These data suggest that functional dys-
connectivity observed in imaging studies with schizophrenia patients
[45,46] may be associated with the molecular changes observed in our
study.

4.1. Cerebella from patients present dysregulation in transport-related
processes

The cerebellum has emerged as a pivotal brain region in schizo-
phrenia development, such as the cortico-cerebellar-thalamic-cortical
circuits highlighted in gene expression analyses [7,47]. Our findings
showed that patients with schizophrenia present a dysfunction in pro-
teins related to cytoskeleton processes, such as cell over-migration of
Purkinje cells (Fig. 2C). Purkinje cells are GABAergic interneurons
present in the cerebellum and they were found reduced in patients with
schizophrenia and bipolar disorder [48]. G Protein Subunit Alpha 12
(GNA12) and G Protein Subunit Alpha 13 (GNA13) are transducer
proteins associated with migration [49] and cell-adhesion processes
[50]. Studies have shown that these genes are affected in schizophrenia
[51] and their partial ablation in a mouse model affects Purkinje cell
migration and the development of the cerebellum [52]. Disruption in
neuronal migration was reported in patients with schizophrenia,
playing a crucial role in the neurodevelopment of cerebellum and other
brain regions [53,54]. In addition, our data also showed upregulation of
the AIF1 protein, which is an activation marker for microglial cells,
suggesting a potential inflammatory status in the brains of patients. The
inflammation has critical relevance to schizophrenia [55]. A recent
postmortem study has shown that the cerebellum of patients with
schizophrenia presented an over-activation of the TLR4 pathway, which

Fig. 1. Proteomic analysis of postmortem brain tissue from patients with schizophrenia and controls. (A) Experimental workflow for sample preparation and
quantitative mass spectrometry. (B) Number of proteins identified, quantified, and differentially regulated for the three brain regions and enrichments. (C) Efficiency
of mitochondrial and nuclear enrichment. (D) Pearson correlation between analyses of control subjects and patients with schizophrenia.
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Fig. 2. Proteomic analysis of the cerebellum. (A) Diagram with numbers of proteins found differentially regulated in different fractions. (B) Pathway enrichment
analysis performed in KEGG pathway database under Gene Ontology (GO) Biological Process. (C) Diseases and functional annotation performed using IPA. (D)
Merging of network analysis from each experiment, performed with IPA. Red arrow: activation; blue arrow: inhibition; red circles: proteins found upregulated in the
proteomic analysis; blue circles: proteins found downregulated in the proteomic analysis. WP =Whole proteome; MIT = Mitochondrial enrichment; NUC= Nuclear
enrichment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Proteomic analysis of the caudate nucleus. (A) Diagram with numbers of proteins found differentially regulated in different fractions. (B) Pathway enrichment
analysis performed in KEGG pathway database under Gene Ontology (GO) Biological Process. (C) Diseases and functional annotation performed using IPA. (D)
Merging of network analysis from each experiment, performed with IPA. Red arrow: activation; blue arrow: inhibition; red circles: proteins found upregulated in the
proteomic analysis; blue circles: proteins found downregulated in the proteomic analysis. WP =Whole proteome; MIT = Mitochondrial enrichment; NUC= Nuclear
enrichment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Proteomic analysis of the posterior cingulate cortex. (A) Diagram with numbers of proteins found differentially regulated in different fractions. (B) Pathway
enrichment analysis performed in KEGG pathway database under Gene Ontology (GO) Biological Process. (C) Diseases and functional annotation performed using
IPA. (D) Merging of network analysis from each experiment, performed with IPA. Red arrow: activation; blue arrow: inhibition; red circles: proteins found upre-
gulated in the proteomic analysis; blue circles: proteins found downregulated in the proteomic analysis. WP = Whole proteome; MIT = Mitochondrial enrichment;
NUC = Nuclear enrichment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Association between brain areas. (A) Venn diagram with proteins found differentially regulated in each cerebral region. (B) Network of pathways deregulated
according to proteomic analysis, showing clusters associated with individual cerebral regions. (C) Heatmaps of proteins found differentially regulated in more than
one brain region. (D) Protein-protein interactions of proteins deregulated in the posterior cingulate cortex and other brain regions. WP = Whole proteome;
MIT = Mitochondrial enrichment; NUC = Nuclear enrichment; CAU = Caudate nucleus; PCC = Posterior Cingulate Cortex; CER = Cerebellum.
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is directly associated with inflammatory conditions [56].

4.2. Caudate nuclei from patients present dysregulation in synaptic
pathways

The CAU is a region rich in D2 receptors [57], which are pivotal
receptors in schizophrenia pathophysiology [58]. Our data showed that
proteins dysregulated in the CAU are related to transport in synaptic
vesicles (AP2M1, DNM2, EPN1, SPTBN2, STX1A, VAMP2). Accord-
ingly, dysfunctions in synaptic organization have been reported in the
CAU from patients with schizophrenia, which present an increase in
synaptic density in striatal areas [59]. In addition, proteomic analyses
also showed a dysregulation in apoptosis of neurons (ASAH1, CD200,
CYCS, LINGO1, MAP3K1, MAPK13, P4HB, STXBP1), which could ex-
plain the reduced number of neurons found in the CAU in patients with
schizophrenia [60]. Leucine-rich repeat and immunoglobulin-like do-
main-containing nogo receptor-interacting protein 1 (LINGO-1) was
also found to be upregulated in schizophrenia in the dorsolateral pre-
frontal cortex and hippocampus [61]. LINGO-1 plays a role in brain
development, regulating the maturation of oligodendrocytes and neu-
ronal outgrowth, and whose upregulation could lead to a reduction of
myelin-related processes (reviewed in [62]). Our data also showed that
proteins associated with carbon metabolism and pyruvate decarbox-
ylase deficiency (PDHX, PGLS, DLAT, PGK2, GLUD2, ALDOB) were
deregulated, showing a disturbance in energy metabolism of the CAU in
schizophrenia. These results are in line with alterations in mitochon-
drial density, size, and distribution already described in neurons and
glial cells from the CAU of patients [34,63–65].

4.3. Posterior cingulate cortices from patients present dysregulation in
energy metabolism

The PCC was the most affected brain region in patients with schi-
zophrenia. Although the PCC presents a high metabolic rate at default
states [66], some studies have shown a reduction in its metabolic rate in
patients with schizophrenia during verbal working memory tasks
[14,16]. This is in line with our proteomic analysis, since it revealed a
disturbance in carbon and energy metabolism, such as glycolysis, the
tricarboxylic acid cycle, and oxidative phosphorylation. These pro-
cesses were already associated with other brain areas in patients with
schizophrenia, with dysregulations in protein and metabolite levels
[27,67,68]. Proteomic analyses of the anterior cingulate cortex re-
vealed a dysfunction in energy metabolism proteins in schizophrenia
and bipolar disorder [69,70]. It was already described that patients
with schizophrenia present anterior cingulate cortex decreased mi-
tochondrial and synaptic density, which could suggest a correlation
between energy process and synaptic function [71]. In addition, our
data also showed that PCC presented a downregulation in superoxide
dismutase 1 (SOD1). SOD1 is antioxidant metalloprotein already de-
scribed to be downregulated in cerebrospinal fluid [72] and plasma
[73,74] from patients with schizophrenia. Positive symptoms presented
in schizophrenia has been inversely associated with SOD levels [75], as
well as cognitive deficits related to antioxidant status [76].

Proteins related to synaptic vesicles and the transport of proteins
were also found differentially regulated in the PCC. Synaptophysin
(SYP) is a presynaptic protein directly associated to synaptic density
[77] and was linked to intellectual disabilities [78]. Although our re-
sults have pointed to an upregulation of SYP, a recent meta-analysis
found this protein to be downregulated in patients with schizophrenia
in the anterior cingulate cortex and hippocampus [79]. Dysregulation
in the synaptic process was already described in metabolomic analysis
of anterior cingulate cortex, which presents lower GABA levels in pa-
tients with schizophrenia than healthy subjects [80]. Taken together,
these data could suggest that synaptic deficits have regional specifi-
cities, affecting each area in different ways compared to others.

4.4. Immunological system and signaling pathways are dysfunctioned
among all brain regions

In all brain regions, the Nuclear Factor-κB Transcriptional Complex
(NFκB) were enriched in IPA network analysis. NFκB plays a key role in
the immune system, controlling the regulation of inflammatory mole-
cules, such as cytokines [81]. Recently, Volk and colleagues have
shown that the prefrontal cortex from patients with schizophrenia
presents higher levels of NFκB transcripts, suggesting an immune acti-
vation in these patients [82]. In addition, several reports have shown
that patients with schizophrenia present dysfunctions in immune sys-
tems, including high levels of cytokines cortical areas [83], over-
activation of microglial cells [84], and genomic variants associated
with Major Histocompatibility Complex (MHC) [85].

The extracellular-regulated protein kinase (ERK) also were enriched
in IPA networking analysis for all the brain regions. This pathway was
already found dysregulated in schizophrenia, being associated with a
reduction in synaptic plasticity in these patients [86]. In addition, a
recent proteomic analysis using the prefrontal cortex from patients with
schizophrenia has shown that the suppression in GNA13-ERK signaling
affects the synaptic plasticity in the patients [87] . Since synaptic
plasticity is a biological process directly associated with learning and
memory, dysfunction in this process are associated with the negative
and cognitive symptoms found in patients with schizophrenia [88].

4.5. Schizophrenia patients present a brain compartmentalization of protein
dysfunctions

Taking these dysregulations together, it can be concluded that our
results showed that the differences among the brain regions were of
both proteins and molecular pathways. The changes in the CER were
related to dysfunctions in transport processes, while the CAU had as-
sociations with synaptic processes and the PCC with energy metabolism
and signaling pathways. These results agree with studies that showed
divergences of patterns among brain regions in schizophrenia [89,90].
On the other hand, our data also showed proteins that were differen-
tially regulated in more than one region, which were related to the
myelin sheath (STXBP1, EHD3, CNP, NEFH, INA, EEF1A2, NME1,
COX5A, GOT2), metabolic pathways (PDHX, PRDX6, PGLS, GLUD2,
GOT2, NME1, COX5A, NDUFS8, ATP5MF, HADH, AHCY), and neuron
development (CNP, NRCAM, NEFH, SERT2, EFHD1, STXBP1, DCLK2,
RAB13, UBB, CTNNB1, Fig. 5 C-D). 2′,3’-Cyclic-nucleotide 3′-phos-
phodiesterase (CNP) is a oligodendrocyte marker associated with the
size of the oligodendrocyte population in tissue. Our results showed
lower levels of CNP in the CAU and PCC in schizophrenia, suggesting a
decrease in the oligodendrocyte population in schizophrenia. Studies
have shown decreased oligodendrocyte density in the CAU [91] and
prefrontal cortex [92], and in the anterior frontal cortex, anterior cin-
gulate cortex, and hippocampus [93,94] of patients with schizophrenia.
Since oligodendrocytes play a pivotal role in myelination and energy
support to neuron axons [95], we suggest that dysfunctions in both
processes are intrinsically related to the whole-brain dysfunctions seen
in schizophrenia.

4.6. Limitations

When working with postmortem brain tissues in psychiatric dis-
orders, the main limitations are associated with the inherent char-
acteristics of this model, such as the sample size, methods of collection,
and storage conditions. In this study, the major limitation is indeed the
modest sample size used in our analysis. In addition, the samples used
in this study were collected from patients that were treated with anti-
psychotics. Although the treatment may affect the identification of
novel proteins associated with schizophrenia, Chan and colleagues
showed that antipsychotics normalize the effects of disease according to
lifetime medication [96]. Finally, each brain region was analyzed with
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different chromatographic and MS acquisition methods, which affect
protein identification and comparison between the regions. Despite
these limitations, postmortem brain tissue is a unique model to perform
molecular analysis directly in the brains of patients with schizophrenia.
In addition, our findings are supported by several other results in the
literature and for all experiments, we applied the same statistical
parameters to obtain the highest proteome coverage and trust in the
data as possible.

5. Conclusion

This study provides a differential pattern of proteins in the CER,
CAU and PCC from patients with schizophrenia compared with healthy
controls. Our results pointed to 135, 106 and 727 deregulated proteins
in the aforementioned regions, respectively. In addition, pathway en-
richment analysis showed dysfunctions in synaptic processes in the
CAU, transport in the CER, and energy metabolism in the PCC. Our
study also reinforces the role of oligodendrocytes and metabolic pro-
cesses in these areas in schizophrenia. Further analysis using other
Omic approaches, such as lipidomics and metabolomics, are needed to
complement our results and show if these changes can be seen among
the brain regions also in metabolic levels.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2020.103814.
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