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Abstract: Mental disorders represent common brain diseases characterized by substantial impair-
ments of social and cognitive functions. The neurobiological causes and mechanisms of psy-
chopathologies still have not been definitively determined. Various forms of brain proteinopathies,
which include a disruption of protein conformations and the formation of protein aggregates in brain
tissues, may be a possible cause behind the development of psychiatric disorders. Proteinopathies are
known to be the main cause of neurodegeneration, but much less attention is given to the role of pro-
tein impairments in psychiatric disorders’ pathogenesis, such as depression and schizophrenia. For
this reason, the aim of this review was to discuss the potential contribution of protein illnesses in the
development of psychopathologies. The first part of the review describes the possible mechanisms of
disruption to protein folding and aggregation in the cell: endoplasmic reticulum stress, dysfunction of
chaperone proteins, altered mitochondrial function, and impaired autophagy processes. The second
part of the review addresses the known proteins whose aggregation in brain tissue has been observed
in psychiatric disorders (amyloid, tau protein, α-synuclein, DISC-1, disbindin-1, CRMP1, SNAP25,
TRIOBP, NPAS3, GluA1, FABP, and ankyrin-G).

Keywords: proteinopathy; protein misfolding; protein aggregation; autophagy; schizophrenia;
depression; DISC-1; NPAS3; stress; endoplasmic reticulum

1. Introduction

Mental disorders represent a group of brain illnesses, which significantly impair the
quality of life and induce substantial social and cognitive abnormalities. These pathologies
are one of the leading causes of disability, along with cancer and cardiovascular diseases. It
is estimated that mental disorders affect about 800 million people worldwide, representing
more than 10% of world total population [1]. Approximately one in five adults suffers
from a psychiatric disorder, stemming foremost from depression [2]. Given the lifelong
morbidity and the lack of effective treatment, understanding the pathophysiology of mental
illnesses is critical.

The neurobiological causes and mechanisms behind psychopathologies are currently
poorly understood. First of all, mental disorders are clinically and etiologically heteroge-
neous: for example, the central hypothesis put forth to explain depression pathogenesis
is the monoamine theory, which links the development of depression to a deficiency in
biogenic amines, namely serotonin, norepinephrine, and dopamine [3]. At the same time,
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depression may also be associated with circadian rhythms, body clocks, and other mecha-
nisms [4].

The exact pathophysiology of schizophrenia remains poorly understood. The most
commonly advanced theories are the dopamine hypothesis and the glutamate hypothe-
sis [5]. Other theories include the specific dysfunction of interneurons, abnormalities in
the immune system, abnormalities in myelination, and oxidative stress. Schizophrenia is
described as a neurodevelopmental disorder with no precise boundary, or single cause,
and is thought to develop from gene–environment interactions with involved vulnerability
factors [6]. The leading psychiatric diagnoses are depression and schizophrenia, which
account for about 50% of all cases [2]. Nevertheless, our idea of other mental impairments,
clinical and neurobiological mechanisms, also remains ambiguous.

Proteinopathy—protein conformational disorder, or protein misfolding disease—refers
to a class of diseases in which certain proteins lose their structural integrity and, thereby,
disrupt the function of cells, tissues, and organs of the body. Often, these proteins fail
to fold into their normal configuration; in this misfolded state, the proteins can become
toxic in some aspect (a toxic gain-of-function), or they can lose their normal function.
Proteinopathies include such diseases as the Creutzfeldt–Jakob disease and other prion
diseases, Alzheimer’s disease (AD), Parkinson’s disease, amyloidosis, multiple system
atrophy, and a wide range of other disorders [7]. In most, if not all proteinopathies, a
change in the three-dimensional folding conformation increases the likelihood of a specific
protein to bind to itself. In this aggregated form, the protein is resistant to clearance and
can interfere with the normal capacity of the affected organs. In some cases, misfolding
of the protein results in a loss of its usual function. Because proteins share a common
structural feature known as the polypeptide backbone, all proteins have the potential to
misfold under some circumstances. However, only a relatively small number of proteins
are linked to proteopathic disorders, possibly due to the structural idiosyncrasies of the
vulnerable proteins. The likelihood that proteinopathy will develop increases with certain
risk factors that promote the self-assembly of a protein. These include destabilizing changes
in the primary amino acid sequence of the protein, post-translational modifications (such
as hyperphosphorylation), changes in temperature or pH, an increase in the production
of a protein, or a decrease in its clearance. Advancing age is a strong risk factor, as is a
traumatic brain injury. In the aging brain, multiple proteopathies can overlap [8].

A number of studies have demonstrated that there is a link between mental disorders
and neurodegenerative diseases. Quite often, depressive disorders occur in both Parkin-
son’s disease and AD patients. Moreover, sometimes depression precedes Parkinson’s
disease [9]. People with schizophrenia are prone to develop Parkinson’s disease, while
parkinsonism can lead to psychoses [10]. Some signs of schizophrenia can also be observed
in AD, and some researchers point to the same risk factors for AD and schizophrenia [11].
Since proteinopathy is a determining factor in the pathogenesis of neurodegeneration, it is
also necessary to consider the role it plays in mental disorders. Impairment of proteostasis
initiating the formation of abnormal or aggregated proteins in the brain may be one of the
aspects of pathogenesis not only for neurodegeneration but also for mental diseases, such
as schizophrenia, bipolar disorder, and depression. Researchers have not paid sufficient
attention to this issue when the mechanisms involved in protein misfolding may be novel
therapeutic targets and should not be overlooked. A limited amount of data concerning
this problem has been accumulated so far, and there is lack of a complete, systematic review
of the issue. Therefore, the purpose of this review is to summarize available data on the
proteostasis impairments that characterize mental disorders.

In the first part of this review, the possible mechanisms of protein folding and accumu-
lation in the cell are described, and evidence of the presence of these pathological processes
in schizophrenia, bipolar disorder, and depression is offered. The accumulation of protein
aggregates may not only be due to genetic mutations and the accumulation of abnormally
misfolded protein but also to impaired post-translational modification of proteins due to
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endoplasmic reticulum (ER) stress. The second part of the review will describe the main
proteins whose accumulation in brain tissues was uncovered in cases of mental disorders.

2. Pathology of Proteins Modification
2.1. The Common Mechanisms of Protein Misfolding and Aggregation

Accumulation of protein aggregates in cells occurs due to the disruption of several
physiological mechanisms: disruption to the ER under stress, defects in chaperone pro-
teins, impaired mitochondrial function, and disruption of autophagy processes. All these
processes contribute to the emergence of protein misfolding and their accumulation in the
cell or to the impairment of the normally occurring deletion of protein aggregates. In this
review, we will expand upon each of these mechanisms.

2.1.1. Disruption to the ER under Stress

ER is the most important component of the eukaryotic cell, where post-translational
modification of the protein occurs. ER regulates protein synthesis, folding, and post-
translational processing. Proteostasis corresponds to a dynamic coordination between
proper folding of newly synthesized proteins, its quality control, and degradation mech-
anisms. Chaperone proteins participate in the process of protein folding and recognize
non-native conformations of polypeptides. In order to perform its various functions, the
ER effects critical interactions with other organelles—in particular with mitochondria—to
regulate proteostasis and send malformed proteins into degradation. Mitochondria and ER
are closely linked through the mitochondria-associated membrane (MAM), which repre-
sents about 20% of the total membrane. MAM mediates the actual, physical transmission
of stimuli between two organelles and also facilitates chemical signaling (Ca++, reactive
oxygen species (ROS)), which is becoming increasingly important in understanding cell
survival. MAMs are involved in various cellular processes, including the homeostasis of
phospholipids, calcium and mitochondrial proteins, inflammation, autophagy, division and
fusion of mitochondria, cell adaptation to stressful factors, etc. [12]. All of the abovemen-
tioned processes closely interact with each other to maintain proteostasis, ensure proper
protein folding, and prevent the accumulation of protein aggregates [13].

Alterations to these interrelated processes can occur as a result of stress. The concept
of stress is widely used in different fields of science: psychology, physiology, and sociology.
Physiological stress is currently defined as a state of disturbed homeostasis, including both
systemic stress and local stress. Specific stimuli or stressors—such as oxidative stress, lack
of nutrition, exposure to adverse physical factors, such as temperature, radiation, or noise,
exposure to harmful chemicals, psychological stress, and others—can cause physiological
stress in mammals. The specificity of most local physiological stresses depends on where
the stressors are produced; for example, cardiac stress, mitochondrial stress, and ER stress
are stresses that occur only at specific cellular sites. States in which ER homeostasis is
disrupted are called ‘ER stress’. The cellular response to ER stress involves the activation of
adaptive mechanisms to overcome stress and restore ER homeostasis [14].

Unfolded protein response (UPR) is the process by which correct protein folding and
ensuing cell survival are ensured. This system functions under physiological conditions,
removing misfolded proteins from the cell. When UPR detects mutant proteins, it promotes
their degradation through catabolic pathways using the ubiquitin proteasome system and
autophagic lysosomes. UPR-activated cascades lead to adaptive responses, such as ER-
associated biogenesis and ER-associated degradation. The system’s functioning provides
for the restoration of cell homeostasis, or cell death. When UPR regulatory mechanisms
become overwhelmed, the stress sensors launch apoptosis.

The pathophysiological process of proteostasis impairment represents a decompen-
sated ER stress leading to the accumulation of protein aggregates. ER stress functions via
four mechanisms. The first pathway of ER stress activation is synthesis of the proteins that
prevent the subsequent aggregation of unfolded proteins. The second mechanism is the
expression of chaperone genes in order to increase folding capacity. Other ways the system
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functions are transcriptional induction of UPR component genes for amplification of the
ER-associated degradation ability and activation of apoptosis [15]. IRE1α splices XBP-1
mRNA and activates transcriptional factor X-box binding protein 1 (XBP1). XBP-1 protein
binds to the promoters of several of the genes involved in UPR and ERAD (ER-assisted
degradation), protein quality control, and organelle biogenesis [16]. PERK activation atten-
uates total protein synthesis through phosphorylation of eukaryotic translation initiator
factor 2α. Phosphorylation of EIF2α enables selective translation of ATF4 mRNA, which
encodes a transcription factor that induces the expression of the genes involved in antioxi-
dant responses and the amino acid metabolism. In ER-stressed cells, ATF6 is transported to
the Golgi apparatus, where it is subjected to site 1 protease (S1P) and site 2 protease (S2P).
This releases a cytosolic domain (ATF6f), which controls several UPR target genes. ATF4
regulates the expression of apoptotic genes [17].

Under prolonged stress, decompensation of these mechanisms leads to cell death. ER
dysfunction promotes neurodegeneration processes. However, it has been demonstrated
that ER stress is also one of the factors leading to neuronal dysfunction in mental illnesses
such as schizophrenia, depression, and bipolar disorder. Three effector kinases regulate the
cascade pathways inducing the ER response to stress (inositol-requiring kinase-1 (IRE1),
protein kinase RNA-like endoplasmic reticulum kinase (PERK), and those activating tran-
scription factor-6 (ATF6)) [15]. These kinases are sensitive to the accumulation of misfolded
proteins [18]. Their activation induces a cascade of biochemical reactions, promoting
proapoptotic processes. PERK plays a key role in the survival of a cell under ER stress,
while the IRE1 pathway regulates ER-induced apoptosis [15]. Transmembrane kinase PERK
phosphorylates eIF2a to attenuate translation and increase ATF4 expression, resulting in
enhanced transcription of target genes. The transmembrane transcription factor ATF6
translocates into the Golgi apparatus, where it is cleaved by the proteases S1P and S2P,
which leads to increased transcription of ER chaperone genes. Transmembrane RNase IRE1
activates the transcription of UPR component genes [13].

Oxidative stress upsets the balance between the pro-oxidants and antioxidants in-
ducing ROS formation. Mitochondria, ER, and peroxisomes are the three major vital
intracellular organelles that generate ROS. Decreased antioxidant levels and increased
production of reactive species (RS) and ROS eventually lead to oxidative damage to DNA,
carbohydrates, enzymes, proteins, and cellular lipids. The accumulation of misshaped
proteins in the ER and mitochondria arises partly owing to the disruption in the ROS-
generating activity [19]. Increased oxidative stress occurring in neurodegeneration induces
the formation of ROS by mitochondria. Mitochondria controls protein quality with the help
of the UPR (mt) system. Decreased activity of mitochondrial proteases contributes to the
development of cellular stress, enhancing the formation of protein aggregates. This process
is associated with UPR (mt). MAMs promote protein homeostasis in mitochondria and
regulate mitochondrial dynamics, ensuring cell survival under mild cellular stress. Under
severe stress, ER MAMs mediate the mitochondrial pathway of apoptosis [12].

2.1.2. Defects in Chaperone Proteins

Chaperone proteins are closely associated with the ER. Chaperones carry out the three-
dimensional conformation of polypeptides and control protein misfolding and aggregation.
They also facilitate the formation of functional proteins and their release from the ER.
This process can be disrupted by various pathological conditions, such as oxidative stress,
inflammation, and a change in the ionic calcium level. As a result, the accumulation of
incorrectly formed proteins occurs in the lumen of the ER. ER chaperones, such as heat
shock protein 5 (HSPA5), also called 78 kDa glucose-regulated protein (GRP78), perform
the refolding of unfolded proteins that accumulate in the ER after such stress [20].

Cell response to stress can be illustrated by the interaction of the sigma-1 receptor
(Sig-1R) and the ER chaperone-binding immunoglobulin protein (BiP). An interorganelle
signaling molecule, Sig-1R, is a chaperone protein, which regulates the outflow of calcium
from the endoplasmic reticulum of neurons into mitochondria [21]. In normal condition,
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Sig-1R is associated with BiP. When Sig-1R agonists bind to Sig-1R on the ER, it induces BiP
dissociation, promoting chaperone activity. BiP facilitates the transduction of stress signals
from the ER to the nucleus through numerous receptors, ion channels, kinases, and the
regulatory proteins present in the ER, MAM, cytosol, and nucleus. Thus, BiP modulates
bioenergetics, the redox balance, UPR, and cytokine signaling. In neurons, it is involved in
dendritic growth, synaptogenesis, and long-term potentiation [22,23].

2.1.3. Disruption of Autophagy Processes

Autophagy is a cellular process, which restores homeostasis by direct degradation
of cell parts. Three major autophagy pathways mediating the lysosomal degradation of
intracellular components have been described in mammalian cells: (i) micro-autophagy, (ii)
macro-autophagy, and (iii) chaperone-mediated autophagy [24]. During micro-autophagy,
small portions of the cytosol and proteins are enveloped by lysosomes. Cytoplasmic compo-
nents, whole organelles, viruses, and proteins are delivered to the lysosomal compartment
for further degradation [25]. During macroautophagy, a portion of the cytoplasm becomes
surrounded by the segregative membrane, which turns it into a cupped phagophore, the
process eventually ending in a new vacuole known as an autophagosome. After this, the
fusion of the autophagosome with the lysosome proceeds. This process may be inhibited by
lysosomal pathway dysfunction or oxidative stress [25]. Chaperone-mediated autophagy is
a selective process in which proteins bind to cytosolic chaperones (for example, LAMP-2)
for further recognition and translocation through lysosomes [26].

Under normal conditions, a slight activation of autophagy is required to eliminate
damaged proteins that naturally occur in a living cell. The accumulated malformed and
ubiquitinated proteins are transported to the nucleus, where they form aggresomes, which
are cleared predominantly by autophagy [25]. The appropriate level of autophagy helps
to avoid the accumulation of old structures inside the cell. Along with the degradation of
the damaged proteins, the process destroys impaired subcellular organelles (mitochondria,
endoplasmic reticulum, ribosomes, and even synaptic vesicles) [24].

Autophagy effects the degradation of incorrect protein aggregates, membrane ele-
ments, and subcellular organelles, and the recycling of the resulting molecular compounds.
Two major cascades control autophagy-related genes: (1) phosphatidylinositol 3-kinase ac-
tivation and (2) mTOR inhibition induced by rapamycin. The intracellular and extracellular
signals regulating autophagy are mediated by two complexes: (1) the Atg1/unc-51-like
kinase (ULK) complex, which acts downstream of the mammalian target of rapamycin
(mTOR) complex 1 (mTORC1) associated with cell growth, transcription, and translation,
and (2) the Beclin 1/class III phosphatidylinositol 3-kinase (PI3K) complex [25]. Mitochon-
dria may also be involved in the process of autophagy. This was discovered only 10 years
ago, when Hailey D.W. demonstrated the translocation of some mitochondrial proteins,
such as the mitochondrial outer membrane protein, into autophagosomes [27,28].

Unlike most cell types, neurons are extremely vulnerable to the disruption of au-
tophagy, which can be responsible for the postmitotic nature of adult neuron cells. There-
fore, neurons cannot dilute potential toxic waste products in daughter cells by mitosis [29].
The maintenance of homeostasis in the organism is realized, among other things, through
cell renewal, their programmed death, and the proliferation of new cells. However, in the
nervous system, the death of neuronal cell precursors occurs predominantly at the em-
bryonic stage; so, neuronal apoptosis is a much more difficult process to regulate. During
the embryonic period, there is an excessive proliferation of neuronal progenitor cells and
then a significant level of death of these cells. Apoptosis during the development of the
nervous system is crucial. Mature neurons forcefully limit the pathway of apoptosis after
their development to ensure their prolonged survival and maintenance throughout life.
These restrictions increase the thresholds of sensitivity to apoptosis throughout neuronal
differentiation and maturation [30]. When a slight disruption to the autophagy pathway
occurs, a cell’s survival of the accumulation of damaged proteins for a long period of time
becomes detrimental. In fact, this can lead to the disruption of various cell activities and
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even to toxicity. When the production of impaired structures exceeds reduced autophagy
activity, abnormal proteins accumulate and become visible over the years as intracellular
deposits containing altered protein aggregates. Thus, defect of autophagy, eventually, could
lead to slowly developing inclusions in neurons. This is facilitated by the intrinsic nature of
specific proteins, such as α-synuclein, which is prone to aggregation, since 30% of its native
form undergoes spontaneous oligomerization regardless of metabolic conditions [29].

In this section, we have discussed several of the important mechanisms of protein
misfolding and aggregation. The summary mechanisms described in this chapter are
shown in Figure 1. These alterations can accompany various pathologies [31], but in our
review we focus on diseases of the nervous system. We will not dwell on the processes
of ER stress in AD, the Parkinson’s and prion diseases, and other neurodegenerations,
since many articles and studies have been devoted to these issues [32–34]. However, the
problem remains very poorly described vis-a-vis mental disorders. There is a significant
lack of research on the role of ER stress and UPR activation in mental disorders. In the
following section, the physiological mechanisms that may lead to protein aggregation
will be discussed in more detail in the context of mental disorders. The features of ER
stress, impairment of the chaperone protein’s functioning, and autophagy processes in
mental disorders will be described. We believe that this can be one of the aspects of mental
disorders’ pathogenesis and that the search for new therapeutic targets could also be
informed by UPR systems impairment.
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Figure 1. Mechanisms of impaired post-translational modification of proteins: (1) ER stress. The EP
response to stress is regulated by three effectors inositol-requiring kinase-1 (IRE1), protein kinase
RNA-like endoplasmic reticulum kinase (PERK), and the activating transcription factor-6 (ATF6). ER
has its own protein quality control system, unfolded protein response (UPR); (2) disruption in the
chaperone proteins involved in folding proteins; (3) impaired mitochondrial function. Mitochondria
have their own protein quality control system, unfolded protein response (mtUPR); (4) disruption of
autophagy processes. MAM—mitochondria-associated membrane; ROS—reactive oxygen species.

2.2. Mechanisms of Protein Misfolding and Aggregation in Mental Disorders

Mental disorders are accompanied by abnormalities in all four physiological mech-
anisms of protein aggregation: ER stress, a defect in chaperone proteins, impaired mito-
chondrial function, and impaired autophagy processes. Moreover, many of the available
psychotropic drugs target ER and its response to stress [35]. The proposed cascade of events
occurring during mental disorders development is the progress of severe or persistent ER
stress associated with an increase in ROS and Ca++, which causes upregulation of transcrip-
tion factors (CHOP) and kinases (JNK) through the activation of the pro-apoptotic branch of
UPR. Failure of the UPR leads to the accumulation of protein aggregates. This accumulation
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causes a stimulation of the inflammasome and provokes increased inflammatory signaling
through pro-inflammatory cytokines. After that, the activation of proapoptotic caspases
occurs and induces increased apoptosis of neurons [36].

2.2.1. Stress in the Endoplasmic Reticulum

ER stress and oxidative stress are interrelated events that lead to neuronal apoptosis
and, ultimately, to cell death in schizophrenic patients. In schizophrenia, the dysregulation
of the processing pathways for ER proteins and proteins associated with protein folding,
ER quality control (ERQC), and ER-associated degradation (ERAD) occurs. Post-mortem
research demonstrated increased expression of proteins associated with the recognition
and modification of misfolded proteins. Measurement of protein expression in the dor-
solateral prefrontal cortex of patients with schizophrenia revealed an increase in UGGT2,
which recognizes the proteins required for further processing and directs them back to the
CNX/CRT cycle, and an increase in ER-specific mannosidase EDEM2, which reconstructs
terminally malformed glycoproteins and targets them at ERAD. These authors suggest
that these changes may reflect potential mechanisms of the abnormal expression of the
neurotransmitter-associated proteins previously observed in schizophrenia [37].

Defective ER function is observed in damaged neuronal cells and is associated with the
activation of the PERK-phosphorylated ER stress marker. Olanzapine reduces the level of p-
PERK in neuronal cells and, thus, attenuates ER stress [38]. The researchers established the
existence of some interaction between DISC-1 and ATF4 in the PERK pathway. Trinh et al.
discovered that PERK and ATF4 were significantly reduced in the frontal cortex of patients
with schizophrenia compared to the control group [39]. The same authors revealed the role
of PERK in cognitive dysfunction in mice. In the prefrontal cortex of PERK-deficient mice,
eIF2α phosphorylation and ATF4 expression were reduced and associated with increased
behavioral perseveration, decreased pre-pulse inhibition, decreased fear extinction, and
impaired behavioral flexibility [39]. ER stress inhibitors, such as 4-phenylbutyric acid,
salubrinal, taurosodeoxycholic acid, sephin-1, and cordycepin, may be promising as drugs
for ER stress alleviation in schizophrenia [36]. Antipsychotic therapy also affects three
signaling pathways involved in the ER stress response (PERK, ATF6, and IRE1 pathways).

Studies of bipolar disorder (BD) using patient-derived B-lymphocytes or peripheral
blood leukocytes have revealed abnormal ER response to induced stress. So et al. showed
that disease progression increases EP’s vulnerability to stress [40]. In BD, a compensatory
response of cells to ER stress was impaired, which limited their survival under stressful
conditions. The most commonly used mood stabilizers, lithium and valproate, are protec-
tive, because they increase the resistance of cells to ER stress [41]. Lithium, widely used in
medical treatment, influences the expression of the genes that help to maintain ER function.
This bolsters the suggestion that ER stress and UPR processes are important targets in the
treatment of mental disorders [42]. Key measures of the ER stress response, such as BiP
(chaperone ER), ER-degradation-enhancing alpha-mannosidase-like protein 1 (EDEM1),
CHOP C/EBP homologous protein, and X-box binding protein 1 (XBP1), are significantly
elevated in patients with a major depression disorder [43]. The XBP1 or CHOP mRNA level,
which is raised by ER stress was significantly lower in patients with bipolar disorder [44].
Chronic administration of valproate increases the ER stress protein level in the frontal,
parietal cortex, and hippocampus [45].

Some ER stress-related polymorphisms are associated with mental illness. An associa-
tion of -116C/G polymorphism in the XBP1 gene (X-box binding protein) was observed
in patients with schizophrenia [41,46]. In the Polish population, polymorphisms of the
HSPA1A, HSPA1B, and HSPA1L genes were found in patients with paranoid schizophre-
nia [47]. In a study of the Finnish population, physical and social anhedonia was associated
with the CRMP1 mediator protein 1 collapsin locus located on the DISC-1 gene. Altered
CRMP1 immunoreactivity manifested itself as an increase in CRMP1 in lymphoblastoid
cell lines derived from patients with schizophrenia. Thus, this suggests that CRMP1 is a
malformed protein that could become a diagnostic marker for schizophrenia [19,48].
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2.2.2. Chaperone Proteins

Some studies have shown the involvement of the chaperone protein pathology in
psychiatric disorders. Sig-1R is associated with the pathophysiology of many neuronal dis-
eases, such as AD, depression, and schizophrenia [49]. The level of Sig-1Rs is significantly
reduced in the brain of patients with schizophrenia [50]. Moreover, Sig-1R represents a
target for a range of psychotropic drugs [51]. Receptor stimulation reduces depressive-like
behavior in animal models [19]. Deficiency of Sig1R in motor neurons causes ER stress and,
therefore, affects mitochondrial dynamics and function [12]. Lithium and valproate may
exert their neuro-protective effects by an induction of the brain-derived neurotrophic factor
(BDNF) production, as well as heat shock proteins and Bcl-2 [52].

For the diseases associated with impaired protein folding, influencing the activity of
chaperone systems may be one of the targets in drug therapy [53], either by altering chaper-
one gene activity [54] or by acting on chaperones with the molecules that enhance or weaken
their function [55]. These therapeutic strategies are being developed for neurodegenerative
diseases, among others [54–58].

2.2.3. Autophagy

Lysosomal dysfunction accompanies many neuropsychiatric diseases. Accumulated
protein aggregates interpreted as dangerous are associated with molecular patterns and
provide for inflammasome activation, leading to inflammatory immune signaling induction
and ultimately to increased neuronal apoptosis. Some neuropsychiatric disorders affect
autophagic vacuoles (autophagosomes or autophagolysosomes) accumulation, resulting in
lysosome dysfunction. Due to disruptions in the autophagic pathway, malformed proteins
and aggregates cannot be eliminated from cells, and this leads to cell death. Because of the
autophagy system impairments, protein aggregates accumulation eventually overwhelms
the cellular degradation and transport systems. These disruptions may also explain the
increase in oxidative stress level [12].

Evidence of impaired autophagy in mental illness has been uncovered. The first
evidence of system dysregulation in schizophrenia was obtained in 2011 by Horesh’s
group, who conducted a gene expression profiling analysis in post-mortem brain samples.
The study documented profound differences of expression in Brodmann’s area 22 (BA
22), which is associated with positive schizophrenia symptoms, specifically with auditory
verbal hallucinations or “hearing voices”. The vast majority of abnormally expressed genes
were related to key autophagy genes (BECN1, ULK2, ATG3), and they were significantly
fewer compared to the control group [59].

Progressive synaptic disruption presumably contributes to neurodegeneration in
schizophrenia. The mTOR signaling pathway is associated with schizophrenia pathogenesis
as well as with extrapyramidal adverse reactions to antipsychotic drugs, which also may
be mediated by impaired mTOR-dependent autophagy. Autopsy studies of the brains
of schizophrenia patients have revealed the presence of inclusions in neurons that may
occur due to the dysfunction in mTOR-related cellular clearance systems [12]. A decrease
in the mRNA level of a key protein necessary for autophagy initiation, Beclin 1, has also
been documented in the hippocampus of patients with schizophrenia [60]. Suppression of
DISC-1 in neurons has been shown to result in excessive activation of Akt signaling. This
can be prevented by inhibition of the mTOR target of Akt [61].

Some drugs used to treat schizophrenia also affect autophagy [62]. Olanzapine is
considered an mTOR inhibitor and autophagy inducer [63]. Sertindole is a potent inducer
of autophagy in neuroblastoma cells [64]. Clozapine activates the autophagy process via
the AMPK-ULK1-Beclin1 pathway, as evidenced by increased levels of autophagy markers,
raised phosphorylation of AMPK and its subsequent substrates, ULK1 and beclin1, and an
increased number of autophagosomes in the frontal cortex. In most studies, the induction
of autophagy by antipsychotics was confirmed only when measuring the degradation of
autophagy-dependent substrates. Thus, it was shown that chlorpromazine provides for au-
tophagy through the Akt/mTOR pathway inhibition in glioma cells [65]. Lithium indirectly
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induces autophagy in a mouse model through inositol monophosphatase (IMPA1) and
other enzyme suppression in the phosphatidylinositol pathway [66]. Recently uncovered
evidence supports mTORC1 disruption in depression [67]. Fast-acting antidepressants
affect a variety of receptors, their subunits, and sites, including NMDA, AMPA, m1ACh,
mGluR2/3, and GluN2B, to enhance mTOR function, resulting in a rapid antidepressant
effect [68]. Existence of variants of the AKT1 gene in patients with schizophrenia supports
the idea of the key role played by impaired Akt-mTOR signaling in the pathogenesis of this
psychiatric disorder [12]. Ablation of the genes atg5 and atg7 required for autophagy leads
to the accumulation of ubiquitin-positive aggregates and a progressive loss of neurons in
mice [69].

2.2.4. Therapeutic Approaches

Crucially, determining ways of possible therapeutic intervention in the described
mechanisms of dysregulation is necessary. At the moment, there is not much research
directed at developing therapeutic strategies that take aim at the protein clotting system,
influence ER stress components, the chaperone protein system, and autophagy, specifically
for psychiatric, but not neurodegenerative, diseases. These pathways can be affected by
various therapeutic interventions, such as antioxidants, sigma-1 receptor agonists, and gene
therapy. The use of synthetic and natural ER-stress inhibitors, such as 4-phenyl butyric acid
or salubrinal, is also promising [19,49]. It can be hypothesized that a therapeutic interven-
tion of the type could prevent or stop the formation of protein aggregates in brain tissue,
which would contribute to the recovery of patients afflicted with psychiatric disorders.

3. Aggregating Proteins in Neurodegenerative and Mental Disorders

Impaired proteostasis is well documented in neurodegenerative diseases, and the
accumulation of specific proteins, such as amyloid, tau, and α-synuclein, is a hallmark
of these pathologies. As relates to mental disorders, no aggregating proteins with such
a significant role in the pathogenesis have been identified so far. However, enough stud-
ies demonstrate the possibility of a pathological aggregation of certain proteins in brain
tissues during mental disorders. Potentially, these proteins may be involved in the devel-
opment of mental diseases. In this section, we will primarily focus on the role of known
aggregating proteins associated with neurodegeneration in psychiatric disorders and then
move on to lesser-known pathological protein aggregates that have been identified in
psychiatric illnesses.

3.1. Amyloid

Beta-amyloid forms from its transmembrane protein precursor by proteolytic cleavage.
APP is essential to neuroplasticity, the formation of new synapses, and overall viability
of neurons [70]. Beta-amyloid is found in amyloid plaques in AD. Some evidence points
to the presence of amyloid in the brains of schizophrenic patients, but the exact role of
amyloid in the pathogenesis of schizophrenia is unclear. Amyloid level assessment in
the cerebrospinal fluid has demonstrated no association between amyloid and cognitive
impairment in patients with schizophrenia. However, no data on any association of
cognitive impairment with the level of amyloid in the cortical region of the brain have
been obtained [71]. Nevertheless, various animal studies have demonstrated that direct
introduction of amyloid into brain structures results in behavioral disruption in animals.

Cognitive impairment and memory deficits are directly related to the progressive
accumulation of beta-amyloid plaques. Clinical studies have shown that beta amyloid
is associated with anxiety and depressive disorders [72–75]. Supporting data have also
been obtained in preclinical research. EPM (elevated plus maze) is the most widely used
test in behavioral analyses of rodents aimed at detecting the anxiolytic and anxiogenic
properties of the drugs used. A beta-amyloid injection was found to significantly reduce
OAT (time in the open arm/time in Bopen + closed arm) in the EPM, by approximately
71.3% compared to the control group. Depressive responses in rats were assessed using
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the FST (forced swimming test) in the experiment. The depression index is the time of
immobility. Thus, a higher immobility time indicates a deeper depressive state, and a lower
immobility time indicates a less depressive state. Injection of beta-amyloid significantly
increased the immobility time in the FST, by 5.4 times compared with the control group.
Swimming time was significantly less by approximately 71.3% in the Aβ group compared
to the controls [76].

The pathogenesis of anxiety and depression is strongly associated with oxidative stress.
Oxidative stress leads to molecular damage, inflammation due to the induction of specific
cytokines, impaired neurogenesis, and altered neural signaling pathways. Antioxidant and
proteolytic systems serve to protect against oxidative stress and against neurons damage,
generally. This process is realized through autophagy, whose impairments are associated
with neuropsychiatric disorders. In a study by Nayereh Zare, Geldanamycin protected
against memory deficits by modulation of Aβ-induced oxidative stress and apoptosis [76].
In addition, Bilici and colleagues suggested that increased levels of MDA, a biomarker of
oxidative stress, may be an inducer of depressive behavior in beta-amyloid-treated rats [77].

Soluble Aβ42 aggregates exhibit the highest neurotoxicity among all forms of amyloid,
causing oxidative stress and cognitive impairment, and increasing anxiety. This effect is
associated with a facilitated expression of connexins, such as Cx43, and a chronic release of
glutamate and ATP in the surrounding astrocytes. Both of these factors are connected with
raised levels of anxiety and stress. For example, Sheetal Sharma and colleagues induced
anxiety behavior and the effects of oxidative stress in rats by single intracerebral ventricular
(icv) injection of Aβ42 oligomers. At the same time, carbenoxolone, a gap junction blocker,
prevented the oxidative damage and anxiety-like behavior and decreased the expression of
Cx43, perhaps by preventing the release of small neurotoxic molecules [78].

The neurotoxicity associated with amyloid and tau aggregation may represent a
pathophysiological cascade that, along with vascular disorders, may predispose individuals
to apathy and depression in later life. This condition results in poor functioning. It is
widespread and difficult to treat with antidepressants. A neuroimaging study by Harris A.
Eyre and colleagues showed that apathy in depression in later life is associated with higher
levels of amyloid and/or tau in the anterior cingulate cortex [79].

The relationship between the accumulation of beta-amyloids in the brain and the level
of depression over time was studied by Nancy J. Donovan and colleagues. The cohort
of patients represented a group of elderly people with normal cognitive performance.
In older people with higher levels of beta-amyloid, an increase in anxiety-depressive
syndromes over time was revealed. A prior diagnosis of depression was associated with
more severe, but not deteriorating, symptoms. It can be assumed that the aggravation of
anxiety-depressive symptoms may be directly or indirectly associated with an increase in
the beta-amyloid level [80].

3.2. Tau Protein

Neurofibrillary tangles represent important pathological correlates of clinical symp-
toms. Neurofibrillary tangles are predominantly composed of the hyperphosphorylated
tau protein. Tau belongs to the microtubule-associated proteins (MAPs) family. Its role
is very important in the stabilization of microtubules, which are involved in kinesin and
dynein-based anterograde and retrograde transport. Disruption in axonal transport leads
to mistakes in the work of synapses. Moreover, tau is related to mitochondrial function and
deficiencies in oxidative phosphorylation or apoptotic activity [81]. Intracellular involute
tau fibers disrupt axonal transport between the cell body and multiple synapses, which
is critical to neuronal functioning and survival. In AD, tau protein axonal localization
reflects the degree of neurofibrillary pathology and neurodegeneration. Abnormal and
phosphorylated tau accumulation is mostly significant in patients with dementia. At the
same time, there is a dearth of research involving patients with schizophrenia [82].

Mukaetova-Ladinskaya and colleagues uncovered an increased concentration of the
tau protein in extracts of the gray matter of the cerebral cortex. Their data suggest that
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the amount of soluble β-amyloid (Aβ) and abnormal levels of the tau protein may be
enhanced in AD patients who suffer from psychosis. The increased concentration of
phosphorylated tau (p-Tau) in the dorsolateral prefrontal cortex (DLPFC) in AD patients
with psychosis could be a potential sign of facilitated kinase activity and subsequent tau
phosphorylation. This research indicates more pronounced tau pathology in patients with
AD and psychosis [83].

Elevated levels of total tau and p-Tau in the cerebrospinal fluid are generally consid-
ered to be sensitive markers of neurodegeneration in AD. Schönknecht and colleagues
studied taupathy in the cerebrospinal fluid (CSF) of schizophrenic patients and uncovered
an absence of raised levels of tau in the CSF [84]. Another recent study by Frisoni and
colleagues investigated tau protein levels in the CSF of elderly patients with schizophre-
nia. It showed elderly patients with normal levels of tau. The authors suggested that in
that context, the tau protein concentration did not correspond to neurodegeneration and
could have been secondary to the effects of drug treatment [85]. Ömer Faruk Demirel and
colleagues measured total tau protein and phosphorylated tau in the serum of patients
with schizophrenia. The results of the study showed levels of total tau and p-Tau in the
serum of patients that were significantly lower compared to those of healthy people. The
research also revealed a positive correlation between total tau levels and the number of
previous electroconvulsive therapy (ECT) sessions in the patient group. Nevertheless, no
correlation was established between the PANSS scores and tau levels or between smoking
and antipsychotic drug use and the tau concentration [82]. If we compare the tau protein
content in patients with AD, we can observe a similar pattern for CSF: there is also an
increase in the tau protein in CSF in AD [86,87]. Regarding blood, current data suggest a
slight increase in plasma tau levels in AD [87], which is not entirely consistent with the
blood tau protein in schizophrenia, a phenomenon that requires further study.

The significance of hyperphosphorylated tau in the study of depression pathogen-
esis remains unclear. Some studies of cerebrospinal fluid and post-mortem specimens
of patients with varying degrees of depressive and cognitive symptoms severity have
been performed. In particular, Pomara and colleagues uncovered no changes in total or
phosphorylated tau in 28 cognitively normal but severely depressed older adults com-
pared to 19 healthy controls [88]. Another research into a post-mortem cohort of 582 older
adults revealed a link between depression and the rate of cognitive decline. However,
this connection was independent of markers of dementia-related pathology, including Aβ
plaques and tau tangle density. Another two, separate post-mortem studies of subjects
with AD dementia established a correspondence between comorbid depression and higher
levels of tau tangles [89]. The study by Jennifer R. Gatchel and colleagues discovered
that more severe depressive symptoms were significantly linked to more pronounced tau
in the lower temporal lobe. A similar result was obtained in a model that estimated the
relationship between depressive symptoms and tau in the entorhinal cortex. More severe
depressive symptoms were moderately associated with higher levels of tau in the lower
temporal lobe and, to a lesser degree, in the entorhinal cortex [90]. In 2021, a clinical
case that examined a patient that combined multiple extraneural metastases of rectal car-
cinoma with a suicide attempt, severe depression, and tauopathy was published. The
patient exhibited no other mental or neurological disorders. The study revealed marked
age-related tau astrogliopathy (ARTAG) of all five types (subpial, subependymal, gray and
white matter, and perivascular) affecting the cortical and subcortical regions of the brain.
This pathology has been associated with intermediate neuropathological changes in AD,
cerebral amyloid angiopathy, α-synuclein proteinopathy with Lewy bodies (Braak stage 4),
and proteinopathy associated with the response to multiple systemic transactivation by
the 43 kDa DNA-binding protein (TDP-43). It also affected astroglia. Thus, a complex
and extensive combination of multiple proteinopathies was identified in the patient. As
such a condition was accompanied by severe depressive symptoms, it could potentially
be read as a reflection of the association between depression and tauopathy [91]. A better
understanding of the association between subclinical depressive symptoms and cerebral
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tau in vivo in the context of aging is essential for development of more effective preventive
services and treatments targeting both depressive symptoms and progressive cognitive
decline. This could also help us detect the earliest preclinical changes, which may provide
an opportunity for timely intervention.

3.3. α-Synuclein

The α-synuclein is a neuronal protein found in presynaptic terminals, predominantly
in the neocortex, hippocampus, and substantia nigra. The α-synuclein aggregates accu-
mulate during Parkinson’s disease, but the mechanisms of this neurodegeneration are not
fully understood. Parkinson’s disease is often accompanied by depression and anxiety.
Depression and anxiety precede the onset of motor symptoms and have a negative impact
on the quality of life. Dysfunction of the serotonergic (5-HT) system, which regulates
emotions, plays a major role in the development of depressive symptoms. Lluis Miquel-Rio
developed a mouse model of α-synucleinopathy in their research. The results of their study
showed that α-synucleinopathy in the 5-HT neurons negatively affects the brain circuits
that control mood and emotion, resembling the neuropsychiatric symptoms that occur
early in Parkinson’s disease. Thus, lowering of α-synuclein levels in the early stages of the
disease may help reduce the severity of the depression [92].

The β-synuclein is a presynaptic phosphoprotein that is abundantly expressed in the
brain. The role of β-synuclein in physiological processes is not completely clear. It has
been suggested that it suppresses the processes triggered by α-synuclein and prevents
neurodegeneration [90]. However, Ohtake and colleagues identified two missense muta-
tions of β-synuclein in patients with Lewy body dementia [93]. Later, Masayo Fujita and
colleagues developed transgenic mice that expressed P123H β-synuclein and suffered from
dementia with Lewy bodies. These mice experienced memory impairment and movement
disorders [94].

3.4. DISC-1

The DISC-1 gene was first identified in a Scottish family, where t (1; 11) (q42.1; q14.3)
translocation mutation carriers were found to have various mental illnesses with approx-
imately 70% penetrance. This mutation led to changes in the DISC-1 and DISC-2 genes,
where DISC-2 is a non-coding region with regulatory activity of the DISC-1 protein expres-
sion [95]. The DISC-1 gene may be one of the genes responsible for the susceptibility to
chronic mental disorders, such as schizophrenia, bipolar disorder, and severe, relapsing
depression. The DISC-1 protein is functionally involved in many processes that regulate
the development of the nervous system and brain maturation, such as neuronal prolifera-
tion, differentiation, migration, cytoskeletal modulation, and post-translational regulation,
through various signaling pathways. DISC-1 is a structural protein that localizes in the post-
synaptic region of the synapse, as well as in the centrosome, cytoskeleton, mitochondria,
and nucleus, and interacts with more than another 200 proteins [95].

The study of the protein’s structure demonstrated the internal irregularity of the N-
terminal region of DISC-1 and identified four functional helical and soluble domains in the
C-terminal region, named D. I. S. C. The C-terminal region may determine the pathophysi-
ology of mental illness associated with protein assembly and aggregation disorders, since
previously discovered mutations for the most part affected this part of the protein [96]. Re-
cently obtained data concerning the characteristics of the C-region of DISC-1 demonstrate
that this region is structured and polymorphic, forming oligomers and β-fibrils. As a result
of various mutations, truncate variants of the protein appear, which leads to its aggregation
and the formation of insoluble forms. Thus, increased expression of DISC-1 can lead to the
formation of aggregates [97]. Such DISC-1 aggregates, insoluble even in the presence of
detergent sarcosyl, have been found in patients with a chronic mental illness [48].

In vitro studies have revealed that overexpression of the DISC-1 protein results in the
formation of large, perinuclear insoluble aggregates that form aggresomes, as evidenced
by the colocalization of DISC-1 with aggressive markers, and the dispersion of small
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and medium-sized aggregates in the cytosol [98]. Aggregation of DISC-1 in vitro can be
stimulated by the induced cellular stress caused by hydrogen peroxide treatment [99] and by
an increase in dopamine levels [98]. Aggressive aggregates are able to recruit endogenous
soluble DISC-1, thereby reducing the functional activity of the protein and can recruit
other proteins, such as dysbindin [100]. Aggregation of the transgenic DISC-1 protein also
leads to the recruitment of the endogenous protein to the insoluble fraction [101]. One of
the consequences of DISC-1 aggregation is the disruption of the mitochondrial transport
rate [99]. In addition, it has been shown that aggregates of full-length DISC-1 can be
transported to intercellular contacts similar to prion and prion-like proteins using transport
through membrane nanotubules (TNTs) [98] and that fragments of the C-terminal region of
DISC-1 are directly internalized by other cells [48].

The study of the DISC-1 point mutation in a mouse model of schizophrenia revealed
that one of the possible mechanisms of aggregates formation represented an increase in the
intermolecular cohesion of the protein. It was demonstrated that the decrease in total or
functional DISC-1 led to impaired sensorimotor gating, which often occurs in patients with
schizophrenia [102]. Experimental data from a study of transgenic rats confirmed the sug-
gestion that the DISC-1 gene is involved in the processes of postnatal neurogenesis and that,
together with environmental factors, it can contribute to the dysregulation of the dopamine
system [103]. Overexpression of full-length DISC-1 and the resulting protein aggregation
has been found to trigger the development of behavioral and molecular phenotypes that
can also be seen in schizophrenia. These phenotypes are associated with disturbances in the
dopamine system, such as dramatic increases in high-affinity D2 receptors and increased
clearance of extracellular dopamine due to dopamine transporter translocation in the dorsal
striatum [101]. In addition, dysfunctional changes in the hippocampal neural networks
occur, affecting spatial memory and leading to an impairment of the ability to adapt to new
conditions [104].

3.5. Disbindin-1

The chronic mental illness risk gene DTNBP1 encodes the dysbindin-1 protein. This
protein represents a part of the lysosome-1-associated organelle biogenesis complex (BLOC-
1) in the synapse, modulates NMDA receptors and D2 receptors on the membrane surface,
and participates in vesicular transport [105]. As a result of alternative splicing, the human
DTNBP1 gene produces at least three distinct isoforms of the protein: dysbindin-1A, -1B,
and -1C. In vitro studies have demonstrated that only dibindin-1B has the ability to aggre-
gate. These aggregates are invasive (via exosomal transport) and neurotoxic [106]. Studies
in transgenic mice revealed that overexpression of dysbindin-1B can lead to its aggregation
and also coaggregation with BLOC-1 subunits, exerting a dominant-negative effect on
BLOC-1, with subsequent impairment of synaptic vesicle transport [105]. Overexpression
of dysbindin-1B can affect the activity of endogenous dysbindin-1A, possibly recruiting it
into aggressive formations, which produces neurotoxic effects. Elevated mRNA levels of
genes encoding dysbindin-1B have been found in patients with schizophrenia. Moreover, it
has been shown that the intron polymorphism identified in the DTNBP1 gene and associ-
ated with schizophrenia affects alternative splicing, resulting in increased expression of
dysbindin-1B [107].

3.6. CRMP1

The collapsin response mediator protein (CRMP) is a family of five homologous
cytosolic proteins (CRMP-1-5) that are involved in microtubule regulation. All of them are
highly expressed in a growing and adult nervous system, where they play an important role
in the development and maturation of neurons [108]. CRMP expression is altered during
mental and neurological disorders in humans [109]. In particular, it is known that CRMP1 is
a semaphorin 3A signaling molecule, which mediates neuronal signaling in the developing
brain and possesses the reelin-dependent regulation of neuronal migration in the cerebral
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cortex [110,111]. CRMP1 is also involved in Purkinje cell migration [112]. Reelin anomalies
have long been associated with schizophrenia or behavioral control abnormalities [113].

There is at the moment a lack of data on the possibility of aggregation of CRMP proteins
in brain tissues during mental disorders. The recent research by Bader and colleagues
describes an experiment with the construction of antibodies against the pooled insoluble
proteome of a post-mortem brain of patients with schizophrenia to identify unique disease-
specific epitopes. One of these epitopes has been found on CRMP1 [114]. The presence of
CRMP1 in a purified insoluble brain fraction may be associated with co-aggregation with
another true aggregating protein, similar to the reconfiguration of soluble dysbindin to
insoluble DISC-1 [100]. The short isoform of CRMP1 cannot aggregate by itself; however,
co-expression of the short-spliced form of CRMP1 with DISC-1 results in co-aggregation in
the insoluble precipitate of DISC-1 aggress. However, the association between aggregated
DISC-1 and aggregated CRMP1 was not strong. This suggests that other factors or proteins
may also play a role in CRMP1 aggregation. It was also demonstrated that the long isoform
of CRMP1 has its own aptitude for aggregation [48]. Thus, CRMP1 could be a novel
candidate protein for the investigation of schizophrenia mechanisms, which functionally
interact with DISC-1 and intersect with the reelin and DISC-1 pathways [48].

3.7. SNAP25 in the SNARE Complex

SNARE is a neuronal protein complex that plays a central role in neuronal signaling.
This protein takes part in the process of synaptic vesicles fusion with the presynaptic plasma
membrane, which leads to the release of a neurotransmitter. Disruption of this system
results in synaptic dysfunction and neurodegeneration [115,116]. In addition, abnormalities
in SNARE are associated with a number of psychiatric disorders [117].

The SNARE complex is formed by several major proteins: SNAP25 (synaptosomal-
associated protein 25), syntaxin, and synaptobrevin (or VAMP—vesicle-associated mem-
brane proteins) [118]. All SNARE proteins contain alternating hydrophobic and hydrophilic
regions, indicating an internal ability for amyloidogenesis [116,119]. The most pronounced
aptitude for aggregation was observed for the helical protein SNAP25. SNAP25 interacts
with a number of synaptic proteins and forms several complexes that induce conforma-
tional changes in the SNARE complex. The three-dimensional model of the SNAP25 protein
showed that a large part of the protein is unordered. This feature of SNAP25 is similar to
the amyloid-β and α-synuclein protein structures, which are associated with proteopathies,
AD, and Parkinson’s disease [116,120]. In addition, it was shown that the changes in
the amyloid precursor protein (APP) and amyloid-β contents in a primary cortical cell
culture mirror those in the SNAP25 levels [121]. These data suggest that SNAP25 may
fold incorrectly and aggregate subsequently. This assumption was confirmed by the work
of Ramos-Miguel and colleagues, who showed the presence of homotetrameric SNAP25
aggregates in autopsy samples of the orbitofrontal cortex of patients with schizophrenia
and depression. The amount of tetrameric aggregates (~110 kDa) was seven times higher
in patients with schizophrenia compared to the controls. The authors hypothesized that
presynaptic overstimulation produces biochemical stress in the SNARE complex, leading to
misalignment, due to the misfolding of SNAP25 [122]. Another research team demonstrated
that SNAP25 can aggregate by itself [123]. Thus, SNAP25 can probably be considered as a
link between synaptopathies and proteopathies [117].

Alterations of SNAP25 expression have been observed in several psychiatric con-
ditions, such as schizophrenia and bipolar disorder [124,125]. Moreover, it has been
demonstrated that several SNAP25 polymorphisms (rs363050, rs3746544, rs363043) are
associated with autism and attention deficit hyperactivity disorder (ADHD) [126–129].
Possibly, SNAP25 gene polymorphisms are translated into conformational variants that
presumably interact with other SNARE proteins and alter the stability of the SNARE com-
plex. The alteration of SNAP25 conformation weakens the interaction of SNARE proteins
and subsequently destabilizes the complex, while extremely strong interactions abnormally
increase its stability. Both events presumably change the structural organization of the
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SNARE complex, which impairs its function and ultimately affects neural signaling. It was
also demonstrated that post-translational modification disruptions can alter the functional
structure of SNAP25 and increase its tendency to aggregate. Thus, abnormal expression of
SNAP25 can presumably be a common neuropathological marker of a number of mental
and neurodegenerative disorders [116].

Other proteins of the SNARE complex, such as syntaxin and VAMP, are also associated
with psychiatric disorders. Similar to SNAP25, these proteins destabilize the SNARE
complex and disrupt neuronal signaling [116]. Ramos-Miguel and colleagues observed an
increase in protein–protein interactions in the SNARE complex in schizophrenia patients,
which induced the manifestation of complex dysfunction due to abnormal interactions
of SNARE proteins. It has been shown that schizophrenia is associated with abnormal
SNARE complexes formation in the orbitofrontal and anterior cingulate cortices without
any altering of protein expression levels. In addition, the main components of the SNARE
complex (SNAP25, syntaxin, VAMP) are known to interact abnormally with the ancillary
proteins that are involved in the process of presynaptic binding and release in patients
with schizophrenia. Immunoprecipitation studies have demonstrated an increased binding
affinity of SNAP25 to the Munc18-1 and Cplx1 proteins in the brain of patients with
schizophrenia, which may underlie the formation of the aberrant SNARE complex during
the disease [122]. Thus, the misfolding of SNARE complexes and alteration of the protein–
protein interactions in the synaptic processes scramble the brain physiology stability and
induce the development of neuropathology.

3.8. TRIOBP

The TRIO and F-actin binding protein (TRIOBP) gene, previously associated with
deafness, encodes several different kinds of proteins, each of which plays a role in the
modulation of the actin cytoskeleton. The gene undergoes complex alternative splicing
and, thus, induces the development of several proteins, including TRIOBP-1, at the 3′

end of the locus, and TRIOBP-4 at the 5‘-end of the locus [130,131]. In addition, the long
isoforms, such as TRIOBP-3 and TRIOBP-6, including the TRIOBP-1 and TRIOBP-4 exons,
are also formed [132]. TRIOBP-1 (also known as TARA or TAP68) is one of the short
isoforms of TRIOBP representing a mostly structured protein. The functions of TRIOBP-1
in the brain are not well understood, but the protein is known to be involved in actin
modulation [130,133]. Actin filaments represent one of the key elements of the cytoskeleton
vital for various neuronal processes, including cell motility, neuronal differentiation, and
intercellular connections [131]. TRIOBP-1 is also required for proper mitosis and cell
migration [131]. TRIOBP-4 is another short isoform, completely unordered and expressed
primarily in the inner ear. It was shown that this protein has mutant forms that cause
deafness [130,131,134]. The long isoforms of TRIOBP combine the functions of the shorter
ones and also play an important role in hearing [130,131].

The highest capacity for aggregation has been attributed through observation to
TRIOBP-1. TRIOBP-1 has two separate coiled domains: a central and a C-terminal domain.
The central domain is responsible for TRIOBP-1 oligomerization and its tendency for
aggregation [132]. The exact mechanism powering this process has yet to be determined,
but it is likely to be related with the oligomeric condition and/or other components with
which it may interact. For example, it has been shown that the E3 ubiquitin ligase HECTD3
can regulate the ubiquitination and degradation of TRIOBP-1 [133]. Presumably, disruption
of this process can lead to TRIOBP-1 protein dysregulation and its aggregation [130]. The
possibility of TRIOBP-1 aggregation in mental disorders was shown experimentally. The
usage of generated monoclonal antibodies to the total insoluble and aggregated protein
fraction of a schizophrenic patient’s brain demonstrated that such antibodies recognize
TRIOBP-1 but not TRIOBP-4. This allows one to suggest that TRIOBP-1 is present in an
aggregated form in the brain of at least some patients [135]. Overexpression of TRIOBP-
1 in mammalian cell culture systems or in primary rat cortex neurons was observed to
induce the formation of insoluble aggregates of proteins while such a process was not
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observed for TRIOBP-4. In cultured cells, endogenous TRIOBP-1 aggregation increased
during differentiation, which is consistent with the accumulation of aggregated TRIOBP
in postmitotic brain neurons. In addition to the full-length TRIOBP-1 with a molecular
weight of 70 kDa, aggregation of shorter (45–60 kDa) proteins, representing the helical
regions of TRIOBP-1, was also observed [136]. Bradshaw and colleagues demonstrated that
aggregated TRIOBP-1 affects cell morphology when expressed in Neuroscreen-1 cells [136].
Therefore, TRIOBP-1 aggregates may directly influence cell development and not only
represent a by-product of other processes associated with serious mental illness. Thus,
TRIOBP-1 is one of several proteins that appear to form aggregates in cells and insoluble
complexes in the brain through specific, though not yet elucidated, cellular processes [130].
Long isoforms TRIOBP, such as TRIOBP-5, can also be expressed in the brain and form
aggregates similar to those of TRIOBP-1 in a cell culture. It is therefore possible that
aggregation of longer TRIOBP isoforms may also play a role in mental illness pathogenesis.
However, this remains to be explored [130,131].

3.9. NPAS3

Neuronal PAS domain protein 3 (NPAS3) is a member of the basic helix-loop-helix
(bHLH) family of transcription factors. This group of proteins is involved in the regulation
of neurogenesis, metabolism, and circadian rhythms [137]. Initially, the association of
NPAS3 with schizophrenia was demonstrated in one interesting family case of schizophre-
nia, which was diagnosed in both mother and daughter. In that case, a chromosomal
translocation disrupting the NPAS3 gene was present in both the mother and daughter
affected with schizophrenia, which allowed researchers to associate the gene with mental
impairment [138,139]. Some genetic studies have also shown a possible association of
NPAS3 with severe psychiatric disorders. For example, it was established that specific
NPAS3 haplotypes increase the risk of both schizophrenia and bipolar disorder [139]. It is
interesting that the NPAS3 gene has been associated with bipolar disorder and that it is also
expressed differently in the dorsolateral prefrontal cortex during bipolar disorder [140].

Established mutation in NPAS3 results in the amino acid replacement of valine for
isoleucine (V304I). Recently, a small family with this rare V304I mutation was reported to
have two members, one suffering from schizophrenia and another from major depressive
disorder [141]. NPAS3 itself is prone to aggregation, but the V304I mutation increases this
propensity. V304I has been shown to alter transcriptional activity, decrease soluble endoge-
nous NPAS3, and increase insoluble endogenous NPAS3. The amino acid replacement
induced by this mutation occurs in a potentially critical region of protein function, which
presumably leads to its destabilization [137]. Potentially, protein conformation changes
may contribute to the formation of amyloidogenic intermediates [142].

Another recent work has proved the possibility of NPAS3 aggregation in brain tissues.
Samardžija and colleagues studied NPAS3 aggregation by investigating a purified, insoluble
fraction of human insular cortex homogenates. Full-length NPAS3 was detected in the
insoluble fraction of 70% of the samples, indicating that NPAS3 aggregation could be
much more common, and that it is not limited to the rare V304I mutation. It has been
shown that NPAS3 aggregation can be caused by oxidative stress. Presumably, oxidative
stress plays a greater role in this process than the V304I mutation [143]. Oxidative stress is
involved in the pathogenesis of many diseases of the central nervous system, including
schizophrenia [144]. Moreover, it can also lead to protein misfolding [145]. The authors
concluded that a combination of genetic and environmental factors may contribute to
NPAS3 aggregation [143].

3.10. Aggregates of GluA1 Subunits of AMPA Receptors Caused by the Dysfunction of the
CNTNAP2 Protein

CNTNAP2 (Caspr2) is a neuronal transmembrane protein that is a member of the
neurexin superfamily. This protein is involved in neuron–glia interactions and the clustering
of K+ channels in myelinated axons. CNTNAP2 is present in many neuron compartments,
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including dendritic spines, axons, and the soma. It participates in the development of
spines, synapses, and dendrites and plays a role in the organization of the axolemma, but
the exact mechanisms of its contribution in these processes are unknown [146–148]. The
CNTNAP2 protein is encoded by the CNTNAP2 gene, whose variability has been associated
with mental retardation, autism, epilepsy, and schizophrenia [149–152]. At the same time,
post-mortem neuropathological studies have shown an altered density of the dendritic
spines on the pyramidal neurons in people with autism and schizophrenia [153,154]. This
suggests a possible role for dendritic development impairment in mental disorders with
CNTNAP2 pathology.

The presence of autism-associated behavioral phenotypes in Cntnap knockout mice,
such as hyperactivity and epileptic seizures, is an indication of the potential role of CNT-
NAP2 in the pathogenesis of psychiatric disorders [148]. Varea et al. demonstrated that
cultured mature neurons from CNTNAP2 gene knockout mice are characterized by a re-
duced spine density and reduced levels of AMPA receptor GluA1 subunits in the spines. In
addition, large cytoplasmic aggregates of GluA1 were found in such knockout neurons,
which may have something to do with the CNTNAP2 protein dysfunction. Furthermore,
the presence of such aggregates has been shown to be associated with abnormalities in the
transport of synaptic proteins [146]. Interestingly, GluA1-containing agresomes have also
been found in normally developing rat spinal cord neurons. These agresomes appeared
transiently between embryonic day 17 and postnatal day 19 and contained no other AMPA
receptor subunits [155]. Until then, the existence of AMPA receptor-containing aggre-
gates had not been reported in humans with psychiatric disorders or in animal models.
The possible role of such aggregates in the pathogenesis of mental disorders remains to
be determined.

3.11. FABP

Lipid metabolism disorders are associated with mental illness. In particular, the
peripheral levels of fatty acids, especially the ω3 and ω6 polyunsaturated fatty acids, have
been shown to be associated with the pathophysiology of schizophrenia and autism [156–158].
Sinceω3 andω6 are extremely lipophilic molecules, chaperone proteins called fatty acid
binding proteins (FABP) are required for their intracellular transport. There are three main
types of FABP in the brain, namely FABP3, FABP5, and FABP7, which are expressed in
specific cell populations [159]. FABP proteins play an important role in the transport of their
insoluble ligands to various cell regions, such as the endoplasmic reticulum, mitochondria,
and nucleus [160].

Some data indicate that genetic variations in the FABP genes may be involved in
the pathogenesis of mental disorders. Shimamoto and colleagues identified several rare
polymorphisms of the FABP3, FABP5, and FABP7 genes in schizophrenia and autism. In
particular, they showed that two frameshifting variants (FABP3 c.395delA (p.E132fs) and
FABP7 .c.239delA (p.N80fs)) are observed exclusively in affected patients. In addition, these
two polymorphisms induce the formation of aggregate-like structures in the cytoplasm
without penetrating into the nucleus when overexpressed in Neuro2A cells. This fact points
to the predisposition of these proteins to aggregation. Certain pathological behavioral
changes have also been observed in Fabp3 and Fabp7 knockout mice, which implies a
critical role for them in mental illness phenotypes development [160].

The association of FABP3 with α-synuclein aggregates in animal models of Parkinson’s
disease reinforces the idea of the involvement of FABP proteins in aggregates’ formation
in brain tissues. It was demonstrated that α-synuclein interacts with FABP3 and that this
process promotes oligomerization of α-synuclein in model mice [161]. In addition, it was
uncovered that α-synuclein aggregation in dopamine neurons is attenuated in FABP3
knockout mice [161]. A histological study of FABP3 expression in tissues obtained from
patients with synucleinopathies, patients with AD, and healthy people showed the presence
of FABP3 expression in brain tissues and its colocalization with α-synuclein aggregates
in the brains of the people with synucleinopathies, but not with amyloid aggregates, β,
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or p-tau in the brains of those with AD [162]. These data are an indication that FABP3
expression is associated specifically with α-synuclein, which suggests the important role of
FABP3 in the formation of pathological protein aggregates in the brain.

3.12. Ankyrin-G

Ankyrin-G is a protein that belongs to the ankyrin family. This protein acts as a
scaffold, linking plasma membrane proteins to the actin/β-spectrin cytoskeleton, and thus
organizing proteins into domains on the plasma membrane [163]. Ankyrin-G plays an
important role in many neurobiological processes, including synaptic transmission and
synaptic plasticity [164]. Mutations in the ANK3 gene encoding ankyrin-G have also been
shown to be associated with neuropsychiatric disorders [165,166]. Ankyrin-G interacts
with deubiquitinase Usp9X. Phosphorylation of Usp9X enhances their interaction, reduces
ankyrin-G polyubiquitination, and stabilizes ankyrin-G for the maintenance of dendritic
spine development [167]. The USP9X gene has also been associated with abnormalities
in brain development [168]. A recent study by Yoon and colleagues demonstrated that
Usp9X knockout mice are characterized by increased ubiquitination, reduced density of
dendritic spines, and ankyrin-G aggregates formation in the mature cerebral cortex of the
mice. These biochemical changes were accompanied by hyperactive behavior on the part
of the knockout mice. Therefore, this study is demonstration of a possible pathogenetic
mechanism of neurodevelopmental disorders entailing possible neuropsychiatric disorders,
which includes aggregation of ankyrin-G in brain tissues [167].

Finally, we summarized the data on the proteins that could potentially be involved in
the brain aggregation processes in psychiatric disorders in Table 1.

Table 1. Summary of data on aggregating proteins in psychiatric disorders.

Protein Functions Mental Disorders Object Links

Beta-amyloid

Beta-amyloid is formed from its
precursor APP (amyloid precursor
protein). APP is essential for
neuroplasticity, the formation of new
synapses, and overall viability of
neurons.

Schizophrenia Human [71]

Behavioral disturbances Animals [77]

Cognitive impairment and
memory deficits Human [72–77,79]

Anxiety and depressive
disorders Human [80]

Depression behavior Rats [77]

Anxiety behavior Rats [78]

tau protein

Takes part in the stabilization of
microtubules and axonal transport,
related to mitochondrial function,
deficiencies in oxidative
phosphorylation or apoptotic activity

Psychosis Human [83]

Suicide attempt, severe
depression and Human [89]

Schizophrenia Human [82,84,85]

Depression Human [86–88]

α-synuclein Regulates synaptic vesicle transport
and neurotransmitter release Depression Mice [92]

β-synuclein
Suppresses the processes caused by
α-synuclein and prevents
neurodegeneration

Dementia with Lewy
bodies Human [93]

Dementia with Lewy
bodies, memory
impairment, and
movement disorders

Transgenic mice that
expressed P123H
β-synuclein

[94]
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Table 1. Cont.

Protein Functions Mental Disorders Object Links

DISC-1

The DISC-1 protein is functionally
involved in many processes that
regulate the development of the
nervous system and brain maturation,
such as neuronal proliferation,
differentiation, migration, cytoskeletal
modulation, and post-translational
regulation through various signaling
pathways.

Schizophrenia Rats [95,101]

CRMP1

Involved in microtubule regulation,
highly expressed in the growing and
adult nervous systems, play an
important role in the development and
maturation of neurons, mediates
neuronal signaling in the developing
brain, and promotes the
reelin-dependent regulation of
neuronal migration in the cerebral
cortex, involved in Purkinje cell
migration

Schizophrenia Human [108–111]

Disbindin-1

Represents a part of the
lysosome-1-associated organelle
biogenesis complex in the synapse,
modulates NMDA receptors and D2
receptors on the membrane surface,
and participates in vesicular transport

Schizophrenia Human [105,107]

SNAP25 in the SNARE
complex

Plays a central role in neuronal
signaling, takes a part in the process of
synaptic vesicles fusion with the
presynaptic plasma membrane, which
leads to the release of a
neurotransmitter

schizophrenia and
depression Human [115,116,122]

TRIOBP
The TRIO and F-actin Binding Protein
(TRIOBP) plays a role in the
modulation of the actin cytoskeleton.

Schizophrenia Human [130,131]

NPAS3
Is involved in the regulation of
neurogenesis, metabolism, and
circadian rhythms

Schizophrenia Human [137,143–145]

Aggregates of GluA1
subunits of AMPA receptors
caused by the dysfunction of
the CNTNAP2 protein

CNTNAP2 (Caspr2) is involved in
neuron-glia interactions and clustering
of K+ channels in myelinated axons,
takes part in the development of
spines, synapses, and dendrites and
plays a role in the organization of the
axolemma

Psychiatric disorders Human, mice [146,148]

Autism Mice [155]

FABP

Plays an important role in the
transport of fatty acids insoluble
ligands to various cell regions, such as
the endoplasmic reticulum,
mitochondria, and nucleus

Two causing aggregation
frameshifting variants
(FABP3 c.395delA
(p.E132fs) and FABP7
.c.239delA (p.N80fs)) were
observed exclusively in
patients with
schizophrenia and autism

Human (aggregation was
shown in a cells culture) [160]

Ankyrin-G

Acts as a scaffold, linking plasma
membrane proteins to the
actin/β-spectrin cytoskeleton, and
thus organizing proteins into domains
on the plasma membrane, plays an
important role in many neurobiological
processes, including synaptic
transmission and synaptic plasticity

Hyperactive behavior
entailing possible
neuropsychiatric disorders

Mice [163,164]
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4. Conclusions

Many proteinopathies are characterized by cognitive decline, symptoms of anxiety and
depression, as well as the positive symptoms, such as visual and auditory hallucinations,
associated with dementia and AD. This is an indication of the involvement of protein
conformation and aggregation impairments in the pathophysiological mechanisms of the
development of not only neurodegenerative diseases but also schizophrenic and anxiety-
depressive spectrum disorders. In this review, we have examined the processes leading
to the accumulation of the protein aggregates and misfolded proteins found in various
mental illnesses.

The accumulation of misfolded and aggregated proteins in the brain of people with
mental disorders may be one of the common features in the pathogenesis of schizophrenia,
depression, and bipolar disorder, as well as some other pathologies not considered in
this review since no information about them is available at the moment. We believe that
additional research is needed in the field of pathological protein aggregates studies, which
could contribute to a deeper understanding of the pathogenesis of mental diseases and also
represent a prospect in the search for new therapeutic targets.
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