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Abstract: Schizophrenia is a major psychiatric disorder that afflicts about 1% of the world’s
population, falling into the top 10 medical disorders causing disability. Existing therapeutic strategies
have had limited success on cognitive impairment and long-term disability and are burdened by side
effects. Although new antipsychotic medications have been launched in the past decades, there has
been a general lack of significant innovation. This lack of significant progress in the pharmacotherapy
of schizophrenia is a reflection of the complexity and heterogeneity of the disease. To date, many
susceptibility genes have been identified to be associated with schizophrenia. DTNBP1 gene, which
encodes dysbindin-1, has been linked to schizophrenia in multiple populations. Studies on genetic
variations show that DTNBPI modulate prefrontal brain functions and psychiatric phenotypes.
Dysbindin-1 is enriched in the dorsolateral prefrontal cortex and hippocampus, while postmortem
brain studies of individuals with schizophrenia show decreased levels of dysbindin-1 mRNA and
protein in these brain regions. These studies proposed a strong connection between dysbindin-1
function and the pathogenesis of disease. Dysbindin-1 protein was localized at both pre- and
post-synaptic sites, where it regulates neurotransmitter release and receptors signaling. Moreover,
dysbindin-1 has also been found to be involved in neuronal development. Reduced expression levels
of dysbindin-1 mRNA and protein appear to be common in dysfunctional brain areas of schizophrenic
patients. The present review addresses our current knowledge of dysbindin-1 with emphasis on
its potential role in the schizophrenia pathology. We propose that dysbindin-1 and its signaling
pathways may constitute potential therapeutic targets in the therapy of schizophrenia.
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1. Introduction

Schizophrenia is an idiopathic mental illness occurring in 0.5-1% of the general population [1].
The clinical symptoms of this disorder include auditory hallucinations, delusions, disorganized speech,
abnormal motor behavior, cognitive deficits and other behavioral symptoms [1,2]. Schizophrenia-like
symptoms also include negative symptoms, such as reduced response to daily and social activities
(motivation), depressive-like emotion or diminished expression of pleasure [3]. These symptoms
impair patients’ daily functioning, and can be disabling [4]. Despite the efforts to develop effective
interventions, drugs and psychosocial therapies, an efficient treatment of schizoaffective disorder is
not yet available. Most of the antipsychotic drugs control some schizophrenic symptoms by affecting
the dopamine and/or serotonin in the brain, however schizophrenia requires chronic therapy and
antipsychotics usually cause intolerable side effects [5]. Failures of investigational new drugs for

Int. J. Mol. Sci. 2017, 18, 2044; d0i:10.3390/ijms18102044 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
http://dx.doi.org/10.3390/ijms18102044
http://www.mdpi.com/journal/ijms

Int. ]. Mol. Sci. 2017, 18, 2044 20f15

schizophrenia have left huge unmet medical needs for patients. Given the recent lackluster results, it is
imperative that new drug candidates that target pathophysiological alterations that are shared in specific
patient populations is becoming increasingly necessary for future investigational new drugs [6].

It is generally accepted that genetic and environmental factors can trigger the disease [7]. In fact,
gene-by-environment interactions and epigenetic alterations modified by environmental and social
factors are now considered as possible facets of the schizophrenia etiology [8]. A large number of
epidemiological studies carried out in family and twin established that the vulnerability to develop
schizophrenia is largely genetic in stratified patient populations [9,10]. Family studies found that the
lifetime morbid risks of schizophrenia in relatives of patients is 10 times higher than that in relatives
of controls [11,12]. Heritability of schizophrenia is around 80-85% and twin studies have indicated
50% chance in monozygotic and 17% chance in dizygotic twin obtaining the diagnosis (if the other
twin already has it) [12,13]. It is interesting that the rates of developing schizophrenia were quite
low and no difference was observed in the adoptive families of both affected and control groups [12].
These studies clearly indicate the important role of genetic factors in the pathogenesis of schizophrenia.
The genetic basis of schizophrenia is complex and genome-wide association studies (GWAS) have
identified hundreds of single nucleotide polymorphisms (SNPs) associated with schizophrenia [14].

Many studies have shown that dystrobrevin binding protein-1 (dysbindin-1) is one of the
important potential susceptibility genes for schizophrenia [15-21]. Accumulating evidence shows
that the level of dysbindin-1 is reduced in postmortem brains from schizophrenia patients [22,23].
Studies on its neurobiological functions indicate that dysbindin-1 regulates neurotransmitter release,
post-synaptic receptor expression and brain development [24-29]. Thus, an enhanced understanding
of the biological functions and molecular pathways mediated by dysbindin-1 is required to better
exploit the therapeutic potential of dysbindin-1 for the treatment of schizophrenia. In this review, we
will examine the current understanding and evidence that are proposing dysbindin-1 involvement in
schizophrenia and explore its potential as an intervention target for the treatment of schizophrenia.

2. Expression of Dysbindin-1 in the Brain and Its Biological Functions

Dysbindin-1 is a protein encoded by dystrobrevin-binding protein 1 gene (DTNBP1), which is located
on the short (p) arm of chromosome 6 at position 22.3 [30]. Initially, dysbindin-1 was found to be a
component of the dystrophin-associated protein complex (DPC) in skeletal muscle cells. It is believed
that dystrophin-1, which links the cell cytoskeleton to the extracellular matrix, contributes to the
stability of muscle fibers and, therefore, the loss of dysbindin-1 is probably involved in the pathology
of muscular dystrophy [31,32]. DPC is also highly expressed in the brain, in particular the cortex and
the hippocampus. As a component of the DPC complex, dysbindin-1 in the central nervous system
(CNS) maintains the structure and physical stabilization of neuronal synaptic membrane [33].

Dysbindin-1 is also a part of biogenesis of lysosome-related organelles complex 1 (BLOC-1) [34],
which is involved in the biogenesis of specific components, such as melanosomes and platelet-dense
granules, of the endosomal-lysosomal system [35]. In the CNS, BLOC-1 subunits co-localized with
synaptic vesicles and synaptosomes derived from synaptic endings [36]; therefore, it was proposed
that these BLOC-1 subunits control membrane expression and lysosomal delivery of post-synaptic
receptors [37]. As a component of BLOC-1, dysbindin-1 is found primarily in axon or synaptic terminals
in the striatum, neocortex, cerebellum and hippocampus [32], brain areas affected in schizophrenic
patients. BLOC-1 complex contains many proteins, including pallidin, muted, cappuccino, dysbindin,
snapin, blosl, blos2 and blos3 [38]. Mutation or deletion of dysbindin-1 subunit is associated with a
destabilization of these proteins of the BLOC-1 complex [37], and defects on the dysbindin-1 complex
contribute to synaptic and circuit deficits [36]. Moreover, its deficiency affects the expression of
post-synaptic neurotransmitter receptors [37,39—-41], which are involved in schizophrenia pathogenesis.

Dysbindin-1 is an evolutionary conserved protein composed of approximately 350 amino acids and
containing two coiled-coil domains [42]. There are three dysbindin-1 isoforms, namely dysbindin-1A, -1B
and -1C [42]. All three of these isoforms are highly expressed in neuronal cells, while dysbindin-1A
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is the longest and major isoform expressed in the brain [28]. Dysbindin-1A and -1B have the same
N-termini, whereas dysbindin-1B lacks exon encoding the PEST ((proline (P), glutamic acid (E),
serine (S) and threonine (T)) domain in the C-terminal [43]. Dysbindin-1A and -1C have the same
C-termini, while dysbindin-1C lacks the N-terminal 81 amino acids [43]. Isoforms 1A and 1B are mainly
localized in nucleus, whereas the isoform C is exclusively expressed in the cytosol [42]. Dysbindin-1A
is expressed on postsynaptic densities (PSDs), dysbindin-1B is mainly expressed in synaptic vesicles,
and dysbindin-1C is expressed both in synaptic vesicles and present in PSDs [28]. Knock down of
dysbindin-1 resulted in an imbalance of the dopaminergic system and dysregulation of hippocampal
synaptic transmission [26,27,44-46], pathological processes of schizophrenia. The levels of both
dysbindin-1B and 1C are reduced in the hippocampus of schizophrenic patients, while level of synaptic
dysbindin-1A was not affected [36], suggesting that different dysbindin-1 isoforms have different
biological functions in schizophrenia. Among the three isoforms, dysbindin-1C was implicated in
neurogenesis and neurodevelopment. Deficiency of dysbindin-1C leads to a reduction in mossy cells
and delayed maturation of newborn neurons in the adult hippocampus [29]. These data suggest that
distinct dysbindin-1 isoforms regulate neurodevelopment and reduced expression dysbindin-1C is
probably associated with impairment of adult hippocampal neurogenesis.

3. Interaction of Dysbindin-1 with Cellular Proteins

It is widely accepted that that dysbindin-1 interacts with multiple proteins and exhibits different
biological functions in different tissues [32,47]. In the CNS, dysbindin-1 and DPC were implicated
in the formation and stability of neuronal synapses as well as the regulation of dendritic spine
morphogenesis [33]. Schizophrenia is commonly viewed as a neurodevelopmental disorder originating
from decreased spine density and impaired synaptic connectivity [48]. Therefore, it is hypothesized
that deficiency of dysbindin-1 leads to profound dysfunction in synaptic connectivity, and eventually
contributes to the schizophrenia-like pathology [33]. Besides the originally identified interacting
protein dystrobrevin, it has been reported that dysbindin-1 interacts with many proteins, such
as histone deacetylase 3 (HDACS3) [49], DNA-dependent protein kinase (DNA-PK) [42], nuclear
factor-kappa B (NF-«B) [50], disrupted in schizophrenia 1 (DISC1) [51] and snapin [52].

Dysbindin-1 formed a protein complex with HDAC3 in human neuroblastoma cells and in mouse
brain. The interaction between dysbindin-1 and HDACS3 occurred in an isoform-specific manner:
HDACS3 coupled with dysbindin-1A and -1B, but not -1C. It was also found that dysbindin-1B
expression was increased in the nucleus in the presence of HDAC3, and conversely, that the
phosphorylation level of HDACS3 increased in the presence of dysbindin-1B [49]. Therefore, it is
tempting to propose that dysbindin-1 may regulate gene transcription through an interaction with
HDACS. In patients with psychiatric disorders, histone acetylation is significantly reduced and
inhibition of HDAC might be a promising strategy for cognition improvement in schizophrenic
patients [53]. In the nucleus, dysbindin-1 forms a protein complex with HDAC3 and DNA-dependent
protein kinase (DNA-PK). DNA-PK complex promotes the phosphorylation of both dysbindin-1 and
HDACS3 [42]. Among the three isoforms, dysbindin-1A, and -1B localize in the nucleus and interact
with HDAC3, while only dysbindin-1B facilitates the phosphorylation of HDAC3 by DNA-PK [49].
Since dysbindin-1A and -1B have different C-termini, it is hypothesized that C-terminal plays a key
role in mediating the isoform-specific interaction with HDACS3 [49]. NF-«B is a transcription factor
involved in neuronal outgrowth and synaptic plasticity [54]. In schizophrenic patients, the activity of
NF-«B is significantly decreased [55], implicating NF-«B in the etiology of schizophrenia. Furthermore,
dysbindin-1A is degraded in the nucleus via the ubiquitin-proteasome system and dysbindin-1A
amino acids 2-41 at the N-terminus are required for this process [50]. Dysbindin-1A has been proved
to interact with p65, a subunit of NF-kB, in the nucleus and enhance the transcriptional activity of
NEF-«B [50]. Considering nuclear-cytoplasmic shuttling property in combination with its nuclear
degradation and possible regulation of NF-kappa B activities, it is reasonable to propose an important
role for dysbindin-1A during schizophrenia pathogenesis. Moreover, as NF-«kB has been linked
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to neuroinflammatory responses in relation to neurodegeneration [56] and schizophrenia [57], we
suggest that dysbindin-1A interaction with the NF-«B signaling cascade is responsible for localized
neuroinflammation in higher areas of the brain involved in the behavioral and clinical symptoms
of schizophrenia.

DISC1 is another schizophrenia susceptibility factor playing roles in neuronal development [58].
In neuronal cells, DISC1 forms a complex with dysbindin-1, increases its stability in association with a
reduction in ubiquitination and the physical interaction is critical for the process of neurite outgrowth.
Furthermore, knockdown of DISC1 or expression of a deletion mutant, effectively decreased the
levels of endogenous dysbindin-1. Moreover, the neurite outgrowth defect induced by knockdown of
DISC1 was partially reversed by co-expression of dysbindin-1. Taken together, these results indicate
that dysbindin-1 and DISC1 form a physiologically functional complex that is essential for neurite
outgrowth [59]. Snapin is a binding partner of dysbindin-1 in the brain. Tissue fractionation of whole
mouse brains and human hippocampal formations revealed that both dysbindin-1 and snapin are
concentrated in tissue enriched in synaptic vesicle membranes and less commonly in postsynaptic
densities. Consistent with that finding, localization studies indicated that dysbindin-1 is located in:
(i) synaptic vesicles of axonal terminals in the dentate gyrus inner molecular layer and CA1 striatum
radiatum; and (ii) postsynaptic densities and microtubules of the dentate neurons and CA1 pyramidal
cells [60]. The function of dysbindin-1 in presynaptic, postsynaptic and microtubule locations may all
be related to known functions of snapin in regulation of neurotransmitter release [61]. Dysbindin-1 and
snapin are components of BLOC-1 and snapin is another binding partner of dysbindin-1 in vitro and
in the brain [60]. Deletion in the DTNBP-1 gene causes reduced level of snapin, which is accompanied
by defects of synaptic morphology in hippocampal neurons and schizophrenia-like behaviors in
mice [62]. Disruption of dysbindin—-snapin complex is supposed to affect microtubule assembly, which
could contribute to reductions in the neuronal cell size and reduced dendritic density. All of these
morphological alterations were frequently observed in schizophrenia [60]. A scheme of the above
interactions of dysbindin-1 with several neuronal proteins is shown in Figure 1.

Dysbindin-1

H

Muscular and v : v v
neuronal Neurotransmitter v Gene Neuronal
morphologies release Gene transcription transcription development

Figure 1. Interaction of dysbindin-1 with cellular proteins. Dysbindin-1 has been shown to associate
into complexes with multiple binding partners, in both the cytoplasm and nucleus. Dysbindin-1
binds to o- and B-dystrobrevins and regulates muscular and neuronal morphologies. Dysbindin-1
may also interact with snapin and disrupted in schizophrenia 1 (DISC1), and thereby modulating
neurotransmitter release and neurodevelopment, respectively. In the nucleus, dysbindin-1 can form
a complex with DNA-dependent protein kinase (DNA-PK) and promote the phosphorylation of
histone deacetylase 3 (HDAC3). In addition, interaction of dysbindin-1 with DISC1 may dysregulate
neuronal development.
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4. Association of Dysbindin-1 with Schizophrenia

Numerous studies have suggested a genetic predisposition to schizophrenia, and many genes,
including DISC1, catechol-O-methyltransferase (COMT), neuregulin 1 (NRG1), and DTNBP1, have
been identified as candidate susceptibility genes [2,63]. DTNBP1 is found at chromosomal locus 6p22.3
and mutations on this locus have been linked to schizophrenia [64]. Several single SNPs of DTNBP1
were suggested to influence multiple psychiatric phenotypes in schizophrenic patients. For example:
(i) SNP 151997679 and SNP rs9370822 were proven to be associated with visual hallucination [65];
(if) SNP rs4236167 was associated with auditory hallucination [65]; (iii) SNP rs9370822 and SNP
rs9370822 were found associated with olfactory hallucinations [65]; (iv) SNP rs909706, rs760761 and
rs1018381 were associated with attention [66,67]; (v) SNP rs2619522 was correlated with hippocampal
and prefrontal grey matter volumes in schizophrenic patients [68]; and (vi) SNP rs9370822 affected
glutamatergic or dopaminergic neurotransmission and has been found to be associated with a number
of psychiatric conditions including schizophrenia [69]. In 2014, Schizophrenia Working Group of the
Psychiatric Genomics Consortium reported a multi-stage schizophrenia genome-wide association study
of more than 150,000 people and found 108 schizophrenia-associated genetic loci [70]. Many of these
were involved in dopamine receptor subtype 2 (D2R) and glutamatergic neurotransmission, findings
consistent with pathophysiological hypotheses of schizophrenia [70]. Interestingly, there are several
works reporting in animal studies that genetic disruption of dysbindin-1 can alter dopaminergic and
glutamatergic neurotransmission [46,71-74]. Therefore, mutations in Dysbindin gene causing partial
or full loss of function, may represent as a direct genetic bridge between these two neurotransmitter
systems [74]. Statistical evidence for genetic association is strongly supported by altered DTNBP1 gene
expression in schizophrenic brain.

Postmortem studies have indicated that mRNA and protein expression of dysbindin-1 is decreased
in the brains of schizophrenic patients [75]. Talbot et al. found that presynaptic dysbindin-1 was
significantly reduced in the hippocampal formation in schizophrenic populations [22]. The reduction
of dysbindin-1 protein was related to glutamatergic alterations and was proposed to contribute to the
cognitive deficits in schizophrenia [22]. Weickert et al. found that patients with schizophrenia had a
significant reduction of dysbindin mRNA levels in the dorsolateral prefrontal cortex and midbrain [23].
Therefore, considering the reduced dysbindin-1 expression in schizophrenic patients, together with
the data from SNPs of DTNBP1 gene mutations, we propose that dysbindin-1 is an etiologic factor
in schizophrenia.

5. Dysbindin-1 Mutation Links to Schizophrenia-Like Behaviors

Dysbindin-1 knockout mice offer an ideal tool to study the biological and pathological roles
of dysbindin-1 in the brain and development of schizophrenia. Sandy (sdy) mice are dysbindin-1
knockout mice generated in the Jackson Laboratory. These mice have a deletion mutation occurring
spontaneously in the inbred DBA/2] mice on the gene encoding dysbindin-1 (DTNBP1) [76].
Dysbindin-1 deletion has no effect on body weight, appearance, sensory-motor reflexes and
neuromuscular strength, while Sdy mice displayed decreased locomotor activity and deficits in social
interaction [44]. This phenotype is possibly due to a decreased motivation to explore, which is highly
related to the negative symptoms of schizophrenia. In addition to hypo-locomotor activity, Sdy mice
also showed cognitive losses, including deficit of long-term memory retention and impaired working
memory [77], representative neurobiological traits observed in patients with schizophrenia [78].
The original Sdy mice were based on DBA/2] genetic background. This background itself is
characterized by locomotor and memory deficits that may confound the explanation of phenotypes
observed in this mouse [79]. Hence, the Sdy mutant mice were thereby produced from the C57BL/6]
background (dys~/~). Consistently, dys~/~ mice also showed displayed clear deficits in spatial
learning and memory using the Morris water maze and T-maze tests [46,71]. However, dys™/~
mice are hyperactive in an open-field test [71]. In addition, abnormal pre-pulse inhibition (PPI) of
an acoustic startle stimulus is usually observed in individuals with schizophrenia [80]. Similar to
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this observation, dys~/~ mice showed higher acoustic startle reactivity to the 120-dB stimulus [46],
indicating that reduced dysbindin-1 levels in mice, mimicked the increased reactivity to stressful
events seen in patients. These results support the association of dysbindin-1 to psychosis in humans.
Mechanistic studies showed that dysbindin-1 mutation in mice dysregulated pre- and post-synaptic
glutamatergic transmission and the expression of the N-methyl-D-aspartic acid (NMDA) receptors was
significantly decreased [81]. Dys~/~ mice also revealed deletion of dysbindin-1, reduced expression of
Ca?* /calmodulin-dependent protein kinase II (CaMKII) in medial prefrontal cortex [46] and enhanced
cell surface recycling and insertion of D2R into the cell membrane [41], processes which may strengthen
D2R-mediated signaling. Collectively, the results from dysbindin-1 knockout animals support the view
that dysbindin-1 may increase the risk for schizophrenia by disrupting glutamate and dopamine-related
mechanisms regulating cortical function and neuronal excitability.

6. Regulation by Dysbindin-1 of Neurotransmitter Receptors

The dysfunction of dopamine is a well-established working hypothesis of schizophrenia [82].
Recently, a “dual topographic dysregulation” of dopamine alteration has been proposed in the
reevaluation of the DA hypothesis of schizophrenia [82,83]. While within the striatum, especially
in the rostral caudate, the release and synthesis of dopamine is excessive, outside of the striatum,
the release of dopamine is in deficit in most brain regions, (cortex, hippocampus, and midbrain) [82,83].
In addition, striatal-cortical connections are significantly disrupted in patients with schizophrenia.
In this context is important to stress that abnormal striatal connectivity specifically correlates with
severity of positive symptoms and lower density of extra-striatal D2R within the same individual [84].
On the other hand, cumulative evidences have shown that the core pathophysiology of schizophrenia
might involve dysfunction of glutamate [2]. Summarizing, increasing molecular evidences support a
dual role of dysbindin-1 in dopamine and glutamate signaling.

Several studies have examined the regulatory role of dysbindin-1 in dopaminergic transmission:
(i) dysbindin-1 is a component of BLOC-1 involved in intracellular protein trafficking and synaptic
homeostasis [39]; (ii) mutation of dysbindin-1 caused impaired trafficking of D2R and increased
expression of D2R on cell surface of brain cortical neurons [41]; (iii) decreased expression of dysbindin-1
did not affect dopamine D1 receptors (D1R) [41]; (iv) decreased DTNBPI mRNA using siRNA
transfection increased the expression of D2R in both SH-SY5Y neuroblastoma cells and in primary
cultured cortical neurons [41]; and (v) in dysbindin-1-deficient mice, pyramidal neurons in medial
prefrontal cortex were more sensitive to D2R agonist-induced behaviors, while they were less sensitive
to D2R antagonist [46].

These findings indicate that dysbindin-1 regulates the expression of D2R on neuronal cell surface
as well as modulates D2R-related behaviors. Moreover, dysbindin-1 also affects D2R-mediated
signaling. Dysbindin-1 deficiency in the brain reduced Ca?*/calmodulin-dependent protein kinase II
(CaMKII) expression and signaling in medial prefrontal cortex, while chronic D2R agonist treatment
reversed the changes in signaling [46]. Additionally, Dysbindin-1 reduced dopamine-induced
adenylate cylase/cAMP signaling and phosphorylation of protein kinase B/glycogen synthase
kinase-33 (Akt/GSK3[3) and extracellular signal-regulated kinasel/2 (ERK 1/2) [85]. Hence, reduced
expression of dysbindin-1 in the brain of schizophrenic patients may decrease dopaminergic signaling,
supporting its link to the etiology of schizophrenia.

Besides dopamine receptors, dysbindin-1 may impact glutamate receptor(s) and their signaling:
(i) decreased NMDA-evoked currents and NMDA receptor subunit 1 expression was observed in
prefrontal pyramidal neurons in dysbindin-1 mutant mice [81], indicating that dysbindin-1 deficiency
down regulates both the expression and function of NMDA receptors; (ii) hippocampal slices from
dysbindin mice exhibited an enhanced long term synaptic potentiation (LTP), a process directly correlated
with elevated neuronal cell surface expression of NMDA type subunit 2A [86]; (iii) dysbindin-1 deficiency
caused impairment in hippocampal synaptic plasticity and hippocampal-dependent memory [87],
functions in which both mGluRI and NMDA receptor are involved [73]; and (iv) dysbindin-1



Int. ]. Mol. Sci. 2017, 18, 2044 7 of 15

is expressed in forebrain glutamatergic neurons and dysbindin mutants showed impairments of
prefrontal cortical glutamatergic circuits [88]. Cumulatively, these findings propose a role for
dysbindin-1 in NMDA system, which is supposed to affect cognitive impairments of schizophrenic
patients [87]. A schematic of the regulation of pre-synaptic vesicles and post-synaptic receptors
regulated by dysbindin-1 is presented in Figure 2.

O Pre-synaptic vesicles

Post synaptic receptors
. Lo
dys: Dysbindin-1

Figure 2. Regulation of dysbindin-1 on pre-synaptic vesicles and post-synaptic receptors. In the
pre-synaptic terminals, dysbindin-1 regulates synaptic vesicle transport and release. In the post synaptic
terminals, dysbindin-1 regulates the trafficking of neurotransmitter receptors, such as dopaminergic
receptors, and affects the expression of these receptors on neuronal cell surface. Dysbindin-1 also
modifies protein kinase B (Akt) and extracellular signal-regulated kinasel/2 (ERK1/2) signaling
through acting on G protein receptor-induced adenylate cyclase recruitment and cAMP production.

7. Dysbindin-1 Regulation of Neurite Outgrowth

Neurodevelopmental disturbance may contribute to the pathogenesis of schizophrenia and
schizophrenia had also been viewed as a developmental encephalopathy [89]. This hypothesis is
further supported by the fact that many of candidate genes in schizophrenia have also been clearly
shown to be linked to the neurodevelopment process [89]. The sprouting and elongation of neurites
(neurite outgrowth) is an initial critical process in the early stage of neurodevelopment of the nervous
system [90]. Dysbindin is expressed embryonically and the level of dysbindin is higher during
embryonic and early postnatal stage than that in adulthood [24]. The average level of dysbindin-1
in hippocampus and cerebral cortex from postnatal day 1 mice was three times higher than that
from postnatal 45 days aged mice [24]. The role of dysbindin-1 in neurite outgrowth has been
extensively documented. Primary cultures of dysbindin-1-deficient neurons display neurite extension
defects: reduced number of neurites and shorter length compared with wild type neurons [24].
In line with these findings, knockdown of dysbindin-1 in rat hippocampal neurons using siRNA
caused abnormally elongated, immature-dendritic protrusions [33]. Consistent with these findings,
siRNA-mediated knockdown of dysbindin-1 in human neuroblastoma SH-SY-5Y cells, caused shorter
neurites and abnormal organization of the actin cytoskeleton at their growth cone [91]. Furthermore,
in vitro cultured hippocampal neurons, derived from dysbind-1 knockout mice, showed morphological
abnormalities of the actin cytoskeleton on growth cones [91]. Together, these results indicate that
deficiency of dysbindin-1 might cause subtle defects during neurodevelopment, neural network
organization, and activity. Dysbindin-1 may also affect pathologically neurite outgrowth through
interacting with other proteins. For example, both dysbindin-1 and DISC1 are susceptibility factors
for schizophrenia [2,59]. DISC1 has been reported to be an essential component regulating neurite
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outgrowth during neuronal differentiation [92]. In the CNS, DISC1 forms a complex with dysbindin-1
and their physical interaction is essential for normal neurite outgrowth [59]. Moreover, dysbindin-1
may also facilitate neurite outgrowth indirectly through regulating the transcriptional activity of
P53 [25], which is a tumor suppressor and involved in neurodevelopment as well [93]. These studies
stress the important role of dysbindin-1 in the process of neurite outgrowth. Therefore, further studies
are needed to shed light on interactions between signaling pathways regulating neurite outgrowth
and dysbindin-1.

8. Dysbindin-1 Is Required for Diverse Presynaptic and Postsynaptic Mechanisms

Since dysregulation of presynaptic and postsynaptic mechanisms of neurotransmitter release
could contribute to the etiology of schizophrenia [94], defining the protein interaction networks for
dysbindin-1 in the neuronal synapse will help understanding its functions. Dysbindin-1 is localized
in the synapse and has multiple essential roles in presynaptic and postsynaptic pharmacology [39].
In recent years, using biochemical methods such as immunoprecipitation, mass spectrometry and
protein expression analysis, a number of interactions between dysbindin-1 and an array of other
neuronal proteins were identified. In the presynaptic terminal, dysbindin-1 is involved in different
aspects of vesicle trafficking processes [95]. For example, dysbindin-1 participates in synaptic
vesicle biogenesis and cargo sorting through interacting with BLOC1 and adaptor-related protein
complex-3 (AP3) [95], dysbindin-1 regulates vesicle trafficking through interaction with actin and
tubulin-based cytoskeletons, such as dynactin and tubulin/actin proteins [95]. Moreover, dysbindin-1
is involved in membrane targeting and vesicle tethering by binding and interacting with exocyst [95].
At pre-synaptic terminals, dysbindin is co-localized with Munc18-1, a neuron-specific protein essential
for the exocytosis of synaptic vesicles [96], modulating synaptic vesicle fusion and neurotransmitter
release [97]. These findings suggest that impairment of the presynaptic vesicle functions regulated by
dysbindin-1 may be a pathogenic mechanism in schizophrenia.

Recently, Gokhale et al. applied quantitative mass spectrometry to identify the proteomics
of neuronal cells with dysbindin-1 deficiency [98]. Both dysbindin-1 and actin-related protein
2/3 (Arp2/3) complex subunits localized to presynaptic and postsynaptic terminals in neuronal
cells [60,98]. It is known that synaptic terminals” dysbindin and Arp2/3 complex are involved in
regulation of structural plasticity of dendritic spines, actin protein polymerization, and expression
of neurotransmitter receptors [99-101]. Since the expression of Arp2/3 complex is reduced in
dysbindin-deficient cells, it is assumed that interaction of dysbindin-1 with the Arp2/3 complex
modulates presynaptic plasticity and adaptive synaptic responses [98]. These findings propose that
dysbindin-1 is necessary for neuronal synaptic plasticity. A proteome-wide search for expression of
proteins which are affected by dysbindin/BLOC-1 deficiency in neuronal cells showed that expression
of 224 proteins is altered [102]. Annotation of these proteins to neuronal functions indicates that
in a majority they are involved in neurotransmitter vesicle fusion and synaptic plasticity [102].
Additional quantitative proteomic studies have identified changes in expression of proteins and
polypeptides sensitive to dysbindin/BLOC-1 loss of function, including: (i) the BLOC-1 subunits,
such as Bloclsl-5 and snapin; (ii) dynactin complex, such as alpha-centractin and dynactin 2;
(iii) exocyst complex, such as exocyst 3 and exocyst 4; (iv) tubulin/actin associated proteins, such as
actin alpha 1 and tubulin alpha 1b; (v) AP3 complex, such as adaptor-related protein complex-3B1
and -2; (vi) vesicular transport/trafficking associated /fusion apparatus, such as adaptor protein 2A1,
the vesicle associated membrane protein 7, syntaxin-binding protein 1 and 5; (vii) proteasome subunits,
such as proteasome modulator 9 and proteasome subunit alpha type 4; and (viii) other proteins, such
as the copper-transporting P-type adenosine triphosphatase (ATP7A), the N-ethymaleimide-sensitive
factor, annexin A2, syntaxin 7 and 17, synaptosomal-associated protein 25 and family with sequence
similarity 91 member A1 [95,98,102-104]. Future investigations on these dysbindin-1-interacting
proteins are expected to expand dysbindin-1 neuronal functions and provide alternative, additional
molecular targets for schizophrenia susceptibility.
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9. Summary, Conclusions and Perspective

Current studies have suggested that genetic factors contribute to the development of
schizophrenia and dysbindin-1 has been identified as one of the susceptibility genes [49]. The following
accumulating evidences propose the contribution of dysbindin-1 to the pathogenesis of schizophrenia:
(i) dysbindin-1 is highly expressed in the dorsolateral prefrontal cortex and hippocampus [28],
identified as major regions that may be altered in schizophrenic patients [105]; (ii) multiple SNPs
of DTNBP1 are suggested to influence different psychiatric phenotypes [65-67]; (iii) postmortem
brain studies have indicated reduced expression of both dysbindin-1 mRNA and protein in the
brains of schizophrenic patients [22,75]; (iv) dysbindin-1-deficient mice displayed schizophrenia-like
behaviors, especially the negative symptoms of schizophrenia [86,87]; (v) dysbindin-1 affects the
release of dopamine and glutamate and the trafficking of neurotransmitter receptors [41,46]; and
(vi) dysbindin-1 is involved in neurite outgrowth [24,59,93]. Cumulatively, these findings suggest
that multiple brain neuronal processes in different combinations may be affected by dysbindin-1
protein expression or activity, in order to trigger schizophrenia. The evidences gathered so far
indicate multiple cellular activities of dysbindin in neurons. It is quite clear that dysbindin enters
the nucleus to regulate transcription and shuttle from the nucleus to the cytoplasm to assemble
into various multi-subunit protein complexes (e.g., BLOC-1) regulating the cytoskeleton, trafficking
and signaling pathways. Moreover, multiple biologically active forms of dysbindin-1 would control
neurite outgrowth and dendritic spine maturation during neuronal differentiation and, in mature
neurons, the biogenesis and release of synaptic vesicles at pre-synaptic terminals as well as the
down-regulation of neurotransmitter receptors at postsynaptic terminals. Thus, it is imperative to
further expand our knowledge of multiple dysbindin-1 interacting protein candidates to schizophrenia
disease susceptibility. A focus only on dysbindin-1 protein is unlikely to unravel this complex disease.
Dysbindin-1 may confer its susceptibility to schizophrenia through its impact on dopaminergic and
glutamatergic neurotransmission, which link to other neurochemical brain pathways. We also propose
that dysbindin-1 might be a potential therapeutic target for the treatment of this schizophrenia.
The mechanism(s) by which dysbindin-1 affects dopaminergic and glutamatergic signaling, and its
effects on the different receptor subtypes and downstream molecules need further investigations. It is
also important to examine the impact of environmental stress on the expression of dysbindin-1 levels in
both animal models and patients. Finally, the effects of antipsychotics on the expression of dysbindin-1
are not fully understood and need to be further explored.

In conclusion, dysbindin-1 plays a broad role in the etiology of schizophrenia. Enhancing the level
or activity of dysbindin-1 in the brain might be beneficial for the treatment of schizophrenia. However,
this disorder occurs through a complicated interaction of multiple biochemical, neurochemical, genetic
and environmental risk factors of a poorly understood pathology. Under these circumstances, it is
therefore important to clarify dysbindin-1-mediated neuronal functions and to develop therapeutic
molecules and modalities based on this target.
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