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Abstract Schizophrenia is a mental disorder characterized
by cognitive impairment resulting in compromised quality
of life. Since the regulation of synaptic plasticity has
functional implications in various aspects of cognition such
as learning, memory, and neural circuit maturation, the
dysregulation of synaptic plasticity is considered as a
pathobiological feature of schizophrenia. The findings from
our recently concluded studies indicate that there is an
alteration in levels of synaptic plasticity markers such as
neural cell adhesion molecule-1 (NCAM-1), Neurotropin-3
(NT-3) and Matrix-mettaloproteinase-9 (MMP-9) in
schizophrenia patients. The objective of the present article
is to review the role of markers of synaptic plasticity in
schizophrenia. PubMed database (http;//www.ncbi.nlm.nih.
gov/pubmed) was used to perform an extensive literature
search using the keywords schizophrenia and synaptic
plasticity. We conclude that markers of synaptic plasticity
are altered in schizophrenia and may lead to complications
of schizophrenia including cognitive dysfunction.
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ECM Extracellular matrix

LTP Long term potentiation

MCC Midcingulate cortex

MCCB The MATRICS consensus cognitive battery
MDD Major depressive disorder

MMP-9 Matrix metalloproteinase-9

NCAM Neural adhesion molecule

NGF Nerve Growth Factor

NRXN  Neurexin

NT3 Neurotrophin-3

PSA Polysilic acid

PSD Post-synaptic density

SNP Single nucleotide polymorphism

TIMP Tissue inhibitor for matrix metalloproteinase
TRK Tropomyosin receptor kinase
Introduction

Schizophrenia is a chronic psychotic disorder characterized
by functional impairment in thoughts, perception, and
behavior, often resulting in a compromised quality of life
in patients [1]. It is one of the leading contributors of
disability globally, and is associated with reduction in life
span by 10-20 years [2]. Earlier studies have documented
around 10% life time suicidal rate and 18 to 55% suicide
attempt in schizophrenic patients [3]. Schizophrenic
symptoms are categorized as a constellation of positive
symptoms characterized by confusion, hallucinations and
delusions, as well as negative symptoms characterized by
withdrawal, lack of motivation and emotional blunting [4].
Owing to the heterogeneity in disease presentation, there is
no clear consensus in defining the etiopathogenesis of
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schizophrenia [5]. Neurotransmitter abnormalities, genetic
predisposition and environmental factors have all been
implicated to play a fundamental role in the etiology of
schizophrenia [1, 4] (Table 1).

Synaptic Plasticity

The neurons in the CNS transmit information with one
another through neuronal junctions known as synapse.
Synaptic plasticity is the ability of synapses to strengthen
or weaken over time, in response to increases or decreases
in their activity. Plastic change also results from the
alteration of the number of neurotransmitter receptors
located on a synapse. Neuroplasticity refers to the ability of
the brain to modulate its activity in response to the
dynamic signals in the central nervous system (CNS) by
reorganization of its structure, functions, or connections
[6]. Notably, synaptic plasticity is a continuing process that
is dependent on activity or experience, and therefore forms
the basis for memory and learning [6, 7]. While synaptic
plasticity forms the basis of crucial cognitive functions
throughout life, it also plays a vital role in neuronal orga-
nization and maturation of neural circuits during develop-
ment [7-9].

Regulation of Synaptic Plasticity

Synaptic plasticity is regulated through the proteins
released at the synapse, which in turn regulate the synaptic
strength, weight or efficacy. The various pattern of
expression of these proteins thereby influence the weight of
the neural circuit, ultimately influencing key cognitive
functions such as short and long-term memory, learning
and information processing [6]. These proteins behave as
molecular markers of synaptic plasticity and are likely to

be dynamically altered during human development and
distinctive alteration in such markers may predict the
development of psychotic disorders [6, 8].

Dysregulation of Synaptic Plasticity
in Schizophrenia

New experimental evidences accumulated over the past
few years highlight an unified ‘disconnection hypothesis’
which implicates the dysregulation of synaptic plasticity as
key precipitating event in the pathogenesis of schizophre-
nia syndrome [7-10]. It has been hypothesized that, healthy
human brain in response to an excitatory stimuli, elimi-
nates the weak synapses and strengthen the adaptive
synapses through a process termed as synaptic pruning
resulting in organization and maturation of neural circuits.
However, in schizophrenic brain the synaptic pruning is
exacerbated due to impairments in synaptic plasticity
resulting in suboptimal maturation of neural circuits,
leading to disturbances in cognitive, motor and sensory
functions [8].

Impairment in synaptic plasticity may influence neu-
ronal maturation and lead to sensory, motor, cognitive, and
psychotic disturbances at various stages of development
[8]. Notably, the molecular markers of synaptic plasticity
were differentially expressed in specific regions of brain, in
response to different stimuli such learning, predator
exposure and stress [8]. Earlier investigators have docu-
mented alteration in the post-synaptic density (PSD) pro-
teins and the genes encoding for the markers of synaptic
plasticity in schizophrenia [8, 12].

In a genome-wide study involving over 36,000 schizo-
phrenic patients, it was reported that variants of 108
genetic loci involved in glutamatergic neurotransmission
and synaptic plasticity were associated with schizophrenia
[13]. In line with this evidence, proteomic studies have also
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elucidated the differential expressions of several proteins
actively involved in the maintenance of synaptic signaling
in schizophrenic patients [14—16]. Aberrations of cellular
machinery governing synaptic plasticity which results in
alterations of synaptic proteins have been demonstrated in
schizophrenia [14, 17, 18]. Interestingly, the psychosis-
onset in schizophrenia is preceded by subclinical distur-
bances in sensory, motor and cognitive functions [8].
Considering the key involvement of synaptic plasticity in
maintenance and maturity of neural circuits, memory and
learning [8] dysregulation of neuronal plasticity could be
one of the key underlying features of schizophrenia.
Assessment of the molecular markers of synaptic plasticity
in the background of schizophrenia could be beneficial in
further understanding the pathogenic mechanisms behind
this psychotic disorder, as well as assist in its symptomatic
diagnosis. This review summarizes the alterations in some
of the key molecular markers of synaptic plasticity, and
their association with schizophrenia.

Markers of Synaptic Plasticity Associated
with Schizophrenia

Neurotrophins

Neurotrophins are vital components in mediating the
development as well as the homeostatic maintenance of
nervous system [19]. Neurotrophins including Nerve
growth factor (NGF), Brain Derived Neurotrophic Factor
(BDNF), Neurotrophin-3 (NT-3) and Neurotrophins-4
(NT-4) serve as biomolecules that regulate the growth,
survival and plasticity of the dopaminergic, cholinergic,
and serotonergic neurons [19]. Considering their key role
in synaptogenesis and synaptic plasticity, disruption of
neurotrophin signaling and their altered expression could
lead to disturbances in neural plasticity [20] and could
behave as a precipitating event in the etiopathology of
schizophrenia [21].

Neurotrophin-3 (NT-3)

The neurotrophic factor NT-3 is encoded by the NTF3 gene
[22]. NT-3 is the third member of NGF family of neu-
rotrophins and is functionally distinct from nerve growth
factor (NGF) and Brain derived neurotrophic factor
(BDNF) [22]. NT-3 has been implicated in neurogenesis as
well as growth, differentiation, and survival of neurons,
both in developing as well as mature nervous system [23].
The effects of NT-3 are mediated through its binding to
specific low affinity receptor p75 and high affinity tropo-
myosin receptor kinase (TRK) receptors [22, 23]. Evi-
dences from experimental models indicate the involvement
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of NT-3 in regulating synaptic formation, reorganization
and neuronal plasticity [23-25].

Single nucleotide polymorphism (SNP) in the NTF-3
gene has been associated with risk for the onset of
schizophrenia. The A3/147 bp allele in a dinucleotide
repeat polymorphism of the promoter region of the NT-3
was observed to be more prevalent in male schizophrenic
patients when compared to controls in a Japanese popula-
tion [26, 27]. Moreover, G/-3004/A polymorphism in the
promoter region of NTF-3 gene exhibited weak suscepti-
bility for schizophrenia [28].

NT-3 levels were reported to be altered in psychiatric
disorders. Experimental studies have revealed alterations in
NT-3 expression in specific-regions of brain in response to
treatment in patients with major depressive disorder
(MDD) [29]. In a recent study from our laboratory, we
reported increased serum levels of NT-3 in schizophrenic
patients compared to controls and was associated with
disease severity [30]. NT-3 levels were found to be ele-
vated in schizophrenic patients who exhibited depressive
symptoms [31, 32]. Several factors like chronic stress are
known to alter NT-3 levels in blood [33]. NT-3 has been
demonstrated to cross the blood brain barrier [34, 35].
Hence it can be hypothesized that elevated NT-3 in blood
enters brain and alters the neural plasticity resulting in
schizophrenia [30].

Brain Derived Neurotrophic Factor

Brain derived neurotrophic factor (BDNF) is a growth
factor known to be involved in the regulation of prolifer-
ation and survival of neurons [36]. BDNF signaling has
been implicated in the regulation of dopaminergic, sero-
toninergic and GABAergic neurotransmitter systems,
which were found to be disrupted in schizophrenia [36-38].
BDNF is released at the synapse and is involved in main-
tenance of the synaptic plasticity similar to other neu-
rotrophic factors [36]. Impaired BDNF signaling has been
associated with alterations in synaptic plasticity and sub-
optimal neurodevelopment [36—38]. BDNF expression was
found to be down-regulated in the pre-frontal cortex and
hippocampus of suicidal subjects [39]. The genome wide
association study (GWAS) reported several SNP’s in the
BDNF locus, which were nominally associated with
schizophrenia [13]. A functional variation of the BDNF
gene, 156265 (Val — Met substitution), has been correlated
with compromised secretion of BDNF in response to
activity [36, 40]. Interestingly, when compared to control
subjects both Val/Val homozygotes and Met-carriers
exhibited reduced hippocampal volumes [41]. These find-
ings reveal that the structural changes in hippocampus may
not be dependent primarily on the genotypic variations of
BDNF gene [41] and indicate the presence of other
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mechanisms behind hippocampal volume alterations in
schizophrenia. Of interest, in cultured hippocampal neu-
rons, the variants such as Val-BDNF and Met-BDNF were
localized differently at the cellular level. While, Val-BDNF
was localized in cell body as well as the dendrites, there
was absence of Met-BDNF variant in the synapse and
distal dendrites [42]. Notably, a study by Skibinska et al.,
reported that though BDNF levels were reduced in
depression but not associated with Val — Met functional
polymorphism [43]. These findings are indicative that
while genotypic variants of BDNF may not affect their
expression, they could be associated with potential alter-
ation in synaptic plasticity.

The serum levels of BDNF were found to be reduced in
patients with schizophrenia when compared to control
subjects [41, 42]. In a recent study from our laboratory, we
reported negative association between BDNF levels with
positive symptom score, general psychopathology score
and total PANSS score in schizophrenia patients suggesting
that low BDNF levels increases severity of schizophrenia
[42]. Tang et al. have demonstrated that serum BDNF
levels did not vary significantly between deficit and non-
deficit schizophrenic patients, indicating that alterations in
cognitive performance may not reflected in the circulatory
levels of BDNF [44]. BDNF levels were reduced in schi-
zophrenic patients with depression, when compared to
patients without depression [32]. Study by Yang et al.
observed that reduced BDNF levels in both chronic and
first-episode schizophrenic patients was associated with
poor memory, speed of processing and visual learning
suggesting involvement of disruption of BDNF signaling
with cognitive impairment in schizophrenia [45]. Even
though the cause of reduction in BDNF in schizophrenia
was not known, earlier studies have demonstrated that
interleukin-23 was negatively correlated with BDNF levels
indicating inflammation may reduce BDNF levels in
schizophrenia [42].

Nerve Growth Factor

Nerve growth factor (NGF), the first discovered neu-
rotrophic factor, functions as regulator of nociceptive pain
and as mediator of growth, development, and survival of
neurons [46]. They are crucial regulators of synaptic
plasticity and are reported to be involved in the induction
of dendritic outgrowth and the regulation of dendritic
length and complexity in cortical neurons [47, 48]. NGF
signaling is notably involved in both short- and long-term
effects on the neuroanatomical structure. Indeed, evidences
link the dysregulation in NGF signaling with structural
alterations in brain [49]. Earlier studies have reported
alterations in cerebral connectivity and morphology in
schizophrenia [9, 50]. Grey matter volume was found to be

smaller is schizophrenic patients when compared to control
subjects and serum levels of NGF correlated with the gray
matter volume in specific brain regions. Serum NGF levels
were positively correlated with pons region and negatively
correlated with left midcingulate cortex (MCC) and left
orbital gyrus in schizophrenic patients [49]. Reduction in
left orbital gyrus has been associated with longer duration
of illness and poor social functioning in schizophrenia [51].

Circulating levels of NGF in blood correlated well with
concentrations of NGF in CNS owing to the capacity of
NGF to permeate the blood brain barrier efficiently
[47, 50-52]. Previous investigators have reported reduced
levels of NGF in serum and cerebrospinal fluid in first
episode schizophrenic patients when compared to control
subjects [52]. Moreover, several polymorphisms variants in
the NGF and NGFR gene have been identified and were
attributed either as risk factors or as protective factor in
schizophrenic patients [53]. Schizophrenia patients treated
with atypical antipsychotics were reported to have better
efficiency in improving peripheral NGF levels compared to
typical antipsychotic drugs [54].

Neural Cell Adhesion Molecule

Neural cell adhesion molecule (NCAM) is an integral
membrane glycoprotein plays a key role in the regulation
of cell adhesion, neural cell migration and synaptic plas-
ticity [55]. It influences the strength and the morphology of
synaptic connections through mediating neurite outgrowth,
axonal guidance, synaptic pruning and contact with astro-
cytes [56, 57]. Abnormalities in NCAM signaling was
reported to contribute to the etiopathogenesis of neu-
ropsychiatric disorders such as schizophrenia [58].Experi-
mental studies have demonstrated that intervention with
NCAM-1 antibodies attenuate synaptic strength (long term
potentiation (LTP)), while NCAM-1 gene knockout leads
to deficits in spatial memory in mice [59]. SNP’s in
NCAM-1 gene was associated with neurocognitive score in
a large sample of schizophrenic patients [60].

In our recent study with 176 chronic schizophrenic
patients, serum NCAM-1 was elevated in schizophrenic
patients when compared to control subjects. Interestingly
we observed that serum NCAM-1 levels were positively
associated with attention, language, visuospatial abilities
and better cognitive functioning in schizophrenia
[61].Notably, reduced NCAM levels were associated with
cognitive deficit in schizophrenia, and also independently
contributed to changes in the cognitive scores as measured
by The MATRICS consensus cognitive battery (MCCB)
[62]. Moreover, reduced serum NCAM levels in these
patients were associated with hippocampal volume and
negatively correlated with disease severity [63]. These
findings indicate the association of NCAM with
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neurodevelopmental alterations, as well as the involvement
of disrupted NCAM signaling in early stages of schizo-
phrenic syndrome.

Matrix Metalloproteinase

Matrix Metalloproteinases (MMPs) are extracellularly
acting enzymes belonging to the metzincin (zinc dependent
and with conserved Met residue) super-family of proteases
[64, 65]. Though they were primarily thought to be
involved in degradation of extracellular matrix (ECM)
components, several evidences implicate their role as reg-
ulators of extracellular signaling in central nervous system
[64—66]. Through the processing of growth factors, cell
surface receptors, cell adhesion molecules, and latent bio-
molecules, MMPs are seen to be involved in initiation and
termination of signaling cascades related to synaptic
remodeling [64]. In response to a range of stimuli, the
synaptic connections are remodeled, with help of modifi-
cations of the peridendritic environment, and extracellular
matrix. Through the proteolytic disassembly of ECM,
MMPs play a key role in remodeling the synaptic plasticity
of neurons [67]. In brain injury, exacerbated MMP activity
has been associated with the pathological initiation of
neuro-inflammation, neuronal degeneration and synaptic
loss [68, 69].

MMPs have been implicated to be involved in both
structural (dendritic spine modifications) and functional
(magnitude of synaptic transmission) modulation of
synaptic circuits [64]. Imaging of the hippocampal region
using high-resolution microscopy indicated the distribution
of MMP-9 throughout the synaptically dense region (neu-
ropil). Notably, MMP9 was seen to co-localize with
presynaptic and postsynaptic molecular markers, which
could indicate its involvement in the processing of bio-
molecules involved in regulation of synaptic plasticity
[67, 70]. The activity of MMPs is tightly regulated by
tissue inhibitors of metalloproteinases (TIMPs). It is
hypothesized that TIMPs mediate the formation/re-estab-
lishment of synaptic connections through the regulation of
MMP activity, and contribute to persistent increase in
synaptic strength (LTP) between neurons [71].

In a study by Holland et al., increased plasma MMP-9
levels was associated with negative symptoms in schizo-
phrenic patients. Remarkably, the increase in peripheral
MMP-9 was associated with decrease in left and right
hippocampal volumes in schizophrenic patients [72].
Considering that structural alteration in hippocampus is
closely observed in the pathophysiology of schizophrenia
[73, 74] MMP-9 aberration maybe a key mediating
mechanism.

In our recent study with schizophrenic patients, our
findings indicated elevated serum MMP-9 levels in patients
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when compared to control subjects. MMP-9 levels nega-
tively correlated with fluency, language and cognitive score
in schizophrenic patients. Importantly, we observed
through regression analysis that increase in MMP-9 is
associated with risk of cognitive impairment in
schizophrenia. In our study we did not observe any dif-
ference in MMP-9 levels between drug-naive and chronic
schizophrenic patients [30]. Other studies also support this
evidence where medication did not alter MMP-9 levels in
schizophrenic patients [30, 72, 75] indicating the involve-
ment of alternative mechanisms [76-78].

In our study with drug-naive male schizophrenic
patients, we reported increased serum levels of MMP-9 in
schizophrenic patients when compared to control subjects
(77). Notably, the increase is MMP-9 was associated with
an increase in the lipid peroxidation marker, Malondi-
aldehyde (MDA). Moreover, increase in peripheral MMP-9
was negatively associated with total antioxidant status in
the serum of schizophrenic patients [77]. In line with
previous evidence which suggest that reactive oxygen
species is a key stimulus in the activation of latent MMP-9
[79], oxidative stress could be a key factor in initiating
MMP-9 over activation in schizophrenia. MMP-9 over
activation in turn is seen to mediate neuroinflammation and
redox dysregulation, that could result in a central inhibi-
tory/excitatory imbalance found in schizophrenia [76].

Notably, in a phenotype-based genetic association study
with over 1000 schizophrenic patients, a C/T SNP
(rs20544) in the MMP-9 gene was associated with more
severe chronic delusions in schizophrenic patients (78). Of
note, the genetic variation in MMP-9 (rs20544) was
attributed to modified mRNA structure and activity of
MMP-9 at the synapses, which resulted in changes in the
dendritic spine morphology (78). The genetic variation in
MMP-9 could thereby indicate an increased susceptibility
to structural plasticity in response to synaptic stimulation
[79].

Neurexin

Neurexins (NRXN) are presynaptic transmembrane pro-
teins that play a fundamental role in synaptic transmission
The functionality of NRXNs is primarily at the neuronal
surface where they govern the synaptic stability and neu-
ronal adhesion [80]. Several mutations in NRXN genes
have been identified in patients with schizophrenia
[80, 81]. Moreover, NRXN loss of function rodent model
(NRXN KO models) have demonstrated dysregulation of
excitatory and inhibitory neurotransmission [82] as well as
a reduction in pre-pulse inhibition [83] which is commonly
observed in schizophrenic patients [80]. The NRXN
synaptic complex has been observed to regulate Disrupted
in schizophrenia 1 (DISC1), which is closely implicated in
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schizophrenic pathology [84]. Studies by Kirov et al., have
identified an involvement of copy number variations in
NRXNI1 gene in the pathogenesis of schizophrenia
[81, 85, 86]. A large study including seven European
populations highlighted that NXRN1 deletion mutation in
exons conferred increased susceptibility for schizophrenia
[87]. Functional characterization of rare NRXN gene
variants may precipitate the impaired neurodevelopmental
phenotype in schizophrenia and warrant further study [88].

Possible Mechanisms for Dysregulation
of Synaptic Plasticity Markers

Among the factors related to dysregulation of markers of
synaptic plasticity, stress and inflammation plays a crucial
role. Stress is a characteristic environmental factor in mood
disorders and may represent a key pathogenic mechanism
that influences the level of synaptic plasticity markers [89].
Both acute and chronic stress induced reduction in BDNF
synthesis in hippocampus/hypothalamus of rodents
[90, 91]. On contrary, only chronic stress induced an
increase in mRNA levels of NT-3 in the dentate gyrus and
hippocampus region in in immobilization induced rodent
stress model [92]. Interestingly, the expression of BDNF in
dorsal hippocampal region CAl varied based on the pres-
ence or absence of stress stimuli in rodents [11]. Both 2.5
and 24 h restraint stress triggered an alteration in subcel-
lular distribution and activity of MMP-9 in rat hippocam-
pus [93]. The expression of molecular markers of synaptic
plasticity was found to be affected by treatment with drugs.
When compared to untreated MDD, patients treated with
anti-depressants exhibited up-regulation of BDNF expres-
sion in parietal cortex and NT-3 in cortical regions, tha-
lamus, putamen, cingulate gyrus and nucleus caudatus
regions [29]. Similarly, chronic antidepressant treatment
attenuated the NT-3 expression in locus coeruleus of
immobilized stress induced rodents [94]. Stress and anti-
depressants may exert their clinical outcomes through the
alteration of expression of synaptic plasticity markers [94].

Inflammation has been identified as a key pathogenic
factor in altering synaptic plasticity [95-97]. Microglial
cell activation and immunological aberrant immune
response may underlie the alterations in synaptic plasticity
in schizophrenia [97]. Microglial cells activated by both
neuroinflammation and peripheral inflammation were
observed to trigger alterations in synaptic plasticity in
hippocampus [96]. Our studies in this regard investigated
the relationship between markers of synaptic plasticity with
cytokines in psychiatric disorders [98—100]. Our data
indicated that peripheral BDNF levels negatively corre-
lated with the cytokine IL-23 and disease severity in
schizophrenic patients [99]. We also observed that the

peripheral IL-17 and IL-10 levels were markedly elevated
and associated with disease severity in schizophrenia [100].
In line with this evidence IL-6 has also been identified to
regulate synaptic plasticity [101], and alteration in such
cytokines could behave as precipitating event for synapse
pathology in schizophrenia.

Conclusions

Synaptic plasticity is known to be impaired in
schizophrenia and alteration in the markers of synaptic
plasticity are reported to be associated with the complica-
tions of schizophrenia including cognitive dysfunction.
Assessment of molecular markers of synaptic plasticity that
are implicated in schizophrenia would help in identification
of novel markers for diagnosis of the disease and devel-
opment of therapeutic strategies to combat this devastating
psychiatric disorder. Owing to the relationship between
inflammation and alterations in synaptic plasticity, the role
of anti-inflammatory drugs in treatment of schizophrenia
requires further investigations.
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