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In Silico Model-driven Assessment of the Effects of Brain-derived Neurotrophic
Factor Deficiency on Glutamate and Gamma-Aminobutyric Acid: Implications for
Understanding Schizophrenia Pathophysiology
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Objective: Deficient brain—derived neurotrophic factor (BDNF) is one of the important mechanisms underlying the neuro—
plasticity abnormalities in schizophrenia, Aberration in BDNF signaling pathways directly or circuitously influences neuro—
transmitters like glutamate and gamma—aminobutyric acid (GABA). For the first time, this study attempts to construct and
simulate the BDNF—neurotransmitter network in order to assess the effects of BDNF deficiency on glutamate and GABA,
Methods: Using CellDesigner, we modeled BDNF interactions with calcium influx via N—-methyl-D—aspartate receptor (NMDAR)—
Calmodulin activation; synthesis of GABA via cell cycle regulators protein kinase B, glycogen synthase kinase and p—catenin;
transportation of glutamate and GABA, Steady state stability, perturbation time—course simulation and sensitivity analysis were
performed in COPASI after assigning the kinetic functions, optimizing the unknown parameters using random search and genetic
algorithm,

Results: Study observations suggest that increased glutamate in hippocampus, similar to that seen in schizophrenia, could poten—
tially be contributed by indirect pathway originated from BDNF, Deficient BDNF could suppress Glutamate decarboxylase
67—-mediated GABA synthesis, Further, deficient BDNF corresponded to impaired transport via vesicular glutamate transporter,
thereby further increasing the intracellular glutamate in GABAergic and glutamatergic cells, BDNF also altered calcium dependent
neuroplasticity via NMDAR modulation, Sensitivity analysis showed that Calmodulin, cAMP response element—binding protein
(CREB) and CREB regulated transcription coactivator—1 played significant role in this network,

Conclusion: The study presents /n sifico quantitative model of biochemical network constituting the key signaling molecules
implicated in schizophrenia pathogenesis, It provides mechanistic insights into putative contribution of deficient BNDF towards
alterations in neurotransmitters and neuroplasticity that are consistent with current understanding of the disorder,

KEY WORDS: Schizophrenia; Computer simulation; Signal transduction; Brain—derived neurotrophic factor; Neurotransmitter
agents; Neuronal plasticity,

INTRODUCTION

Schizophrenia is considered to be one among the top ten
leading cause of disease related disability” with a devel-
oping risk of ~ 0.7%.” The etiology and pathophysiology
remains unknown despite of several years of study and
research. Various models and hypothesis emerged to bet-
ter understand this disorder.”’ With regards to neuro-
transmitter models, dopamine aberrations contribute crit-
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ically to the pathogenesis of this disorder—hyper-
dopaminergia is postulated to underlie the genesis of pos-
itive symptoms4) and hypodopaminergia to underlie the
genesis of negative symptoms.s) There dopamine abnor-
malities are considered to be downstream effects of cortical
glutamatergic aberrations potentially secondary to dys-
functional gamma-aminobutyric-acid (GABA) receptors.(’)
Thus, several recent lines of evidence support neuro-
transmitter network abnormalities involving glutamate,
GABA and dopamine.é) Interestingly, all these three neu-
rotransmitter signaling pathways play a critical role in
neuroplasticity.ﬂ

Recent evidences suggest that aberrations in neuro-
plasticity® and synaptic connectivity”'” that are found in
schizophrenia could be contributed by deficient brain-de-
rived neurotrophic factor (BDNF).” Blood serum™''™"”
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which permits unrestricted non—commercial use, distribution, and reproduction in any medium, provided the original work is properly cited,



116 R. Agrawal, et al.

and plasma levels'®"® of BDNF has been reported to be
reduced in schizophrenia by several studies. Significant
decreases in BDNF level have been noticed in hippo-
campus of people with schizophrenia.lg’zo) Further, these
abnormalities in BDNF have shown associations with var-
ious clinical features'™*"** of schizophrenia as well as an-
tipsychotic treatment.” Aberration in BDNF signaling
pathways directly or circuitously influences neuro-
transmitters like glutamate and GABA, both of which are
well understood to be altered in schizophrenia.24'26) These
evidences suggest a central role for BDNF and its effector
pathways in schizophrenia pathogenesis.

BDNF is most widely distributed neurotrophin in cen-
tral nervous system and known to play a critical role in
synaptic plasticity, memory persistence and hippocampal
function,zmg) in addition to growth, proliferation and cell
survival.” These functions of BDNF are mediated by ac-
tivation of the high-affinity receptor—tropomycin-related
kinase B (TrkB).m’m TrkB facilitates several functions
like axon guidance, synapse formation and plasticity32'34)
via activation of different pathways namely TrkB/phos-
phatidylinositol-3 kinase (PI3K), mitogen-activated protein
kinase, phospholipase C gamma (PLC-y), N-methyl-D-as-
partate receptor (NMDAR) pathways.35) Relevantly, reduced
and truncated TrkB protein has been observed in
schizophrenia.36’37) The key components of these pathways
are summarized below.

PLC-y pathway: PLC-y is significant for several cel-
lular functions and implicated in brain disorders.”® TrkB
promotes PLC-y to release diacylglycerol (DAG) and in-
ositol 1,4,5-trisphosphate (IP3) and in turn, IP3 is in-
volved in differentiation of neuronal cells.*>*” Impair-
ment of this pathway might be relevant for schizophrenia
pathogenesis.“)

AKT pathway: Another pathway that is activated by
BDNF corresponds to its neuro-protective function by ac-
tivating AKT pathway.42) AKT inhibits glycogen synthase
kinase 3 (GSK3)-B by phosphorylating it at SER-9 posi-
tion and thereby promotes B-catenin towards division
phase.*”’ This shows that GSK3-f is directly regulated by
BDNF and could be affected in schizophrenia.

GABA synthesis and transportation: During regulation
of GSK3-B, activated B-catenin induces GABA synthesis
via activation of glutamic acid decarboxylase (GAD)
67.*** This indicates the indirect involvement of BDNF
in regulation of GABA synthesis.46) GABA transporter 1
(GAT1) is involved in transportation of GABA outside the
cell.*” GAT1 is modulated by BDNF through an inter-
mediate pathway via PLC—y.48) Impaired GAT1 has been

reported in schizophrenia.38) Other factor conjoining
GABA and BDNF is GAD67 which is also known to be al-
tered in schizophrenia.* Moreover TrkB is correlated to
GADG67, as the decrease in TrkB is associated with de-
creases in GAD67 function.””

Glutamate pathway: Synthesis of glutamate is chemical
conversion of glutamine in the presence of glutaminase.sn
GABA synthesis occurs by the conversion of glutamate to
GABA in the presence of GAD67. VGLUT is glutamate
transporter aids in glutamate release from glutamatergic
cell and is influenced by BDNF. The pathway involved in
the regulation of these processes is PLC-y activation
through TrkB.>”

Modeling BDNF can potentially facilitate compre-
hensive understanding of components of its signaling net-
work and its contribution to molecular pathology of
schizophrenia. Several previous attempts to understand
the contribution of BDNF aberrations in schizophrenia
have been conducted using animal models™ > including
drug treatment effects,”® role of microRNA and tran-
scription factors’” etc. However, the underlying mecha-
nisms of interactions are non-linear and the emergent bio-
chemical function of a signaling network is often
non-intuitive. Computational system biology provides an
approach to study the frame of such a system and partic-
ularly help to understand the resulting behavior™ .
Further, biochemical modeling generates hypotheses
which can be put to test experimentally in future studies.
Moreover, in silico modeling approach provides addi-
tional advantages over direct experimentation on human
or animal subjectssg) such as being free from ethical con-
siderations and providing an opportunity to perturb multi-
ple parameters simultaneously to study their effect on the
simulated environment. Hence, in this study we chose to
apply in silico approach as opposed to in vivo/in vitro ex-
perimentation—although such an computational model
can only provide restricted yet useful representation of
reality.

We are unaware of any comprehensive quantitative
modeling studies that have been published to elucidate the
effects of BDNF on neurotransmitters like glutamate and
GABA that are relevant for schizophrenia pathogenesis.
Objective of current study is to construct a quantitative in
silico model of signaling network integrating above men-
tioned pathways and consequently attempt to comprehend
effect of BDNF and associated downstream signals on
neurotransmitters. We applied biochemical modeling with
a deterministic approach using knowledge from con-
temporary literature and parameters based on publicly
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available databases to understand links of BDNF with
GABA and glutamate along with a set of important signal-
ing factors that are known to be altered in schizophrenia

(Fig. 1).
METHODS

Methods of current study were divided into three major
parts: a) model construction for better understanding and
representation of biological networks; b) simulation for
estimating functionality of system in time domain; and c)
analysis for obtaining results and converting it into com-
prehensible plots and matrices (Fig. 2). This pipeline con-
sist of defining the model, initializing values, describing
kinetic equations,60'71) verifying generated mathematical
equations, outlining simulation parameters and algo-
rithms as well as employing multiple analysis methods.
These steps are explained sections described below.

Model Construction

Representation of the network was built which aids in
interpretation and analysing biological networks.” Model
was structured using System Biology Markup Language
(SBML, a XML based language)73) in CellDesigner soft-
ware (http://www.celldesigner.org/). SBML is a machine
readable format for representing bio-models which can be
simulated and analysed. CellDesigner supports all SBML
versions and provide a user interactive interface to con-
struct the model.”*” CellDesigner also enables the import
of SBML files from various sources and facilitates the ex-
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Fig. 1. Important components of the brain-derived neurotrophic
factor (BDNF) network. Major conceptual components are shown.
The nodes colored in red represent entities reported to be altered
in schizophrenia. Edges represent inferactions between the nodes
and flow of signals, initiated by BDNF.
TrkB, tropomycin-related kinase; AKT, protein kinase B, NMDAR,
N-methyl-D-aspartate receptor; PLC, phoshpholipase C; GABA,
gamma-aminobutyric acid; CAM-II, Co“/colmodulin—dependenf
protein kinase Il; CREB, cAMP response element-binding protein.

port to various software.”” Publicly available databases
such as Panther pathway, Reactome and BioModels were
used for SBML model sub-components. Similarly, Uniprot,
KEGG and BioSystems were used to understand the inter-
actions as well as the functions of nodes involved.”
Various components of models were defined separately
and merged to complete the interaction. For merging mod-
el or reactions already present in the database ‘merge
model” plugin was used. This plugin helps to merge
SBML model manually as well as automatically.

Manual assignment of kinetic equation is cumbersome
and highly error prone process, this was taken care by the
plugin SBML squeezer.m It is based on stoichiometry, the
participating species and the regulatory relations. After
SBML squeezer was invoked, kinetic equations were as-
signed to the reactions. These equations were cross
checked and assigned names. For running simulations, we
chose COPASI™ over CellDesigner as it provides better
user interface and features to select a desired algorithm.
Initial value, kinetic equations and parameters that were
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Fig. 2. Workflow of the study methodology. (A) Multiple databases
like Panther pathway, Reactome and BioModels were used for
building model sub-components. (B) System Biology Markup
Language (SBML) squeezer was used fo generate the kinetic laws.
Initial values were defined from BioGPS database. (C) The SBML
model was imported in COPASI. Global constants were defined
from BRENDA and DOQCS. Unavailable values were optimized
after assigning parameters and defining ordinary differential
equations. Analyses included steady state stability, perturbation
time-course simulation and sensitivity analysis.

Optimisation
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used in the study are provided as supplementary materials
(Supplementary Tables 1-3). Concentrations of species in
the network were initialized based on gene expression val-
ues for temporal lobe from BioGPS database.*”

Simulation

The SBML model that was created in CellDesigner was
exported to the COPASI. This software was used for de-
fining, simulating and analyzing computational models of

Exported model was edited and
58)

biochemical network.”

updated in graphical user interface of COPASI.

10

Ordinary differential equations (ODE) were generated in
COPASI, details of which are provided as supplementary
material (Supplementary Fig. 1). Values of global con-
stants in network were set based on BRENDA and
DOQCS.

Optimization of unknown parameters was done for
quantities that were not available in databases (Supple-
mentary Table 3). For optimization process combination
of two algorithms was used—‘random search’ for 10,000
iterations followed by ‘genetic algorithm’ for 300
iterations.”” We optimized each reaction sequentially.
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.
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Fig. 3. Network fabricated in CellDesigner. Components of the modeled network were (A) calcium influx: Ca2+ influx and NMDAR activation
by glufamate and brain-derived neurotrophic factor (BDNF); activation of CREB pathway by triggering calmodulin. (B) Profein kinase B/AKT
pathway: Regulates apoptosis, stimulates cell cycle regulatory molecules and promotes gamma-aminobutyric acid (GABA) synthesis via AKT
pathway. (C) Glutamate formation: Formation via glutminase and activation of glutamate transport via BDNF-tropomycin-related kinase
B (TrkB) mediated PLC-y pathway. (D) GABA formation: Conversion of glutamate to GABA via B-caftenin and glutamic acid decarboxylase

(GAD) 67; transportation of GABA via BDNF-TrkB interaction with VGAT.

NMDAR, N-methyl-D-aspartate receptor; CREB, cAMP response element-binding protein; AKT, protein kinase B; PLC, phospholipase C; VGAT,

vesicular GABA transporter.
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Depending upon the system configuration and number of
parameters in the reaction for each optimization, run var-
ied from 12 hours to 14 hours. The optimization task was
set to time course and constraints boundaries were set be-
tween 0 to 100.

Time course simulation: Duration for simulation was
86,400 seconds (24 hours), with the interval period of 0.02
second. Comparison between the time points and the con-
centration of the species was performed. The method used
was deterministic Livermore Solver for Ordinary Differen-
tial Equations with default parameter settings.

Analysis

Perturbation analysis was performed by varying the ini-
tial concentration of BDNF and recording the perturbed
effect on the system. Four concentration levels were con-
sidered, which were 100%, 75%, 50% and 10% of initial
concentration defined based on gene expression database
BioGPS.

Sensitivity analysis was carried out by setting the task
as time course with the ‘effect’ as non-constant concen-
trations of species and the ‘cause’ as initial concentration.
Further, a ‘steady state’ analysis was performed which
aims to deduce the stability of the system by analyzing be-
havior when the system achieves equilibrium. For this
analysis parameters were set to default (newton=1, in-
tegration=1, back integration=1, accept negative concen-
tration= 0) with 1,000 iterations. Jacobian matrix was cal-
culated on complete system as well as reduced system.
Steady state analysis also calculates the flux at equilibrium.
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Fig. 4. Time course plot for gamma-aminobutyric acid (GABA).
Short term effect of brain-derived neurotrophic factor (BDNF) on
GABA: time course of 100 seconds with 5,000 intervals of 0.02
seconds depicted on log scale. *Activated; red arrow, inhibition;
green arrow, activation.

TrkB, tfropomycin-related kinase B; AKT, protein kinase B; GSK3-f,
glycogen synthase kinase 3; CINNB1, catenin beta-1; GAD67,
glutamic acid decarboxylase 67.

Graphical representation of results from the above anal-
ysis were generated using R programming software*”
with integrated development environment-R Studio.*”
The packages used were ‘plyr’ version 1.8.1* and
¢ P : 85)
geplot2’ version 1.0.1.

RESULTS

This study modeled key components of BDNF signal-
ing network including as follows.

Calcium influx: Ca2+ influx and NMDAR activation
by glutamate and BDNF; activation of cAMP response el-
ement-binding protein (CREB) pathway by triggering
Calmodulin (CaM).

Protein kinase B/AKT pathway: Regulates apoptosis,
stimulates cell cycle regulatory molecules and promotes
GABA synthesis via AKT pathway.

Glutamate formation: Formation via glutminase and
activation of glutamate transport via BDNF-TrkB medi-
ated PLC-y pathway.

GABA formation: Conversion of glutamate to GABA
via B-catenin and GADG67; transportation of GABA via
BDNF-TrkB interaction with VGAT (Fig. 3).

Short term effect of BDNF was observed on GABA
(Fig. 4). Progression in activation of species were analysed.
Peak of activation of BDNF was achieved at ~ 80 seconds.
Time course of the system stabilized after ~ 100 seconds.
BDNF and TrkB interaction produced a catalytic effect to
various reactions including conversion of glutamate to
GABA via GADG67, transportation of glutamate and GABA,
activation of NMDAR receptor and activation of AKT. The
intracellular GABA concentration peaked at ~0.1 seconds
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Fig. 5. Time course plot for gluamate. Short term effect of
brain-derived neurotrophic factor (BDNF) on glutamate: time
course of 100 seconds with 5,000 intervals of 0.02 seconds
depicted on log scale. *Activated; green arrow, activation.
TrkB, tropomycin-related kinase B; PLC, phopholipase C; VGLUT,
vesicular glutamate transporter.
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Fig. 6. Effects of brain-derived neurotrophic factor (BDNF) perturbations. Time course plots on log-linear scale at varying BDNF concenfrations
for (A) PLC-y, (B) AKT, (C) glutamate in GABAergic cell, (D) glutamate in glutamatergic cell, (E) GABA extracellular, and (F) AKT for 100
seconds with 5,000 intervals of 0.02 seconds. Colors of the lines from dark to light pink correspond to the percentage of initial BDNF
concentration with respect to database derived expression levels in temporal lobe, i.e., 100%, 75%, 50%, and 10% respectively.

PLC, phospholipase C; AKT, protein kinase B; GABA, gamma-aminobutyric acid; NMDAR, N-methyl-D-aspartate receptor.

and peak of extracellular GABA concentration was ob- seconds. Maximum of GABA concentration was obtained
served at ~ 10 seconds. Peak in concentration of activated at ~ 50 seconds inside GABAergic cell. Most of the GABA
AKT was observed in ~ 3 seconds and plateaued at ~7 produced was secreted outside the cell and only 5% of the
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AKT, protein kinase B; BDNF, brain-derived neurotrophic factor;
CAM2, Ca?"/calmodulin-dependent protein kinase Il; CREB, cAMP
response element-binding protein; CRTC1, CREB-regulated transcrip-
fion coactivator 1; CTNNBT, catenin beta-1; GAD67, glutamic acid
decarboxylase 67, GSK3, glycogen synthase kinase 3; NMDAR,
N-methyl-D-aspartate receptor; PIP2, phosphatidylinositol 4,5-bispho-
sphate; PLC, phospholipase C; PPP3, protein phosphatase 3; TrkB,
fropomycin related kinase B; VGAT, vesicular GABA fransporter;
VGLUT, vesiccular glutamate fransporter.

total GABA remained inside the cell. Beta-catenin activa-
tion was rapid which initiated conversion of GABA.

Short term effect of BDNF on glutamate was analyzed
and plotted (Fig. 5). Time course depicts formation as well
as release of glutamate from the cell. Activated NMDAR
was ~ 80% of the total volume of NMDAR. Active PLC-y
plateaued at ~ 5 seconds. VGLUT was activated within ~
1 seconds of BDNF activation that simultaneously in-
creased extracellular glutamate leading to depletion in
concentration of intracellular glutamate.

Perturbation analysis was done by varying BDNF con-
centration gradually from 100% to 10% (Fig. 6). Pertur-
bed level of BDNF, i.e., 100%, 75%, 50% and 10% of ini-
tial concentration influenced downstream signaling
processes. Lower BDNF concentration showed delay in
several processes. The time at which maximum activated
concentration of PLC-y was observed in the presence of
100% BDNF (~ 3 seconds) was reduced ~4 fold with
lowest level of BDNF. Presence of 10% BDNF level dis-
rupted the activation of AKT and required ~ 11 seconds
more for stabilization. Rate of glutamate conversion to

GABA and glutamate transport was decreased at lowest
BDNF level. Time required for transport of glutamate
from glutamatergic cell to extracellular space was almost
doubled when BDNF was reduced to 10%. Rate of for-
mation of GABA was slower with lower levels of BDNF.
Concentration of activated NMDAR obtained within the
time at which maximum concentration was observed in
the presence of 100% BDNF (0.6 seconds) reduced ~ 2.5
fold with lowest level of BDNF.

Sensitivity analysis was performed on the model to
identify influential species (Supplementary Table 4).
Matrix obtained from analysis shows association between
the species and depicts the strength of the interaction be-
tween them (Supplementary Fig. 2). Among the stronger
interactions that were found, the relationship between
CREB and CREB-regulated transcription coactivator 1
(CRTC1) was strongest followed by TrkB-BDNF and cal-
cium-CaM. Calcium concentration was more inversely
related to concentration of PLC-y than that of CaM.
Sensitivity calculation showed that in addition to TrkB
and BDNF, CaM, CREB and CRTC1 have significant im-
pact on the system (Fig. 7).

We performed kinetic stability analysis—a linear steady
state stability analysis based on the eigenvalues. An equi-
librium steady state with near-zero fluxes could be
attained. All negative values in reduced Jacobian showed
that steady state was asymptotically stable. Twenty-four
real eigen values were detected with largest real part being
—0.07. This indicates that these species can preserve
same orientation/vector in the model.

DISCUSSION

The study provides an in silico quantitative model of bi-
ochemical network constituting the key signaling mole-
cules implicated in schizophrenia pathogenesis. Focus of
the study was to analyze aspects of BDNF function on
neurotransmitters specifically GABA and glutamate
based on publicly available data or existing literature. We
present an integrative scaffold for the processes with a de-
terministic approach.

BDNF could be one of the candidate genes for schizo-
phreniag) because of its direct involvement in neuro-

development,46)
86,87)

neuroplasticity,7) interaction with neuro-
and its association with clinical features
such as age of onset,” clinical subtypes,ls) symptom se-
verity21’88) and drug response”—both at geneti089’90) as
well as blood level.'"'” However, these clinical associa-
tions have not always been consistent.”"”? Interestingly,

transmitters
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antipsychotics can affect BDNF levels™™" potentially

mediated through epigenetic mechanisms.**> More stud-
ies are required to clearly elucidate the role of BDNF and
its effector pathways in pathogenesis of schizophrenia.

Our model demonstrated that shortly after activation of
BDNEF, it triggers other enzymes to carry out processes
such as transcription through CREB phosphorylation
which promotes cell division, promotion of anti-apoptotic
pathway through AKT* which in turn triggers glutamate
conversion to GABA*! (by inhibiting GSK-f and activat-
ing B-catenin), transport of GABA via vGAT, as well as
direct and indirect transport of glutamate via VGLUT and
activation of PLC-y48) respectively. Reduction of BDNF
implicated delay in rate of PLC-y, NMDAR and AKT ac-
tivation, GABA formation, glutamate and GABA
transport. These key players could potentially influence
brain signaling and neuroplastic function via temporal
modulation of time sensitive neurotransmitter release.
However, as observed in our simulations, stable concen-
trations could be achieved back as system tries to neu-
tralize the perturbation effect through compensatory
interactions.”” Hence, the functional impact of these per-
turbations would be dependent upon the time domain of its
availability for downstream processes. Other players with
high impact on system were calcium, CaM, CREB and
CRTCI1.

It should be noted that BDNF is only one of several sig-
naling molecules that participate in pathophysiology of
this disorder. Isolated attention to BDNF and its effects
could be considered as a potential limitation of the study
and future studies should expand the scope to dopamine,”
serotonin’” and other neurotransmitters.”” Further, analy-
sis of the neural system in schizophrenia is challenging
due to involvement of vast, varied and substantially com-
plex mechanisms.”*” Critical regulatory mechanisms
might be omitted within the scope of a single study due to
methodological limitations which might lead to in-
accurate or incomplete model representations. For in-
stance, the influence of BDNF on dopamine via
D2-like/D3-like receptorleO) has not been modeled in this
study. Moreover, there are schizophrenia risk genes other
than ones modeled in this study (i.e., AKT, BDNF, and
NMDAR) such as DISC-1, neuregulin/ErbB4, dysbindin
etc. which are involved in regulating neuroplasticity.7)
With fast-growing computational advancements, future
studies can possibly model genetic and transcriptional ac-
tivity to characterize specific bimolecular mechanisms
that drive neural changes in this disorder. However, build-
ing quantitative models of such extensive scope of species

with multiple compartments poses significant methodo-
logical challenges due to missing links in various aspects of
current knowledge i.e. clear elucidation of reactions in path-
ways and their molecular interactions, transport and com-
partmentalization of species, specific kinetic parameters,
concentration/expression values for various cell types etc.

In relevance to schizophrenia pathogenesis, the key in-
sights from current study are increased glutamate in hip-
pocampus observed in this disorder™ could be con-
tributed by an indirect pathway wherein reduced BDNF
suppresses GAD67-mediated GABA synthesis. Further,
deficient BDNF corresponds to impaired transport via
VGLUT, thereby further increasing the intracellular gluta-
mate in glutamatergic cells. BDNF also alters the calcium
dependent neuroplasticity via NMDAR modulation. In
summary, this study provides mechanistic insights into
putative contribution of deficient BNDF towards alter-
ations in neurotransmitters and neuroplasticity that are
consistent with current understanding of the schizoph-
renia. Future works need to evaluate the relationship of
BDNF perturbations with dopaminergic aberrations and
also, extend the scope to include other neuroplasticity
pathways regulated by schizophrenia risk genes such as
DISC-1, neuregulin/ErbB4, dysbindin etc.
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