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In Silico Model-driven Assessment of the Effects of Brain-derived Neurotrophic 
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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 -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 in silico 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 disability1) with a devel-
oping risk of ∼0.7%.2) 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.3) With regards to neuro-
transmitter models, dopamine aberrations contribute crit-

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.5) There dopamine abnor-
malities are considered to be downstream effects of cortical 
glutamatergic aberrations potentially secondary to dys-
functional gamma-aminobutyric-acid (GABA) receptors.6) 
Thus, several recent lines of evidence support neuro-
transmitter network abnormalities involving glutamate, 
GABA and dopamine.6) Interestingly, all these three neu-
rotransmitter signaling pathways play a critical role in 
neuroplasticity.7)

Recent evidences suggest that aberrations in neuro-
plasticity8) and synaptic connectivity9,10) that are found in 
schizophrenia could be contributed by deficient brain-de-
rived neurotrophic factor (BDNF).7) Blood serum3,11-15) 
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and plasma levels16-18) 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.19,20) Further, these 
abnormalities in BDNF have shown associations with var-
ious clinical features15,21,22) of schizophrenia as well as an-
tipsychotic treatment.23) 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,27,28) in addition to growth, proliferation and cell 
survival.29) These functions of BDNF are mediated by ac-
tivation of the high-affinity receptor—tropomycin-related 
kinase B (TrkB).30,31) 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-, 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- pathway: PLC- is significant for several cel-
lular functions and implicated in brain disorders.38) TrkB 
promotes PLC- to release diacylglycerol (DAG) and in-
ositol 1,4,5-trisphosphate (IP3) and in turn, IP3 is in-
volved in differentiation of neuronal cells.39,40) Impair-
ment of this pathway might be relevant for schizophrenia 
pathogenesis.41)

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)- by phosphorylating it at SER-9 posi-
tion and thereby promotes -catenin towards division 
phase.43) This shows that GSK3-is directly regulated by 
BDNF and could be affected in schizophrenia.

GABA synthesis and transportation: During regulation 
of GSK3-, activated -catenin induces GABA synthesis 
via activation of glutamic acid decarboxylase (GAD) 
67.44,45) 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.47) GAT1 is modulated by BDNF through an inter-
mediate pathway via PLC-.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.49) Moreover TrkB is correlated to 
GAD67, as the decrease in TrkB is associated with de-
creases in GAD67 function.50)

Glutamate pathway: Synthesis of glutamate is chemical 
conversion of glutamine in the presence of glutaminase.51) 
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- activation 
through TrkB.52) 

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 models53-55) including 
drug treatment effects,56) role of microRNA and tran-
scription factors57) 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 behavior58). 
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 subjects59) 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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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 interactions 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, Ca
2＋

/calmodulin-dependent 

protein kinase II; CREB, cAMP response element-binding protein.

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 to 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.

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.72) 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.74,75) CellDesigner also enables the import 
of SBML files from various sources and facilitates the ex-

port to various software.76) 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.77) 
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.78) 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 COPASI79) 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. 3. Network fabricated in CellDesigner. Components of the modeled network were (A) calcium influx: Ca2+ influx and NMDAR activation 

by glutamate and brain-derived neurotrophic factor (BDNF); activation of CREB pathway by triggering calmodulin. (B) Protein 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- pathway. (D) GABA formation: Conversion of glutamate to GABA via -catenin 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.

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.80) 

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 
biochemical network.79) Exported model was edited and 
updated in graphical user interface of COPASI.58) 

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.81) We optimized each reaction sequentially. 
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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, tropomycin-related kinase B; AKT, protein kinase B; GSK3-, 

glycogen synthase kinase 3; CTNNB1, catenin beta-1; GAD67, 

glutamic acid decarboxylase 67.

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.

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.

Graphical representation of results from the above anal-
ysis were generated using R programming software82) 
with integrated development environment–R Studio.83) 
The packages used were ‘plyr’ version 1.8.184) and 
‘ggplot2’ version 1.0.1.85)

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- pathway. 

GABA formation: Conversion of glutamate to GABA 
via -catenin and GAD67; 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 GAD67, 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. 6. Effects of brain-derived neurotrophic factor (BDNF) perturbations. Time course plots on log-linear scale at varying BDNF concentrations 

for (A) PLC-, (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-
served at ∼10 seconds. Peak in concentration of activated 
AKT was observed in ∼3 seconds and plateaued at ∼7 

seconds. Maximum of GABA concentration was obtained 
at ∼50 seconds inside GABAergic cell. Most of the GABA 
produced was secreted outside the cell and only 5% of the 
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Fig. 7.Sensitivity analysis. Bar plot of the sensitivity analysis: x axis 

displays the species and y axis shows sensitivity. In addition to 

BDNF-TrkB, calcium, calmodulin, CRTC1 and CREB show high 

sensitivity.

AKT, protein kinase B; BDNF, brain-derived neurotrophic factor; 

CAM2, Ca
2＋

/calmodulin-dependent protein kinase II; CREB, cAMP 

response element-binding protein; CRTC1, CREB-regulated transcrip-

tion coactivator 1; CTNNB1, 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, 

tropomycin related kinase B; vGAT, vesicular GABA transporter; 

VGLUT, vesiccular glutamate transporter.

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-
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- 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- 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-
phrenia8) because of its direct involvement in neuro-
development,46) neuroplasticity,7) interaction with neuro-
transmitters86,87) and its association with clinical features 
such as age of onset,22) clinical subtypes,15) symptom se-
verity21,88) and drug response23)—both at genetic89,90) as 
well as blood level.11,17) However, these clinical associa-
tions have not always been consistent.91,92) Interestingly, 
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antipsychotics can affect BDNF levels93,94) potentially 
mediated through epigenetic mechanisms.89,95) 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 
BDNF, it triggers other enzymes to carry out processes 
such as transcription through CREB phosphorylation 
which promotes cell division, promotion of anti-apoptotic 
pathway through AKT42) which in turn triggers glutamate 
conversion to GABA44) (by inhibiting GSK-and activat-
ing -catenin), transport of GABA via vGAT, as well as 
direct and indirect transport of glutamate via VGLUT and 
activation of PLC-48) respectively. Reduction of BDNF 
implicated delay in rate of PLC-, 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.96) 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 
CRTC1. 

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,4) 
serotonin97) and other neurotransmitters.98) Further, analy-
sis of the neural system in schizophrenia is challenging 
due to involvement of vast, varied and substantially com-
plex mechanisms.7,25,99) 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 receptors100) 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 disorder24) 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. 

This work is supported by the CEIB Programme 
Support Grant to GV (BT/PR5322/COE/34/8/2012) as 
well as by the Wellcome Trust / DBT India Alliance 
Senior Fellowship research grant to GV (500236/Z/11/Z).

REFERENCES

1. Sayers J. The world health report 2001 — Mental health: 
new understanding, new hope. Bull World Health Organ 
2001;79:1085.

2. Tandon R, Keshavan MS, Nasrallah HA. Schizophrenia, 
"just the facts" what we know in 2008. 2. Epidemiology 
and etiology. Schizophr Res 2008;102:1-18.

3. Green MJ, Matheson SL, Shepherd A, Weickert CS, Carr 
VJ. Brain-derived neurotrophic factor levels in schizo-
phrenia: a systematic review with meta-analysis. Mol 
Psychiatry 2011;16:960-972.

4. Schmitt GJ, Meisenzahl EM, Frodl T, La Fougère C, Hahn 
K, Möller HJ, et al. The striatal dopamine transporter in 
first-episode, drug-naive schizophrenic patients: evaluation 
by the new SPECT-ligand[99mTc]TRODAT-1. J Psycho-
pharmacol 2005;19:488-493.

5. Weinstein JJ, Chohan MO, Slifstein M, Kegeles LS, Moore 
H, Abi-Dargham A. Pathway-specific dopamine abnor-
malities in Schizophrenia. Biol Psychiatry 2017;81:31-42. 

6. Salavati B, Rajji TK, Price R, Sun Y, Graff-Guerrero A, 
Daskalakis ZJ. Imaging-based neurochemistry in schizo-
phrenia: a systematic review and implications for dysfunc-

■ Acknowledgments



Modeling the BDNF Deficiency of Schizophrenia 123

tional long-term potentiation. Schizophr Bull 2015;41:44-56. 
7. Balu DT, Coyle JT. Neuroplasticity signaling pathways 

linked to the pathophysiology of schizophrenia. Neurosci 
Biobehav Rev 2011;35:848-870. 

8. Huang TL. Effects of antipsychotics on the BDNF in 
schizophrenia. Curr Med Chem 2013;20:345-350.

9. Yoshii A, Constantine-Paton M. Postsynaptic BDNF-TrkB 
signaling in synapse maturation, plasticity, and disease. 
Dev Neurobiol 2010;70:304-322. 

10. Cohen-Cory S, Kidane AH, Shirkey NJ, Marshak S. 
Brain-derived neurotrophic factor and the development of 
structural neuronal connectivity. Dev Neurobiol 2010;70: 
271-288. 

11. Duman RS, Monteggia LM. A neurotrophic model for 
stress-related mood disorders. Biol Psychiatry 2006;59: 
1116-1127. 

12. Chen DC, Wang J, Wang B, Yang SC, Zhang CX, Zheng 
YL, et al. Decreased levels of serum brain-derived neuro-
trophic factor in drug-naïve first-episode schizophrenia: 
relationship to clinical phenotypes. Psychopharmacology 
(Berl) 2009;207:375-380.

13. Jindal RD, Pillai AK, Mahadik SP, Eklund K, Montrose 
DM, Keshavan MS. Decreased BDNF in patients with 
antipsychotic naïve first episode schizophrenia. Schizophr 
Res 2010;119:47-51. 

14. Ikeda Y, Yahata N, Ito I, Nagano M, Toyota T, Yoshikawa 
T, et al. Low serum levels of brain-derived neurotrophic 
factor and epidermal growth factor in patients with chronic 
schizophrenia. Schizophr Res 2008;101:58-66. 

15. Kalmady SV, Venkatasubramanian G, Shivakumar V, Jose 
D, Ravi V, Gangadhar BN. Relationship between brain- 
derived neurotrophic factor and Schneiderian first rank 
symptoms in antipsychotic-naïve schizophrenia. Front 
Psychiatry 2013;4:64. 

16. Buckley PF, Mahadik S, Pillai A, Terry A Jr. Neurotro-
phins and schizophrenia. Schizophr Res 2007;94:1-11. 

17. Buckley PF, Pillai A, Evans D, Stirewalt E, Mahadik S. 
Brain derived neurotropic factor in first-episode psychosis. 
Schizophr Res 2007;91:1-5.

18. Palomino A, Vallejo-Illarramendi A, González-Pinto A, 
Aldama A, González-Gómez C, Mosquera F, et al. 
Decreased levels of plasma BDNF in first-episode schizo-
phrenia and bipolar disorder patients. Schizophr Res 
2006;86:321-322. 

19. Durany N, Michel T, Zöchling R, Boissl KW, Cruz- 
Sánchez FF, Riederer P, et al. Brain-derived neurotrophic 
factor and neurotrophin 3 in schizophrenic psychoses. 
Schizophr Res 2001;52:79-86.

20. Iritani S, Niizato K, Nawa H, Ikeda K, Emson PC. 
Immunohistochemical study of brain-derived neurotrophic 
factor and its receptor, TrkB, in the hippocampal formation 
of schizophrenic brains. Prog Neuropsychopharmacol Biol 
Psychiatry 2003;27:801-807.

21. Hori H, Yoshimura R, Katsuki A, Atake K, Nakamura J. 
Relationships between brain-derived neurotrophic factor, 
clinical symptoms, and decision-making in chronic schizo-
phrenia: data from the Iowa Gambling Task. Front Behav 
Neurosci 2014;8:417. 

22. Gourion D, Goldberger C, Leroy S, Bourdel MC, Olié JP, 
Krebs MO. Age at onset of schizophrenia: interaction 
between brain-derived neurotrophic factor and dopamine 
D3 receptor gene variants. Neuroreport 2005;16:1407-1410.

23. Nikolac Perkovic M, Nedic Erjavec G, Zivkovic M, Sagud 
M, Uzun S, Mihaljevic-Peles A, et al. Association between 
the brain-derived neurotrophic factor Val66Met polymor-

phism and therapeutic response to olanzapine in schizo-
phrenia patients. Psychopharmacology (Berl) 2014;231: 
3757-3764.

24. Kraguljac NV, White DM, Reid MA, Lahti AC. Increased 
hippocampal glutamate and volumetric deficits in unme-
dicated patients with schizophrenia. JAMA Psychiatry 
2013;70:1294-1302. 

25. Egerton A, Fusar-Poli P, Stone JM. Glutamate and 
psychosis risk. Curr Pharm Des 2012;18:466-478.

26. Chiapponi C, Piras F, Piras F, Caltagirone C, Spalletta G. 
GABA system in schizophrenia and mood disorders: A mini 
review on third-generation imaging studies. Front 
Psychiatry 2016;7:61. 

27. Binder DK, Scharfman HE. Brain-derived neurotrophic 
factor. Growth Factors 2004;22:123-131.

28. Bekinschtein P, Cammarota M, Katche C, Slipczuk L, 
Rossato JI, Goldin A, et al. BDNF is essential to promote 
persistence of long-term memory storage. Proc Natl Acad 
Sci U S A 2008;105:2711-2716. 

29. Acheson A, Conover JC, Fandl JP, DeChiara TM, Russell 
M, Thadani A, et al. A BDNF autocrine loop in adult sensory 
neurons prevents cell death. Nature 1995;374:450-453.

30. Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal 
development and function. Annu Rev Neurosci 2001;24: 
677-736.

31. Huang EJ, Reichardt LF. Trk receptors: roles in neuronal 
signal transduction. Annu Rev Biochem 2003;72:609-642. 

32. Luikart BW, Parada LF. Receptor tyrosine kinase 
B-mediated excitatory synaptogenesis. Prog Brain Res 
2006;157:15-24.

33. Lu Y, Christian K, Lu B. BDNF: a key regulator for 
protein synthesis-dependent LTP and long-term memory? 
Neurobiol Learn Mem 2008;89:312-323. 

34. Kuipers SD, Bramham CR. Brain-derived neurotrophic 
factor mechanisms and function in adult synaptic 
plasticity: new insights and implications for therapy. Curr 
Opin Drug Discov Devel 2006;9:580-586.

35. Yamada K, Nabeshima T. Brain-derived neurotrophic 
factor/TrkB signaling in memory processes. J Pharmacol 
Sci 2003;91:267-270.

36. Wong J, Rothmond DA, Webster MJ, Weickert CS. 
Increases in two truncated TrkB isoforms in the prefrontal 
cortex of people with schizophrenia. Schizophr Bull 
2013;39:130-140. 

37. Weickert CS, Ligons DL, Romanczyk T, Ungaro G, Hyde 
TM, Herman MM, et al. Reductions in neurotrophin 
receptor mRNAs in the prefrontal cortex of patients with 
schizophrenia. Mol Psychiatry 2005;10:637-650.

38. Jang HJ, Yang YR, Kim JK, Choi JH, Seo YK, Lee YH, 
et al. Phospholipase C-1 involved in brain disorders. Adv 
Biol Regul 2013;53:51-62. 

39. Loss O, Wu CT, Riccio A, Saiardi A. Modulation of 
inositol polyphosphate levels regulates neuronal differen-
tiation. Mol Biol Cell 2013;24:2981-2989. 

40. Berridge MJ. Unlocking the secrets of cell signaling. Annu 
Rev Physiol 2005;67:1-21.

41. Numakawa T, Matsumoto T, Ooshima Y, Chiba S, Furuta 
M, Izumi A, et al. Impairments in brain-derived neuro-
trophic factor-induced glutamate release in cultured 
cortical neurons derived from rats with intrauterine growth 
retardation: possible involvement of suppression of 
TrkB/phospholipase C- activation. Neurochem Res 2014; 
39:785-792. 

42. Chen A, Xiong LJ, Tong Y, Mao M. Neuroprotective effect 
of brain-derived neurotrophic factor mediated by 



124 R. Agrawal, et al.

autophagy through the PI3K/Akt/mTOR pathway. Mol Med 
Rep 2013;8:1011-1016. 

43. Gupta V, Chitranshi N, You Y, Gupta V, Klistorner A, 
Graham S. Brain derived neurotrophic factor is involved 
in the regulation of glycogen synthase kinase 3 (GSK3) 
signalling. 2014;454:381-386.

44. Benes FM. Relationship of GAD(67) regulation to cell 
cycle and DNA repair in GABA neurons in the adult 
hippocampus: bipolar disorder versus schizophrenia. Cell 
Cycle 2010;9:625-627. 

45. Benes FM. Regulation of cell cycle and DNA repair in 
post-mitotic GABA neurons in psychotic disorders. 
Neuropharmacology 2011;60:1232-1242. 

46. Subburaju S, Benes FM. Induction of the GABA cell 
phenotype: an in vitro model for studying neurodevelop-
mental disorders. PLoS One 2012;7:e33352.

47. Jin XT, Galvan A, Wichmann T, Smith Y. Localization 
and function of GABA transporters GAT-1 and GAT-3 in 
the basal ganglia. Front Syst Neurosci 2011;5:63. 

48. Vaz SH, Jørgensen TN, Cristóvão-Ferreira S, Duflot S, 
Ribeiro JA, Gether U, et al. Brain-derived neurotrophic 
factor (BDNF) enhances GABA transport by modulating 
the trafficking of GABA transporter-1 (GAT-1) from the 
plasma membrane of rat cortical astrocytes. J Biol Chem 
2011;286:40464-40476. 

49. Akbarian S, Huang HS. Molecular and cellular mechanisms 
of altered GAD1/GAD67 expression in schizophrenia and 
related disorders. Brain Res Rev 2006;52:293-304. 

50. Hashimoto T, Bergen SE, Nguyen QL, Xu B, Monteggia 
LM, Pierri JN, et al. Relationship of brain-derived 
neurotrophic factor and its receptor TrkB to altered 
inhibitory prefrontal circuitry in schizophrenia. J Neurosci 
2005;25:372-383.

51. Palmada M, Centelles JJ. Excitatory amino acid neuro-
transmission. Pathways for metabolism, storage and reuptake 
of glutamate in brain. Front Biosci 1998;3:d701-d718.

52. Zhang Z, Fan J, Ren Y, Zhou W, Yin G. The release of 
glutamate from cortical neurons regulated by BDNF via 
the TrkB/Src/PLC-1 pathway. J Cell Biochem 2013;114: 
144-151. 

53. Beauregard M, Bachevalier J. Neonatal insult to the 
hippocampal region and schizophrenia: a review and a 
putative animal model. Can J Psychiatry 1996;41:446-456.

54. Angelucci F, Brenè S, Mathé AA. BDNF in schizophrenia, 
depression and corresponding animal models. Mol 
Psychiatry 2005;10:345-352.

55. Port RL, Sample JA, Seybold KS. Partial hippocampal 
pyramidal cell loss alters behavior in rats: implications for 
an animal model of schizophrenia. Brain Res Bull 
1991;26:993-996.

56. Ellenbroek BA, Willemen AP, Cools AR. Are antagonists 
of dopamine D1 receptors drugs that attenuate both 
positive and negative symptoms of schizophrenia? A pilot 
study in Java monkeys. Neuropsychopharmacology 1989;2: 
191-199.

57. Guo AY, Sun J, Jia P, Zhao Z. A novel microRNA and 
transcription factor mediated regulatory network in 
schizophrenia. BMC Syst Biol 2010;4:10. 

58. Mendes P, Hoops S, Sahle S, Gauges R, Dada J, Kummer 
U. Computational modeling of biochemical networks using 
COPASI. Methods Mol Biol 2009;500:17-59.

59. Colquitt RB, Colquhoun DA, Thiele RH. In silico 
modelling of physiologic systems. Best Pract Res Clin 
Anaesthesiol 2011;25:499-510. 

60. Jain P, Bhalla US. Signaling logic of activity-triggered 

dendritic protein synthesis: an mTOR gate but not a 
feedback switch. PLoS Comput Biol 2009;5:e1000287. 

61. Bhalla US, Iyengar R. Emergent properties of networks of 
biological signaling pathways. Science 1999;283:381-387.

62. DeLaBarre B, Gross S, Fang C, Gao Y, Jha A, Jiang F, 
et al. Full-length human glutaminase in complex with an 
allosteric inhibitor. Biochemistry 2011;50:10764-10770.

63. Gras C, Herzog E, Bellenchi GC, Bernard V, Ravassard P, 
Pohl M, et al. A third vesicular glutamate transporter 
expressed by cholinergic and serotoninergic neurons. J 
Neurosci 2002;22:5442-5451.

64. Sha D, Wei J, Wu H, Jin Y, Wu JY. Molecular cloning, 
expression, purification, and characterization of shorter 
forms of human glutamic decarboxylase 67 in an E. coli 
expression system. Brain Res Mol Brain Res 2005;136: 
255-261.

65. Ajay SM, Bhalla US. A propagating ERKII switch forms 
zones of elevated dendritic activation correlated with 
plasticity. HFSP J 2007;1:49-66. 

66. Amitai G, Gupta RD, Tawfik DS. Latent evolutionary 
potentials under the neutral mutational drift of an enzyme. 
HFSP J 2007;1:67-78. 

67. Barroso JF, Carvalho RN, Flatmark T. Kinetic analysis and 
ligand-induced conformational changes in dimeric and 
tetrameric forms of human thymidine kinase 2. Bioche-
mistry 2005;44:4886-4896.

68. Skovgaard T, Uhlin U, Munch-Petersen B. Comparative 
active-site mutation study of human and Caenorhabditis 
elegans thymidine kinase 1. FEBS J 2012;279:1777-1787.

69. Huynh QK, Pagratis N. Kinetic mechanisms of Ca++/ 
calmodulin dependent protein kinases. Arch Biochem 
Biophys 2011;506:130-136.

70. Sivakumaran S, Hariharaputran S, Mishra J, Bhalla US. 
The Database of Quantitative Cellular Signaling: manage-
ment and analysis of chemical kinetic models of signaling 
networks. Bioinformatics 2003;19:408-415.

71. Mehta KR, Yang CY, Montclare JK. Modulating substrate 
specificity of histone acetyltransferase with unnatural 
amino acids. Mol Biosyst 2011;7:3050-3055. 

72. Kitano H, Funahashi A, Matsuoka Y, Oda K. Using 
process diagrams for the graphical representation of 
biological networks. Nat Biotechnol 2005;23:961-966.

73. Hucka M, Finney A, Sauro HM, Bolouri H, Doyle JC, 
Kitano H, et al. The systems biology markup language 
(SBML): a medium for representation and exchange of 
biochemical network models. Bioinformatics 2003;19:524-531.

74. Funahashi A, Morohashi M, Kitano H, Tanimura N. 
CellDesigner: a process diagram editor for gene-regulatory 
and biochemical networks. BIOSILICO 2003;1:159-162.

75. Funahashi A, Matsuoka Y, Akiya J, Kitano H, Kikuchi N. 
Celldesigner: a modeling tool for biochemical networks. In: 
Proceedings of the 2006 Winter Simultation Conference; 
Dec 3-6, 2006; Monterey, CA, USA. 1707-1712.

76. Funahashi A, Matsuoka Y, Akiya J, Morohashi M, Kikuchi 
N, Kitano H. CellDesigner 3.5: a versatile modeling tool 
for biochemical networks. Proc IEEE 2008;96:1254-1265.

77. Kanaris I, Moutselos K, Chatziioannou A, Maglogiannis I, 
Kolisis FN. Building in-silico pathway SBML models from 
heterogeneous sources. In: BioInformatics and BioEngi-
neering. BIBE 2008. 8th IEEE International Conference 
on; Oct 8-10, 2008; Athens, Greece. 1-6.

78. Dräger A, Hassis N, Supper J, Schröder A, Zell A. SBML 
squeezer: a CellDesigner plug-in to generate kinetic rate 
equations for biochemical networks. BMC Syst Biol 2008;2:39. 

79. Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, 



Modeling the BDNF Deficiency of Schizophrenia 125

et al. COPASI--a COmplex PAthway SImulator. Bioinfor-
matics 2006;22:3067-3074. 

80. Wu C, Macleod I, Su AI. BioGPS and MyGene.info: 
organizing online, gene-centric information. Nucleic Acids 
Res 2013;41(Database issue):D561-D565. 

81. Sahle S, Mendes P, Hoops S, Kummer U. A new strategy 
for assessing sensitivities in biochemical models. Philos 
Trans A Math Phys Eng Sci 2008;366:3619-3631.

82. R Development Core Team. R: a language and environ-
ment for statistical computing. Vienna, Austria:R Founda-
tion for Statistical Computing;2015.

83. RStudio Team. RStudio: integrated development environ-
ment for R. 0.98.953 ed. Boston, MA:RStudio, Inc.;2015.

84. Wickham H. The split-apply-combine strategy for data 
analysis. J Stat Softw 2011;40:1-29.

85. Wickham H. ggplot2: elegant graphics for data analysis. 
New York:Springer-Verlag;2009.

86. Altar CA, Cai N, Bliven T, Juhasz M, Conner JM, Acheson 
AL, et al. Anterograde transport of brain-derived neuro-
trophic factor and its role in the brain. Nature 1997;389: 
856-860.

87. Shoval G, Weizman A. The possible role of neurotrophins 
in the pathogenesis and therapy of schizophrenia. Eur 
Neuropsychopharmacol 2005;15:319-329.

88. Zhang XY, Chen DC, Tan YL, Tan SP, Wang ZR, Yang 
FD, et al. The interplay between BDNF and oxidative 
stress in chronic schizophrenia. Psychoneuroendocrinology 
2015;51:201-208. 

89. Ursini G, Cavalleri T, Fazio L, Angrisano T, Iacovelli L, 
Porcelli A, et al. BDNF rs6265 methylation and genotype 
interact on risk for schizophrenia. Epigenetics 2016;11:11-23. 

90. Tan YL, Zhou DF, Cao LY, Zou YZ, Wu GY, Zhang XY. 
Effect of the BDNF Val66Met genotype on episodic 
memory in schizophrenia. Schizophr Res 2005;77:355-356.

91. Pirildar S, Gönül AS, Taneli F, Akdeniz F. Low serum 
levels of brain-derived neurotrophic factor in patients with 

schizophrenia do not elevate after antipsychotic treatment. 
Prog Neuropsychopharmacol Biol Psychiatry 2004;28: 
709-713.

92. Shimizu E, Hashimoto K, Watanabe H, Komatsu N, 
Okamura N, Koike K, et al. Serum brain-derived 
neurotrophic factor (BDNF) levels in schizophrenia are 
indistinguishable from controls. Neurosci Lett 2003;351: 
111-114.

93. Grillo RW, Ottoni GL, Leke R, Souza DO, Portela LV, 
Lara DR. Reduced serum BDNF levels in schizophrenic 
patients on clozapine or typical antipsychotics. J Psychiatr 
Res 2007;41:31-35. 

94. Xiu MH, Hui L, Dang YF, Hou TD, Zhang CX, Zheng YL, 
et al. Decreased serum BDNF levels in chronic institutio-
nalized schizophrenia on long-term treatment with typical 
and atypical antipsychotics. Prog Neuropsychopharmacol 
Biol Psychiatry 2009;33:1508-1512. 

95. Mill J, Tang T, Kaminsky Z, Khare T, Yazdanpanah S, 
Bouchard L, et al. Epigenomic profiling reveals DNA- 
methylation changes associated with major psychosis. Am 
J Hum Genet 2008;82:696-711. 

96. Campbell C, Albert R. Stabilization of perturbed Boolean 
network attractors through compensatory interactions. 
BMC Syst Biol 2014;8:53. 

97. Eggers AE. A serotonin hypothesis of schizophrenia. Med 
Hypotheses 2013;80:791-794. 

98. Bennett JP Jr, Enna SJ, Bylund DB, Gillin JC, Wyatt RJ, 
Snyder SH. Neurotransmitter receptors in frontal cortex of 
schizophrenics. Arch Gen Psychiatry 1979;36:927-934.

99. Keshavan MS, Tandon R, Boutros NN, Nasrallah HA. 
Schizophrenia, "just the facts": what we know in 2008 Part 
3: neurobiology. Schizophr Res 2008;106:89-107. 

100. Guillin O, Demily C, Thibaut F. Brain-derived neuro-
trophic factor in schizophrenia and its relation with 
dopamine. Int Rev Neurobiol 2007;78:377-395.


