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ARTICLE INFO ABSTRACT

Keywords: Brain Derived Neurotrophic Factor (BDNF) is a unique member of the neurotrophin family with potent and
BDNF plethoric effects on the proliferation, differentiation, survival and death of neuronal and non-neuronal
Depression cells, thereby making it critical in the health and well being of the nervous system. Studies of various neuro-
Movement fjisordefs logical and psychiatric disorders implicate BDNF aberration as a predisposing and perpetuating factor with
Neurotrophic factors predictive utility in treatment outcomes. BDNF therapies have yielded good results in animal models of dis-
?:ﬁ;%ii%ggatwe diseases ease states and studies in human subjects are underway. BDNF may be the “missing-link” that mediates the
interaction between gene and environment, synaptic plasticity and apoptosis and transgenerational trans-
mission of disease vulnerability. There is theoretical and empirical support for a model in which BDNF under-
pins the integrity of the central nervous system and this may herald a quantum leap in the way we approach
disorders of the mind and brain. Understanding and developing therapies centered on the role of BDNF may

lead to paradigm shifts in current practice and treatment of psychiatric and neurological disorders.
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1. Introduction in neurological research. Increasingly, researchers have become inter-

ested in the genetic aspects of disease processes, both in terms of vul-

Psychiatric and neurological disorders are complex heterogeneous
disorders, which have multiple risk factors, causes, treatments and
outcomes. Clinicians of various specialties have extensively studied
various aspects of these disorders and various relationships and over-
laps have been identified. For example, neurotransmitter abnormali-
ties seem to be a primary research interest in psychiatry whereas
macroarchitectural and neuropathological changes are emphasized
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BDNF gene; CSF, Cerebrospinal fluid; DT, Delirium Tremens; HD, Huntington's Disease;
mBDNF, Proteolytically processed mature protein; MDD, Major Depressive Disorder;
ProBDNF, Uncleaved precursor BDNF protein; Trk, Tropomyosin related Kinase family;
TrkB, Tyrosine kinase receptor B.
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nerability, factors that lead to phenotypic expression and familial
transmission.

The first aim of this selective literature review is to highlight the
role of BDNF as an emerging candidate in linking together the devel-
opment and clinical course of varied neurological and psychiatric
disorders. This neurotrophin is becoming increasingly recognized as
a critical backbone in the functioning and well-being of the central
nervous system. The review begins with an overview of this unique
neurotrophin with a brief description of the structure, function and
genetics. The second aim of this review is to characterize the role of
BDNF in the interplay between the environment and genetics. The
idea of BDNF linking adverse events in childhood, changes to genetic
architecture and development of altered behavioral phenotypes is ex-
plored. Recent developments linking BDNF to a wide array of neuro-
logical and psychiatric disorders and their treatment outcomes are
highlighted. This review concludes on BDNF as a novel therapeutic
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approach that could radically change and progress our understanding
and treatment of severe neurological and psychiatric disorders.

1.1. Brain Derived Neurotrophic Factor,
a unique member of the nerve growth family

Neurotrophins are considered to play a pivotal role in various as-
pects of neural function including survival, development, function,
and plasticity. The first neurotrophin identified was Nerve Growth
Factor (NGF), which was found during a search for such survival fac-
tors (Levi-Montalcini, 1987). Currently, four groups of neurotrophins
are identified in humans: NGF, Brain-Derived Neurotrophic Factor
(BDNF), Neurotrophin-3 (NT-3), and Neurotrophin-4 (NT-4). All of
these are considered to be from a common ancestral gene, exhibit
similarities in sequence and structure, and are therefore collectively
named neurotrophins (Huang & Reichardt, 2001). BDNF is the most
abundant and widely distributed neurotrophin in the mammalian
CNS. Since the purification of BDNF protein, definitive evidence has
emerged for its key role in mammalian brain development, physiolo-
gy, and pathology.

1.2. Structure and function of Brain Derived Neurotrophic Factor

There is growing evidence for the role of BDNF in the survival, dif-
ferentiation and plasticity of neurons throughout the brain and spinal
cord. BDNF is thought to do this, at least in part, by inhibiting apoptosis
(Riccio et al., 1999) and stimulating sprouting and neuronal reorgani-
zation (McAllister et al., 1999). The cellular actions of BDNF are medi-
ated through tyrosine kinase receptor B (TrkB) and by p75NTR (p75
neurotrophin receptor), a member of the TNF (tumor necrosis factor)
receptor superfamily (Chao, 2003).

All neurotrophins bind to p75NTR receptor but selectively interact
with their individual high-affinity protein kinase receptors of the Trk
(tropomyosin-related kinase) family. p75NTR is a receptor that binds
to all neurotrophins with a very similar affinity (Rodriguez-Tebar et
al.,, 1991). An accumulating body of work has shown that this protein
transmits signals important for determining which neurons survive
during development. Subsequently, a second class of neurotrophin re-
ceptors was identified as three members of the Trk receptor tyrosine
kinase family (Bothwell, 1995). Neurotrophins have been shown to di-
rectly bind and dimerize these receptors, resulting in activation of the
tyrosine kinases present in their cytoplasmic domains. NGF is specific
for TrkA. BDNF and NT-4 are specific for TrkB. NT-3 activates TrkC and
is also able to activate less efficiently each of the other Trk receptors.

The most important site at which Trk receptors interact with neu-
rotrophins has been localized to the most proximal immunoglobulin
(Ig) domain of each receptor (Ultsch et al., 1999). Via tyrosine kinases,
neurotrophins are thought to regulate functions such as neuronal pro-
liferation and survival, axonal and dendritic growth and remodeling,
assembly of the cytoskeleton, membrane trafficking and fusion, and
synapse formation and function (Huang & Reichardt, 2001).

BDNF is secreted in response to neuronal activity, largely via
the regulated pathway and derived from both pre- and postsynaptic
sites. BDNF is translated as a precursor protein (ProBDNF) and
then proteolytically processed to generate a small mature protein
(mBDNF). Both ProBDNF and mBDNF are active via two different
receptor systems. The biological action of the neurotrophins can be
regulated by proteolytic cleavage, with pro-forms preferentially acti-
vating p75NTR to mediate apoptosis and mature forms selectively ac-
tivating Trk receptors to promote survival. Neurotrophins may use a
death receptor to prune neurons efficiently during periods of develop-
mental cell death. In the event of mis-targeting, neurons may undergo
apoptosis if the appropriate trophic factors are not encountered. In
this case, a neurotrophin may fail to activate Trk receptors and elimi-
nate cells by an active killing process through p75NTR (Chao et al.,
2006). Cell death mediated by p75NTR may be important for the

refinement of correct target innervation during development. In addi-
tion, p75-mediated cell death is associated with inflammation, injury,
seizure and nerve lesion.

The majority of BDNF effects are mediated through binding of
mBDNF to TrkB. Both BDNF and its specific receptor TrkB are highly
expressed in the adult brain and they are essential in survival of
mature and immature neurons and neurotransmission. In immature
neurons, BDNF is involved in growth, differentiation, maturation,
and survival. In mature neurons, BDNF plays an important role in syn-
aptic plasticity, augmentation of neurotransmission, and regulation of
receptor sensitivity (Numakawa et al., 2010).

The other effects of BDNF are via ProBDNF, which preferentially
binds p75NTR, thereby activating a different set of intracellular signal-
ing cascades linked to the activation of apoptotic signaling and initiation
of N-methyl-D-aspartic acid (NMDA) receptor-dependent synaptic de-
pression in the hippocampus (Lu & Chang, 2004). p75NTR receptor sig-
naling is involved in cell survival, neurogenesis, cell cycle effects, and
apoptosis during developmental cell death and after nervous system in-
jury (Roux & Barker, 2002). Pro-apoptotic p75NTR triggered cell death
has been observed during stress, inflammation and injury conditions
(Chao et al., 2006).

1.3. Genomics of Brain Derived Neurotrophic Factor

BDNF genomic structure is quite complex and the expression of
BDNF gene depends on several regulatory regions. The two forms of
BDNF proteins are as follows: uncleaved precursor BDNF protein
(ProBDNF) and mBDNF protein each of which has altered binding
characteristics and distinct biological activity in comparison with the
other (Teng & Hempstead, 2004). Individually regulated upstream
promoters drive a short exon that is alternatively spliced onto a com-
mon exon encoding the pre-proBDNF protein (Martinowich & Lu,
2008). These promoters of individual transcripts are regulated by
diverse and varied physiological stimuli, and these transcripts are dis-
tributed in different brain regions, different cell types and even differ-
ent parts of the cell (e.g. soma vs. dendrites) (Pattabiraman et al.,
2005). The most studied promoter is the Rat Promoter III, which is
regulated by neuronal activity in the amygdala, hippocampus, and
cortex. Alterations in transcription of BDNF via promoter Il have
been heavily studied as a mediator of activity-dependent processes in-
cluding synapse development, plasticity, learning, and memory.

In the mouse brain, BDNF mRNA and protein expression becomes
detectable during embryonic development, reaching the highest
levels by postnatal days 10-14. In the adult mouse, BDNF is expressed
throughout the brain, with the highest levels in the neurons of hippo-
campus. Neuronal BDNF expression is affected by many stimuli, such
as y-aminobutyric acid and glutamate neurotransmission and mem-
brane depolarization through calcium-mediated channels (Aid et al.,
2007).

BDNF mRNA is translated in the endoplasmic reticulum into a pre-
cursor protein, which is folded in the trans-Golgi and then packaged
into secretory vesicles (Lu & Chang, 2004). Upon correct folding,
BDNF can be sorted into two forms: the constitutive (spontaneous re-
lease) form, or more frequently, the regulatory (release in response to
stimuli) form. The trafficking and localization of BDNF appears to be
controlled by its pro-domain. A significant single-nucleotide polymor-
phism in the pro-domain of BDNF has been identified, where the 66th
amino acid valine has been converted into methionine (BDNFMet).
This polymorphism has been observed to affect dendritic trafficking
and synaptic localization of BDNF as well as to impair its secretion.

Studies have previously indicated that the prodomain of neurotro-
phins plays an important role in regulating their intracellular trafficking
to secretory pathways. A recent review described the effect of alteration
of the site in the prodomain as leading to decreased variant BDNF tar-
geting to secretory granules and subsequent regulated secretion cells
and primary cultured neurons (Chao et al.,, 2006). In addition, BDNFMet
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alters the trafficking of wild-type BDNF through the formation of het-
erodimers that are less efficiently sorted into the regulated secretory
pathway (Chen et al., 2004). These in vitro processing studies with
BDNFMet point to the presence of a specific trafficking signal in the
BDNF prodomain region encompassing the methionine substitution,
which is required for efficient BDNF sorting to the regulated secretory
pathway. The perturbations of this secretory pathway may lead to selec-
tive impairments in central nervous system function.

Human subjects carrying the BDNFMet polymorphism exhibit def-
icits in short-term episodic memory and show abnormal hippocampal
activation (Egan et al., 2003). This has been associated with memory
impairments as well as altered susceptibility to neuropsychiatric dis-
orders, such as Alzheimer's Disease, Parkinson's disease, affective dis-
orders and Schizophrenia as described below, perhaps through a
common clinical symptom of impairment of higher cognitive abilities
(Egan et al., 2003). Given established knowledge of BDNF role in me-
diating processes related to learning and memory, this susceptibility
to cognitive impairment may lead to multiple disorders affecting ner-
vous system functioning.

1.4. Brain Derived Neurotrophic Factor as a mediating factor in epigenesis

A significant body of research highlights the sensitivity of the devel-
oping brain to environmental effects during early, critical periods of
brain plasticity, with subsequent long-term modifications of structural
and functional aspects of brain activity. Many psychiatric disorders
have their antecedents in childhood trauma, maltreatment or loss and
studies have linked these events with later depression, anxiety and
psychosis (Bremner, 2003). Rodent and non-primate animal models
provide a means of studying lasting neurobiological correlates as a se-
quela of adverse childhood experiences, highlighting vulnerabilities
on a macroarchitectural level (hippocampus, amygdala, HPA-AXis, pre-
frontal cortex) as well as on a cellular level (Korosi & Baram, 2009).

Animal studies have shown that BDNF expression is affected by
both acute and chronic stress. These stress paradigms are evoked in
the laboratory in various ways including immobilization stress, foot
shocks, social defeat, and early maternal deprivation, all of which sig-
nificantly decrease BDNF expression in the hippocampus, especially in
the dentate gyrus (Smith et al., 1995). This is similar to monoamine
systems including serotonin, which are significantly affected by stress.
It has been proposed that the effects of serotonin on the central ner-
vous system may be mediated, in part, by BDNF with the therapeutic
structural and functional changes at a synaptic level as a result of an-
tidepressant therapy being due to changes in the expression, secretion
and functioning of BDNF (Martinowich & Lu, 2008). It seems clear that
BDNF and serotonin are interconnected in neural circuits implicated in
mood disorders and antidepressant response.

It has been proposed that brain changes may result from epigenetic
modifications of early adverse life conditions (Murgatroyd et al.,
2009). Epigenetic gene regulation is achieved through covalent
modifications—methylation or acetylation—of either the DNA itself
or of the histone skeleton around which it is packaged into chromatin.
Such modifications of key genes are a mechanism whereby early expe-
riences can have longlasting—potentially lifelong—influences on gene
expression and, consequently, on brain function and behavior. DNA
methylation is the most commonly studied mechanism whereby
modifications made to DNA and the associated histone proteins that
help regulate transcription of the genome may lead to understanding
early-life experiences and neurobiological outcomes. The direct cova-
lent modification of DNA, where at least three encoded enzymes
known as DNA methyltransferases are known to catalyze the addition
of a — CH3 group to cytosine residues at the 5-position of the pyrimi-
dine ring (Bird, 2007) is a common mechanism of DNA methylation.
DNA methylation is increasingly being recognized for its role in medi-
ating gene-environment interplay throughout the lifespan, as studies
have now documented both dynamic and static effects and it has been

recognized for its role in a number of developmental processes
and neurodevelopmental disorders that are associated with long-
lasting phenotypic changes (cellular differentiation, X-chromosome
inactivation, Rett syndrome, and Fragile X mental retardation). DNA
methylation in concert with other associated enzymatic machinery
is increasingly thought to have an important role in regulating and
promoting gene transcription in the central nervous system
(Marmorstein & Trievel, 2009).

The BDNF gene has been the focus of numerous developmental
studies aimed at understanding the relationship between early-life
stress, brain responses and behavioral outcome, given BDNF's vital
role in brain development and plasticity. Various animal models of
early-life adversity have consistently indicated that altered behavior-
al outcomes are well correlated with stable changes in both BDNF
gene transcription and protein expression. For example, infant mice
that are exposed to higher levels of maternal care have an increased
propensity for social interaction in adulthood that is correlated with
increased hippocampal BDNF protein levels (Branchi, 2009) whereas
infant isolation from the mother and or nest has been shown to alter
an array of behaviors, with reduced levels of both mRNA and protein
in the prefrontal cortex, amygdala, and hippocampus (Lippmann et
al., 2007). Aberrant BDNF gene activity continues to receive attention
as a mediating molecular mechanism through which early-life adver-
sity may produce stable modifications in brain and behavioral plastic-
ity (Alleva & Francia, 2009).

A recent review of this summarized the robust outcome of
experience-driven changes in BDNF DNA methylation by early-life
adverse experiences (Roth & Sweatt, 2011). They highlighted three
findings: (1) that adverse social interactions and environmental
conditions during the first week of life can alter cortical BDNF gene
expression through epigenetic mechanisms, (2) this epigenetic mo-
lecular mechanism may potentially underlie not only lifelong but
transgenerational effects incited by early-life adverse conditions and
(3) Zebularine administration may potentially modify the epigenetic
effects of early-life adversity (this is a demethylating agent used in
chemotherapy which was able to reverse aberrant DNA methylation
and gene expression patterns incited by early-life adversity in rat
models).

2. Clinical and therapeutic aspects
of Brain Derived Neurotrophic Factor

Neurotrophic factors regulate numerous neuronal functions in de-
velopment and adult life and in response to neuronal injury (Chao et
al., 2006). As a result, neurotrophins have been implicated in the
pathophysiology of a wide variety of neurodegenerative and psychi-
atric disorders and have been considered as a therapeutic strategy
for these disorders.

2.1. Brain Derived Neurotrophic Factor and neurological disorders

Alzheimer's Disease (AD) is a neurodegenerative disorder that
leads to impairment of memory, judgment and executive functions.
Although the exact cause of AD is not known, studies have revealed
BDNF alterations in post mortem brains of those afflicted by this dis-
order. AD is characterized by the accumulation of 2 hallmark lesions,
AP plaques and neurofibrillary tangles, which are accompanied by
gliosis and widespread neuronal and synaptic loss, causing progres-
sive loss of memory and cognitive function. BDNF is produced in the
entorhinal cortex and hippocampus in adulthood, which are sites
for neuronal loss in AD. The majority of studies have reported reduc-
tion in BDNF levels in the brains of those suffering from AD (Peng et
al., 2005). A recent study found that serum BDNF levels were signifi-
cantly increased in Mild Cognitive Impairment (MCI) and AD patients
when compared to control subjects and that this was independent of
treatment with acetylcholinesterase inhibitor or antidepressant



S. Balaratnasingam, A. Janca / Pharmacology & Therapeutics 134 (2012) 116-124 119

medication (Angelucci et al., 2010). These opposing data on levels of
BDNF in AD patients may reflect differences in patient recruitment
and stage of the disease. It may also support an emerging hypothesis
that BDNF is upregulated in both preclinical phase (MCI) and clinical
phase of dementia (AD).

Restoration of BDNF in transgenic mice with amyloid precursor pro-
tein overexpression (an AD model) led to some repair in gene expres-
sion that were disturbed in entorhinal cortex and hippocampus with
corresponding improvement in learning and memory (Nagahara et al.,
2009). BDNF restoration was accomplished by BDNF protein infusion
intrathecally. Similarly, neural stem cell transplantation in aged triple
transgenic mice that express pathogenic forms of amyloid precursor
protein, presenilin, and tau led to improvement in spatial learning and
memory deficits without reversing these neuropathological markers.
The authors considered that a robust enhancement of hippocampal
synaptic density, mediated by BDNF, was the cause of improvement of
cognitive function in AD mice models (Blurton-Jones et al, 2011).
Overall, emerging studies demonstrate that BDNF exerts substantial
protective effects on crucial neuronal circuitry involved in AD and
reverses cognitive impairment, acting through amyloid-independent
mechanisms.

The involvement of BDNF in neurodegenerative disorders such as
Parkinson's disease (PD) and Huntington's disease (HD) have received
some attention. The pathological hallmark in PD is the loss of dopami-
nergic neurons from the striatum, which is replicated in mice with se-
lective BDNF deletion from the midbrain and hindbrain that show
early phenotype of PD (Baquet et al., 2005). This is in agreement
with earlier studies that showed reduced BDNF mRNA expression in
dopaminergic neurons of substantia nigra of those suffering from PD
by up to 70% (Howells et al., 2000). Animal studies have demonstrated
BDNF induced improvement in anatomical and behavioral effects in
non human primates with demonstrated reversal of histological
changes in the substantia nigra (Tsukahara et al., 1995). Similar effect
was observed in rodent models with reduction of dopaminegic loss in
substantia nigra with implanted fibroblasts genetically enhanced to
express BDNF (Levivier et al., 1995). In HD, BDNF depletion leading
to reduced trophic support and subsequent striatal degeneration has
been put forward as a hypothesis in mediating the age of onset and se-
verity of this condition (Strand et al., 2007). Cultured neurons that
have been transfected with huntingtin protein show reduced cell
death as a result of BDNF treatment (Zala et al., 2005). Infusion of
BDNF into the striatum of mice expressing huntingtin protein led to
improvement in motor abnormalities (Canals et al., 2004). Although
trials of BDNF administration in humans with PD and HD are yet to
be undertaken, BDNF offers the hope of stopping or delaying progres-
sion of neurodegenerative disorders.

Amyotrophic lateral sclerosis (ALS) is a severe neurodegenerative
disorder, characterized by selective loss of motor neurons with progres-
sive paralysis and death by respiratory failure. Trophic support from
neurotrophins including BDNF is understood to be necessary for growth
and survival of the developing nervous system. In a 6-month phase I/1I
trial, ALS patients treated with BDNF revealed a significant slowing of
the decline in walking speed and a slowing of decline of respiratory
function. A larger phase III trial of subcutaneous BDNF administration
is underway to replicate these results (Schulte-Herbriiggen et al., 2007).

BDNF applied peripherally into the spinal cord promotes regener-
ation of ascending sensory neurons and functional recovery whereas
direct injection of BDNF does not appear to have this effect (Song et
al., 2008). The lack of effect is thought to be due to the suppressive ef-
fect of TrkB, which is found in astrocytes throughout the spine and
central nervous system. BDNF applied to the peripheral nerve is
transported transganglionically to the spinal cord and central nervous
system, offering a practical and accessible vehicle for transport. Rats
with spinal cord injuries showed significant improvement in locomo-
tive tests after the injury when administered gels containing BDNF
(Park et al., 2010). Hence, BDNF combined with a matrix of biogenic

scaffolds or a cellular matrix has led to positive results in regenerative
growth following spinal cord injury.

2.2. Brain Derived Neurotrophic Factor and psychiatric disorders

Given that neurotrophic factors are thought to modulate cell sur-
vival and promote neuronal plasticity, BDNF dysfunction may contrib-
ute to, or be a consequence of, mental illness. Human polymorphisms
in BDNF gene are linked to increased risk of mood disorder including
bipolar disorder.

Bipolar disorder (BPD) is characterized by episodes of elevated or
depressed mood. Typically, depressive episodes predominate over
manic episodes and in some cases, the episodes of elevated mood
may be hypomanic episodes (Saunders & Goodwin, 2010). Recently,
it was reported that decreased BDNF and impaired neuroplasticity
may play a role in the pathophysiology of BPD (Dufty, 2010). Further-
more, no difference in BDNF levels was found between unaffected
relatives and controls, which had higher levels compared with the
related proband patient. This suggests that upregulation of BDNF
may be a protective mechanism in those at genetic risk who do not
develop the illness. Serum BDNF levels are decreased in depressive
and manic episodes, returning to normal levels in euthymic states.
BPD patients displayed reduced BDNF levels as a result of factors
that negatively influence the course of this disorder, such as life stress
and trauma (Kapczinski et al., 2008).

The pathophysiology of depressive disorders may be considered to
be due to aberrant regulation of neuronal plasticity, including neuro-
genesis mediated by neurotrophic factors in the hippocampus and
other limbic nuclei resulting in maladaptive changes in neural net-
works. Some authors have advanced a neurotrophin theory of depres-
sion, stating that the failure of neurogenesis and neuronal plasticity is
an etiological factor for stress induced disorders such as Major De-
pressive Disorder (MDD) (Duman, 2002). Studies have suggested
that MDD may be precipitated by low production of BDNF (Karege
et al.,, 2002) and medication free patients with MDD and healthy sub-
jects with depressive personality traits (Lang et al., 2006) have de-
creased serum BDNF level than healthy subjects. These studies also
showed that greater depression severity is associated with a lower
serum BDNF level and that antidepressant therapy can normalize
BDNF levels (Gonul et al., 2005).

The gene encoding BDNF, located on chromosome 11p13
(Maisonpierre et al., 1990) is one of several candidate genes that
have been described for MDD (Levinson, 2006). BDNF is a neurotro-
phin that is highly expressed in the central nervous system, especially
in the hippocampus, which is coded for by this BDNF gene
(Martinowich et al.,, 2007). A single nucleotide polymorphism
(rs6265) in exon 11 of the BDNF gene results in an amino-acid substi-
tution from valine to methionine at codon 66 (BDNFMet) in the pro-
domain of BDNF (Schumacher et al., 2005). BDNFMet is a common
polymorphism with a higher frequency reported in Asian populations
than Caucasian populations (Shimizu et al., 2004). Studies have
suggested that the BDNFMet allele is associated with poorer episodic
memory performance and reduced hippocampal activity, both of
which are evident in MDD (Egan et al., 2003). Some studies have
found lower serum BDNF levels during depression and that metcar-
riage had an effect in reducing serum BDNF levels, regardless of gen-
der and depression (Ozan et al., 2010).

Recent review of BDNF in postmortem brains of suicide victims
revealed low BDNF levels in the hippocampus and prefrontal cortex,
but increased BDNF levels where victims of suicide were treated
with antidepressant medications (Karege et al., 2005). Other studies
have refuted this association (Oswald et al., 2005). The inconsistencies
in association studies have been explained by some as resulting from
the lack of statistical power in studies of small sample size and from
variation across studies in inclusion criteria, such as the definition of
psychiatric phenotype, or ethnicity (Verhagen et al., 2010).
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BDNF is thought to play an important role in the pathophysiology
of schizophrenia. The prefrontal cortex appears to be critical from a
structural and functional point of view in controlling higher order
cognitive and executive functions, the impairment of which is consid-
ered to be a core feature of the “negative syndrome” of schizophrenia
(Dalley et al., 2004). A recent study demonstrated an inverse correla-
tion between BDNF and cortisol levels in both postmortem human
brains and animal models of schizophrenia (Issa et al., 2010). This
builds on significant evidence suggesting lower BDNF levels in
serum and prefrontal cortex of those suffering with schizophrenia,
reversed by treatment with the antipsychotic agent olanzapine in
prenatal rat models (Pillai, 2008). Studies of patients affected by epi-
sode psychosis also detected decreased BDNF levels (Pillai et al.,
2010). The key findings from this study were: (1) BDNF protein levels
are low in plasma and cerebrospinal fluid (CSF) of first episode psy-
chotic subjects; (2) plasma and CSF BDNF protein levels show a
significant negative correlation with scores of the baseline PANSS
positive symptom subscales and (3) a strong positive correlation
exists between plasma and CSF BDNF protein levels in first episode
psychotic subjects. Hence, this provides strong support for BDNF as
being a mediating factor in stress related paradigm models in the
pathogenesis of schizophrenia (with elevated cortisol levels resulting
from dysfunction of the hypothalamic-pituitary-adrenal axis being the
biological marker for stress and BDNF being the final common path-
way for altered neural plasticity and providing support for the aber-
rant neurodevelopmental changes found in schizophrenia patients).

That positive symptoms of schizophrenia as measured by the
PANSS are inversely correlated with BDNF levels suggests that BDNF
may assist with diagnosis and treatment of psychosis, even though
the exact mechanism for change remains unknown. A recent study
showed significant correlation between reduced levels of an isomeric
form of BDNF (truncated-BDNF) and higher scores on negative
subscale of PANSS and neuropsychological testing deficits (Carlino
et al,, 2011). The authors suggested that isomeric forms of BDNF
(truncated-BDNF) might be better than serum total BDNF in brain pa-
thology and might explain equivocal findings of BDNF levels in some
studies of patients suffering with schizophrenia. Nevertheless, there
is growing support for measuring BDNF levels as an empirical method
of predicting positive and negative symptoms in schizophrenia.

A recent meta-analysis of BDNF levels in patients suffering with
schizophrenia found that both drug naive and medicated patients
had lower BDNF levels when compared to healthy controls (Green et
al.,,2011). Low BDNF levels are also inversely correlated with the dura-
tion of untreated psychosis (Rizos et al., 2010) as well as positive and
negative symptoms of schizophrenia (Rizos et al., 2008). Hence, low
BDNF may confer a poorer prognosis in schizophrenia and hold the
key to understanding neurobiological mechanisms of this complex
disease.

Studies of drug reward and dependence in rodent models revealed
interesting and mixed findings regarding the role of BDNF in various
phases of addiction (initiation, maintenance or abstinence/relapse).
These experiments have revealed varying results depending on drug
type, brain site, phase of addiction and time elapsed since injection
of BDNF into the rodent brain and measurement of behavioral out-
comes. BDNF is considered to be important in drug addiction as it pro-
vides trophic support to midbrain dopaminergic neurons, which are
critically important in mediating drug reward and relapse (Chao,
2003). A recent summary of key research in this area revealed various
outcomes (Ghitza et al., 2010): activating BDNF signaling in dorsal
striatum decreases alcohol intake, stimulation of BDNF in the ventral
tegmental area facilitates cocaine intake and a similar effect is pro-
duced by stimulating BNDF in the terminal mesocorticolimbic dopa-
minergic neurons, which potentiates cocaine intake.

A recent study compared BDNF levels among those suffering with
alcohol dependence vs. healthy controls (Huang et al., 2011). The al-
cohol dependent group was further stratified into those exhibiting

delirium tremens (DT) and those not. This study demonstrated that
the lowest levels of BDNF (statistically significant) were in the DT
group, followed by non DT group and highest in the control group.
Furthermore, BDNF levels for both alcohol dependent groups in-
creased within one week of alcohol withdrawals, implicating BDNF
in recovery. Additionally, BDNF levels in the non-DT group were com-
parable to controls after withdrawal, but this did not occur in the DT
group whose BDNF levels remained low. Some have proposed that
BDNF is a haemostatic agent that is elevated acutely in alcohol
abuse as a neuroprotective agent to counteract the rewarding effects
of alcohol, but is reduced in chronic alcohol exposure (McGough et al.,
2004). Hence, Huang et al. (2011) concluded that “It is plausible that
the more inadequate BDNF expression to act against addiction is asso-
ciated with more severe alcohol dependence and withdrawal. There-
fore, alcoholic patients with weakened BDNF expression and ensued
poor neurotrophic protection are likely to be susceptible to alcohol
induced neurotoxicity and DTs”. The role of endogenous BDNF and
modifying it in drug addiction therapies are areas of future research
where many questions remain unanswered.

BDNF and TrkB, its receptor are highly expressed in the hypothal-
amus and strongly implicated in a range of functions related to me-
tabolism and food regulation such as appetite, weight and food
consumption (Kernie et al., 2000). Obesity, hyperhagia, hyperinsuli-
nemia and hyperglycemia have been demonstrated in mice heterozy-
gous for BDNF or with BDNF deletion (Fox & Byerly, 2004). Recent
reports have confirmed human cases where alterations in BDNF
gene have led to childhood obesity and hyperphagia (Gray et al.,
2006). Low BDNF levels are found in patients with diabetes compared
to non-diabetic controls suggesting the possibility that BDNF may be
linked to other biomarkers of diabetic control (Fujinami et al., 2008).
It is possible to administer BDNF to mice centrally and peripherally
and demonstrate physiological changes such as reduction of food in-
take, increase in energy expenditure, control of hyperglycemia and
hyperinsulinemia and weight reduction in diabetic mice (Nakagawa
et al., 2000; Tsuchida et al., 2001).

2.3. Brain Derived Neurotrophic Factor and psychopharmacology

Most classes of antidepressant medication have been found to in-
crease BDNF levels in animal models (Duman & Monteggia, 2006). A
similar effect is seen with Electroconvulsive Therapy (ECT) and tran-
scranial magnetic stimulation (Miiller et al., 2000; Altar et al., 2004).
BDNF mutant mice with the BDNFMet variation exhibited higher
levels of anxiety which could not be reversed with the antidepressant
fluoxetine, implicating BDNF in the therapeutic efficacy of antidepres-
sant medication (Chen et al., 2006). Using a double mutant mouse
model without any copies of serotonin transporter gene, BDNF reduc-
tion led to excerbation of monoamine deficiency and increased stress
abnormalities (Ren-Patterson et al., 2005). Mice with overexpressed
TrkB receptors and enhanced BDNF signaling showed resistance in
animal models of depression such as increased latency to immobility
in the forced swim test. This was similar to wild-type mice that were
administered fluoxetine (Koponen et al., 2005).

Chronic antidepressant treatment (21 days) has been shown to in-
crease BDNF levels by 10-30% and repeated daily administration of
electroconvulsive therapy over 10 days increased BDNF levels by
40-100% in rat forebrain regions (Balu et al., 2008). This is in contrast
to 1 day of antidepressant or ECT treatment where there were no ap-
preciable increases in BDNF levels observed. The duration of antide-
pressant medication treatment leading to initial therapeutic effect
correlated well with the findings in wild type mice that 21 days of re-
peated drug treatment were required in increase expression of BDNF
and TrkB (Nibuya et al., 1995). Human studies have demonstrated
lower BDNF levels in those suffering with depression (Piccinni et al.,
2008) in contrast to generally revealed elevated serum or plasma
BDNF levels in depressed patients who have responded to therapy



S. Balaratnasingam, A. Janca / Pharmacology & Therapeutics 134 (2012) 116-124 121

with antidepressant medication (Brunoni et al., 2008). A recent pilot
study also demonstrated that non increase in serum BDNF levels asso-
ciated with non improvement by day 14 predicted later non response
and non remission of MDD to antidepressant therapy with moderate
to high specificity (Tadic et al., 2011). Hence, it may be considered
that neuroplasticity, neurogenesis and synpatogenesis induced by an-
tidepressant therapy may be mediated, at least in part, via BDNF (Lee
& Kim, 2010).

Recent studies have confirmed previous findings that BDNF levels
are decreased in BPD patients and these are normalized in lithium re-
sponders (Rybakowski & Suwalska, 2010). The neuropsychological
performance and BDNF levels of patients in this study who responded
to lithium were compared to control group, but better than those who
did not respond to lithium. Other studies have shown that the sever-
ity of manic episodes is significantly negatively correlated with plas-
ma BDNF levels, raising the possibility of BDNF being a potential
biological marker or measure of disease severity in BPD patients
(Machado-Vieira et al., 2007). This may also explain Lithium's actions
as a neuroprotective agent. Hence, a study of AD patients treated with
lithium showed significant increase of BDNF serum levels combined
with significant decrease of ADAS-Cog sum scores in comparison to
placebo-treated patients (Leyhe et al., 2009). Improvement of cogni-
tive impairment was inversely correlated with lithium serum concen-
tration. Animal studies also reported that lithium can increase BDNF
levels in rat brain (Fukumoto et al., 2001).

Studies of BNDF levels with antipsychotic therapy have yielded
inconsistent results. A recent study showed that clozapine, in com-
parison to first-generation antipsychotics (FGAs), was positively cor-
related with serum BDNF levels (Pedrini et al., 2011). The authors
speculated that this may explain the superiority of clozapine when
compared with FGAs, particularly in the domain of cognitive function.
Another recent study showed that risperidone and clozapine treat-
ment correlated with elevated BDNF levels, and patients treated
with risperidone showed a significant increase compared to those
treated with clozapine with a specific increase in male patients
(Chen & Huang, 2011). Rats subjected to immobility stress showed
significant decrease in BDNF levels, which were attenuated by the ad-
ministration of antipsychotic medication, particularly olanzapine and
aripiprazole (Park et al., 2011). BDNF phenotypes have also been
implicated in antipsychotic induced weight gain with the BDNFMet
variant implicated in weight gain among male patients and low
BDNF levels implicated in weight gain in females, suggesting that
BDNF may play a central role in appetite stimulation and metabolic
homeostasis (Zhang et al., 2008).

2.4. Future directions in Brain
Derived Neurotrophic Factor therapy research

Working with the assumption that impaired neurotrophic factors
lead to neurological and psychiatric conditions, therapies have been
considered that target neurotrophin signaling. The hypothesis is
that disease states result in (i) decreased availability of neurotrophins
for the affected neurons, (ii) decreased number of neurotrophin re-
ceptors on the affected neurons, and/or (iii) decreased neuronal sur-
vival. It is hoped that these deficits can be ameliorated by the addition
of neurotrophic factors exogenously and at least provide symptomat-
ic treatment for the disease state rather than a cure for these nervous
system disorders (Chao et al., 2006). Therefore, a key task of future
research endeavors lies in overcoming challenges associated with
the delivery of BDNF to the central nervous system. These challenges
may help explain why trials involving BDNF administration in human
subjects have led to equivocal results with side effects (Thoenen &
Sendtner, 2002).

BDNF protein does not readily cross the blood brain barrier when
administered peripherally (Nagahara & Tuszynski, 2011). Hence, it
must be administered centrally by intraventricular or intrathecal

infusion which still may not penetrate the brain parenchyma beyond
superficial layers (Ankeny et al., 2001). Infusion of BDNF via implanted
pumps has been tried, but these studies struggled to achieve the bal-
ance between adequate flow rates that lead to effective BDNF distribu-
tion at target sites without causing damage to tissue and excessive
flow rates that may lead to side effects (Lang et al., 2006). There are
also the risks of reflux, infection and obstruction. Indiscriminate infu-
sion of BDNF into the nervous system may lead to significant side
effects including epilepsy, dysesthesias and migration/proliferation
of Schwann cells into subpial space (Nagahara & Tuszynski, 2011).
Therefore, to deliver adequate doses of BDNF to specific targets in
the nervous system that can be controlled and measured with predict-
able pharmacokinetics for adequate duration (perhaps years in
chronic neurodegenerative disorders) is a formidable challenge that
remains to be met by future research.

Adenovirus vectors have been used in-vivo to genetically transfer
BDNF into the central nervous system, usually in animal models
(Koda et al., 2004). Various regions of the vector genome are deleted
and then genetically engineered to express BDNF, after which the
vector is directly injected into the injured neural site and initiates ex-
pression of transferred genes. These are incorporated into the axon
terminals and transported retrogradely to the cell body, enabling a
high degree of transferred gene expression (Liu et al., 1997). This con-
trasts with ex-vivo gene therapy where cells transfected with genes
encoding therapeutic molecules as grafted to the lesion site such as fi-
broblasts that have been genetically modified to express BDNF (Liu et
al., 1999). The main concerns with in-vivo gene delivery are the neu-
rosurgical intervention required (the surgical procedure may take up
to 4 h) and the challenges of accurate targeting and turning off genet-
ic activation if side effects develop. Nagahara and Tuszynski (2011)
have recently summarized six trials of in-vivo gene delivery to the
brain, which are still in progress in patients suffering from PD and AD.

Mimetic analogs are small molecules that activate neurotrophic
receptors and the subsequent cascades leading to neurogenesis and
neuroplastic changes. A recent report heralded the development of
a TrkB agonist which reduces neutrophin related neuronal loss in
vitro and improves motor dependent learning after trauma in rodents
(Massa et al., 2010). This prototype compound, named as LM22A-4, is
believed to be the first reported small molecule to mimic a specific
neurotrophin domain, capable of functioning as a ligand to selectively
and potently activate the TrkB receptor. Studies of tolerability and
efficacy in human subjects are awaited.

The neurotrophin system can also be transactivated by other re-
ceptor signaling systems such as G-protein-coupled receptors, purine
adenosine A, receptor and pituitary adenylate cyclase-activating
polypeptide neuropeptide receptor, even in the absence of neurotro-
phins (Lee & Chao, 2001). Recent reports confirm this finding in exper-
imental situations where activating of A, receptor led to increased
levels of TrkB receptor and potentiated the effects of BDNF with func-
tional consequences for TrkB phosphorylation and BDNF-induced
modulation of neurotransmitter release and hippocampal plasticity
(Assaife-Lopes et al.,, 2010). Although there are no data on humans,
intracellular signaling interactions between adenosine and Trk recep-
tors therefore provide a new avenue for developing novel treatments
for neurological disorders. By targeting populations of neurons that
express adenosine and Trk receptors, small molecules such as adeno-
sine, may be contemplated as potential treatments for a wide number
of nervous system disorders, including cerebral ischemia, ALS, PD, and
other neurodegenerative conditions.

3. Conclusion

This paper highlights convergence of recent research interests on
BDNF (Table 1). The primary reason for understanding BDNF is that
it may constitute attractive target for better understanding disease
pathology and treatment. It seems to play a homeostatic role that



Table 1

Summary of effects of BDNF in human and animal models of disease.

Disease model

Pathology

Intervention

Effect on BDNF and outcome

Alcohol dependence
Alzheimer's Disease

Amyotrophic lateral sclerosis—
selective loss of motor neurons
Bipolar Disorder

Huntington's Disease

Metabolic function

Parkinson's disease

Resilience paradigm

Schizophrenia

Spinal cord injury
Stress paradigm

Suicide
Unipolar depression

Low levels of BDNF in alcohol dependent patients with Delirium Tremens
BDNF levels increased in mild cognitive impairment—possible
compensatory upregulation of BDNF in preclinical phase of
Alzheimer's Disease. BDNF levels decreased in Alzheimer's Disease.

? Related to lack of trophic support from BDNF

Reduction in serum BDNF levels in manic and depressive episodes in
human subjects; inverse correlation with severity of manic episodes
and serum BDNF levels

BDNF depletion

Mice with BDNF deletion or heterozygous BDNF likely to demonstrate
obesity, hyperphagia, hyperinsulinemia

Low BDNF levels in diabetes

Mice with BDNF deletion from midbrain/hindbrain showing phenotypic
changes of Parkinson's Disease

Infant mice exposed to higher levels of maternal care

Lower BDNF levels in serum, cerebrospinal fluid and prefrontal cortex
of those suffering with schizophrenia

Rats with spinal cord injury
Immobilization stress, foot shock, social defeat, early maternal deprivation
Infant mice isolation from mother and nest

Lower BDNF levels in postmortem brains of those who died by suicide
Reduced BDNF levels during depressive episodes
BDNFMet allele associated with poorer episodic memory

Lithium therapy in patients with Alzheimer's
Disease associated with increased BDNF levels

6 month phase I/II trial in humans of BDNF
treatment
Lithium administration

BDNF infusion into striatum

Central and peripheral BDNF administration
to mice

Fibroblast implantation genetically enhanced
to overexpress BDNF

Antipsychotic treatment (olanzapine)
administered to rats

Clozapine administered to humans

BDNF applied to peripheral nerve via gels

Antidepressant therapy, electroconvulsive
therapy, transcranial magnetic stimulation

Improvement in BDNF levels in detoxified patients
Improved cognitive functioning with decreased ADAS-Cog scores
in patients with Alzheimer's Disease treated with lithium

Slowing of decline in walking speed and respiratory function

Normal BDNF levels in same subjects during euthymic states
Normal BDNF levels in lithium responders

BDNF treatment reduced cell death in cultured neurons infected
with huntingtin protein with resultant improvement in motor
abnormalities in mice

Reduction in food intake, increased energy expenditure, weight
loss in mice

Reversal of BDNF reduction and reversal of histological changes in
substantia nigra in animal models, reduction of dopaminergic loss
Increased hippocampal BDNF leading to increased social
interaction in adulthood

Reversal of low BDNF levels in rat models

Increased BDNF levels with clozapine therapy

Improvement in locomotive activity

Decreased BDNF in dentate gyrus of hippocampus.

Reduced mRNA and protein in prefrontal cortex, amygdala and
hippocampus

BDNF levels normalized by antidepressant therapy; reversal of
anxiety in mice models

(44}
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spans appetite regulation, memory, affect, perceptions and sensori-
motor systems. This is due to its potent effects on proliferation, differ-
entiation, survival and death of neuronal and non-neuronal cells,
thereby making it critical in the health and well-being of the nervous
system. BDNF both serves as a promoter of neuronal growth and re-
generation as well as a key regular of neuronal apoptosis. It appears
to mediate the interplay between gene expression and environmental
stress. Studies of various neurological and psychiatric disease pro-
cesses implicate BDNF aberration and promising therapeutic ap-
proaches have yielded good results in animal models of disease
states. BDNF helps understand the effects of current pharmacological
agents such as antidepressants, antipsychotics, lithium and ECT and
promises to be a novel approach to treatment if it can be directly ad-
ministered to critical brain sites. Although the development of ratio-
nal therapies that engage neurotrophin signaling are in their early
stages, there is much incentive to develop and study safe and effective
ways of increasing BDNF levels in the central nervous system.
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