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Abstract

Neurotrophins, such as brain-derived neurotrophic factor (BDNF), are prominent regulators of
neuronal survival, growth and differentiation during development. While trophic factors are
viewed as well-understood but not innovative molecules, there are many lines of evidence
indicating that BDNF plays an important role in the pathophysiology of many neurodegenerative
disorders, depression, anxiety and other psychiatric disorders. In particular, lower levels of BDNF
are associated with the aetiology of Alzheimer’s and Huntington’s diseases. A major challenge is
to explain how neurotrophins are able to induce plasticity, improve learning and memory and
prevent age-dependent cognitive decline through receptor signalling. This article will review the
mechanism of action of neurotrophins and how BDNF/tropomyosin receptor kinase B (TrkB)
receptor signaling can dictate trophic responses and change brain plasticity through activity-
dependent stimulation. Alternative approaches for modulating BDNF/TrkB signalling to deliver
relevant clinical outcomes in neurodegenerative and neuropsychiatric disorders will also be
described.
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INTRODUCTION

Neurotrophins are an essential family of secreted proteins for neuronal development. Nerve
growth factor (NGF) was discovered more than 60 years ago, and it was found to be
necessary for the survival and development of the peripheral nervous system [1-3]. Early
studies determined that target sites in the periphery produce NGF [4], peripheral neurons
express NGF receptors [5], and that NGF is retrogradely transported to the soma of these
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neurons to ensure survival during the period of naturally occurring cell death [6-8]. The
discovery of NGF laid the groundwork for the identification of additional neurotrophic
factors. Brain-derived neurotrophic factor (BDNF) was established as the main trophic factor
in the central nervous system, where it is abundantly expressed and influences many aspects
of neuronal function, such as neuronal growth, morphology, synaptic and structural plasticity
[9]. The lack of BDNF in the central nervous system has widespread effects, such as
aberrant neuronal morphology and synaptic function, reinforcing the notion that BDNF
integrates different circuits and signalling pathways [10-13].

In this review, we will focus on tropomyosin receptor kinase B (TrkB) receptor signalling in
the central nervous system and consider several mechanisms of action that might account for
the diverse effects of BDNF on neuronal function and mammalian behaviour. We will
summarize present evidence from studies describing the role of BDNF in the
pathophysiology of neurodegenerative diseases and review recent clinical strategies for
restoring BDNF signalling in disease.

BDNF AND TrkB RECEPTOR SIGNALLING

The neurotrophin family comprises of NGF, BDNF, neurotrophin-3 (NT-3) and
neurotrophin-4 (NT-4) that have all evolved from a common neurotrophin ancestor gene.
Their actions are dependent on binding to transmembrane receptor systems — the
tropomyosin receptor tyrosine kinase family and the p75 neurotrophin receptor [14].
Neurotrophins have preferential binding for specific receptors: NGF binds to TrkA, BDNF
and NT-4 to TrkB, and NT-3 to TrkC. However, there are a number of promiscuous
interactions. All four neurotrophins can bind to the p75 receptor and the association of p75
with Trk receptors can regulate the affinity of Trk receptors for each respective neurotrophin,
allowing for greater control of ligand—receptor interactions within this system [15-19].
NT-3’s cognate receptor is TrkC; however, NT-3 can also bind to TrkA and TrkB receptors.
Still there is fidelity in neurotrophin; Trk interactions that are probably determined by many
factors, such as local concentration, intracellular localization (axons compared with cell
body), axonal transport, neuronal activity, half-lives, turnover and the form of the ligands
[20]. Neurotrophins are synthesized as precursor proteins or pro-neurotrophins that undergo
cleavage of the N-terminal portion (pro-domain) to produce the mature proteins. Pro-
neurotrophins are released and have biological activity that involves regulating cell survival
and growth cone dynamics [21-24]. Their pro-domains are important for protein folding and
intracellular sorting of neurotrophins. Recent studies have implicated BDNF in the
pathophysiology of psychiatric and neurodegenerative diseases with a potential mechanism
likely due to a single nucleotide polymorphism caused by a valine (Val) to methionine (Met)
base change at position 66 in the BDNF prodomain [25-28]. This modification results in a
decrease in regulated BDNF secretion, leading to alterations in anxiety-related behaviour,
learning and memory [29,30]. The endogenous BDNF prodomain is highly expressed and is
secreted in an activity-dependent manner from hippocampal neurons similar to mature
BDNF and proBDNF. Interestingly, treatment of hippocampal neurons with exogenous
Met-66 prodomain (but not Val-66) leads to growth cone retraction through engagement of
p75NTR and SorCS2 [31], which suggests a mechanism underlying the alterations in neural
processing in humans with the V66M polymorphism. Trk receptor signalling is initiated by
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dimerization and autophosphorylation at specific tyrosine residues. After neurotrophin
binding, activated Trk receptors recruit adaptor proteins such as Shc and FRS2 and other
important tyrosine kinase substrates, including phosphoinositide 3-kinase (PI3K) and
phospholipase C-y (PLC-y). The key docking sites on Trk receptors are Tyr-490 (Tyr-496
in human TrkA) in the juxtamembrane region and Tyr-790 (Tyr-791 human TrkA) in the tail
of the cytoplasmic domain. PLC-y binds to Tyr-790 and this interaction has been proposed
to facilitate interactions with ion channels, such as the VR1 capsaicin channel. Through
residue Tyr-490, Shc or FRS2 become tyrosine phosphorylated and provide a scaffold for
other signalling proteins that lead to the activation of the Ras/MAPK (mitogen-activated
protein kinase) or the PI3K/Akt pathways. These phosphorylation events have many
consequences. Analysis of deletions of the MAPK enzymes mimics a mouse model of
autism [32] and prevents apoptosis during brain development [33]. The tyrosine
phosphorylation of PLC-y is closely associated with status epilepticus [34]. Further studies
are required to explain how the activation of specific signalling cascades is related to circuit-
level changes.

Trk RECEPTOR TRANSACTIVATION

Besides ligand-induced direct effects, activation of Trk receptors can also occur by other
receptor systems. One particular mechanism studied in recent years is that of transactivation
of Trk receptors by G-protein-coupled receptors (GPCRs). Adenosine is a neuromodulator
that leads to TrkA receptor autophosphorylation in hippocampal cells and PC12-TrkA cells
within 1-2 h of treatment [35]. This effect does not occur due to production of
neurotrophins, but it is dependent on activation of the adenosine Ay receptors and sustained
PI3K/Akt signalling downstream of TrkA. Pituitary adenylate cyclase-activating polypeptide
(PACAP) can also transactivate Trk receptor with a time course and mechanism similar to
adenosine [36]. Transactivation elicited by these GPCR ligands leads to neuroprotective
effects, such as increased survival of PACAP-treated basal forebrain cholinergic neurons
after axotomy [37], providing an alternative method for increasing neurotrophin signalling in
neurodegenerative diseases.

Other ligands can transactivate Trk receptors such as epidermal growth factor (EGF) [38],
glucocorticoids [39], dopamine [40] and zinc [41]. Remarkably, EGF signalling activates
TrkB and TrkC in mouse embryonal precursor cells, providing an essential mechanism for
regulating their migration into the developing cortex [38]. In addition, the interplay between
glucocorticoid and BDNF signalling is important for eliciting neuroprotection [39],
modulating target gene expression [42,43] and promoting neuronal plasticity in response to
stress [44].

Depending upon the circumstances, GPCR ligands, such as adenosine and PACAP, may be
neuroprotective against injury initiated by ischaemia, hypoxia or vascular damage. GPCR
signalling through Trk neurotrophin receptors leads to selective activation of the PI3K/Akt
pathway over a prolonged time course. Intracellular signalling interactions between
adenosine and Trk receptors therefore provide a new avenue for developing new approaches
to address neurological disorders. Small molecules like adenosine may be used to target
populations of neurons that express both adenosine and Trk receptors and therefore be
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considered as potential treatments for a wide number of nervous system disorders, including
cerebral ischaemia, amyotrophic lateral sclerosis (ALS), Parkinson’s disease (PD) and other
neurodegenerative and neuropsychiatric conditions.

The strategies to apply neurotrophic factors in human neurological diseases are based on an
assumption of symptomatic treatment of injured or deprived neurons. This treatment implies
not only cell survival, but also restoration of proper synaptic functioning of vulnerable
neurons. As the signal transduction pathways that are activated by BDNF have become
better understood, novel strategies will be devised to manipulate these pathways through
transactivation and the development of new drugs. In addition, further understanding of the
core pathophysiological mechanism for neurodegenerative and psychiatric disorders will
eventually assist in the development of rational therapies that engage the neurotrophin
signalling.

BDNF AFFECTS ION CHANNELS AND PLASTICITY

Many interactions exist between TrkB receptors and ion channels. BDNF has an effect upon
Ky1.3 currents and can block a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
(AMPA) receptor currents. The catalytic activity of TrkB is required for the decrease in
AMPA receptor activity, implying that there is an association between TrkB and AMPA
receptors. In the hippocampus, TrkB receptors are expressed both pre- and post-synaptically
to enhance long-term potentiation (LTP) [45]. The tyrosine kinase activity of TrkB is
involved in activity-dependent changes in synaptic efficacy and may serve as a synaptic tag
[48].

Application of BDNF to cultured neurons results in rapid increases in the frequency of
spontaneous action potentials and excitatory synaptic activities [9]. Increased
phosphorylation of A/-methyl-D-aspartate (NMDA) and potassium channels occurs as a
result of BDNF engagement of TrkB, resulting in downstream tyrosine kinase signalling
[47] and interactions with postsynaptic density 95 (PSD95) [48]. The acute effects of BDNF
frequently depend on developmental stage and recruitment of different signalling molecules
to the TrkB receptor [49]. For example, signalling by BDNF increases clustering of
postsynaptic ion channels, including y -aminobutyric acid A (GABAA) and NMDA
receptors in the hippocampus [50]. Many effects of BDNF on synaptic structure and
connectivity are governed by neuronal activity [51].

In addition to phosphorylation of TrkB, there are several mechanisms that can account for
BDNF’s effects upon synaptic plasticity. One important regulatory mechanism is the
processing of neurotrophins. The unprocessed form of BDNF, proBDNF, can have opposite
effects compared with the mature form. Cleavage of proBDNF to mature BDNF is crucial
for the late form of LTP in the hippocampus [52]. Trafficking of ion channels and synaptic
proteins also represents a prominent mechanism for changing the activity of synapses. For
instance, a reduction in the number of surface NMDA receptors can occur by endocytosis of
NR2B subunits through dephosphorylation and other posttranslational modifications [53].
Endocytosis of NMDA receptors may also involves internalization of GIuR2-containing
AMPA receptors. Indeed, expression of a mutant GIuR2 that underwent increased
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endocytosis led to a reduction in synaptic responses mediated by AMPA and NMDA
receptors. One hypothesis that might link the increase in endocytosis of NMDA and AMPA
receptors is that AMPA receptors can stabilize synaptic spines and dendritic morphology.
Thus, removal of AMPA receptors together with synaptic NMDA receptors can lead to spine
elimination. The decrease in numbers of surface AMPA and NMDA receptors is critical.
These key events integrate several signalling pathways that can be affected by BDNF
signalling. For example, BDNF can rapidly induce phosphorylation of postsynaptic NR1 and
NR2B subunits, providing an important mechanism for modulating synaptic plasticity
[54,55].

BDNF IN PATHOPHYSIOLOGY OF DISEASES AND ITS THERAPEUTIC
POTENTIAL

Neurotrophic factors have been implicated in the neuropathology of a wide variety of
neurodegenerative and psychiatric disorders and have been considered as a therapeutic
strategy for neuropsychiatric disorders. Human gene expression mapping has expanded the
knowledge of the anatomical distribution of the BDNF and NTRK2 (TrkB) gene [56]
(Figures 1A and 1B). The finding that neurotrophic factors modulate neuronal survival and
axonal growth was a rationale for developing therapeutic approaches for neurodegenerative
disorders such as ALS and spinal cord injury. Clinical trials 20 years ago were met with
disappointing results, in part due to difficulties of delivery and unanticipated side effects.
Indeed, neurotrophins are large, sticky proteins that do not diffuse well into tissues and do
not cross the blood-brain barrier. The problems in managing the dose and pharmacokinetics
of these proteins have hindered the application of neurotrophic factors as a therapeutic
intervention for many neurodegenerative diseases. The hypothesis underlying clinical
approaches, as well as development of therapeutic strategies using neurotrophic factors
assumes that these disease states result in (i) decreased availability of neurotrophins; (ii) a
decrease in the number of neurotrophin receptors on affected neurons; or (iii) decreased
neuronal survival due to programmed cell death, injury, axotomy or inflammation. These
deficits can be ameliorated by the addition of trophic factors. In all of these conditions, the
assumption has been that exogenous neurotrophic factors would provide symptomatic
treatment for the disease state, rather than a cure for these nervous system disorders.

Before neurotrophic factors can be considered for further clinical application, a number of
hurdles must be overcome, including their limited diffusion, short half-lives and the poor
pharmacokinetics. The low penetrability of the blood—brain barrier towards proteins of the
size of neurotrophic factors has hindered progress towards a therapeutic strategy. In this
regard, it must be established that the trophic factors reach the target neurons in sufficient
amounts. Another challenge is to regulate the amounts of trophic factor, as high
concentrations of BDNF can cause the down-regulation of TrkB receptors, as has been
reported in motor neuron clinical trials [57]. It is possible that a large number of diverse side
effects accompany the use of BDNF and ciliary neurotrophic factor (CNTF) at high doses,
such as fever, fatigue, weight loss, paraesthesias and diarrhoea. Besides direct delivery by
minipump, a number of approaches, including cell grafts and viral delivery using adeno-
associated or lentiviruses in non-toxic systems have been developed to allow for
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transduction in a cell-specific and inducible manner. Hence, numerous methodological
issues must be addressed before trophic factors are applied in a safe and efficacious manner
to provide an appropriate amount in the correct target.

ALZHEIMER’S DISEASE

A link to Alzheimer disease (AD) was made in the 1980s based on studies on aged animals
in which lesioned cholinergic neurons in the basal forebrain could be rescued with
intracerebroventricular NGF [58]. Treatment with NGF led to concomitant improvements in
memory function. Neurotrophins modulates long-term potentiation, dendritic complexity
and axon branching, processes that promote synaptic efficacy and thus learning and memory.
Consequently, levels of neurotrophins have an effect on the progression neurodegenerative
disorders. Low levels of neurotrophins have been observed in various neurological and
neurodegenerative disorders [59-61]. BDNF is reduced in the cortex and the Meynert
nucleus basalis, which are major sources of inputs that innervate cholinergic neurons, a
neuronal cell type that is selectively vulnerable to degeneration in AD [62]. In patients with
AD, low BDNF levels have also been reported in the dentate gyrus and in neurons that have
neurofibrillary tangles, a hallmark of AD [63,64]. In a well-studied mouse model of AD
(Tg2576), mature BDNF levels were decreased and proBDNF levels were increased [65].
Low levels of BDNF have also been linked to the pathological and behavioural deficits that
are associated with neurodegeneration. More importantly, several lines of evidence suggest
that BDNF can have therapeutic benefits in AD. Genetic delivery of BDNF in primate and
rodent models of AD increased levels of BDNF in the entorhinal cortex and improved
synaptic loss as well as learning and memory, thus highlighting the important roles of BDNF
in neurodegenerative disorders [66]. The effect of BDNF on reversing symptomatic effects
of neurodegeneration appear to be independent of Ag clearance as levels of Ag remain
unchanged upon BDNF therapy [66,67]. Thus BDNF could be exerting its effects by
modulating functional synapses through promoting synapse formation and repair.

A lack of BDNF in central nervous system (CNS) neurons also results in changes in
expression of genes that have been implicated in AD pathogenesis. Withdrawal of BDNF in
cultured hippocampal neurons results in a substantial decrease in genes involved in synaptic
function, vesicular trafficking, endosomal function and MAPK signalling [68]. These
changes correlate with previously reported decreases in gene expression in AD and aging
where levels of BDNF are significantly reduced [69]. A comparison of the gene classes that
change in AD and in BDNF-deprived hippocampal neurons highlight similarities in genes
involved in vesicular trafficking and synaptic function [68,69]. Genes involved in synaptic
vesicle trafficking and neurotransmission are also largely down-regulated in CA1 pyramidal
neurons of post-mortem AD patients. Remarkably, TrkB mRNA in the mild cognitive
impairment and AD cohorts decreases to less than half of control subjects with no cognitive
impairment [70]. Indeed, lower levels of a major Trk scaffold protein, ARMS/Kidins220,
results in age-dependent degeneration in the entorhinal cortex, an area that is selectively
vulnerable in AD [71]. BDNF through TrkB is responsible for the tyrosine phosphorylation
of ARMS/Kidins220. Thus, therapeutic interventions that target promoting BDNF signalling
can have a significant impact on slowing disease progression. Raising the levels of BDNF in
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AD patients is likely to result in additional Trk receptor signalling, leading to increased
survival or neurotransmission of cholinergic neurons.

An alternative approach that can increase BDNF signalling is through neural stem cell
transplantation. Hippocampal neural stem cell transplantation can rescue the learning and
memory deficits in AD mice by inducing a BDNF-dependent increase in synaptic density
(without changes to tau pathology) [67]. Similarly, a recent study showed that striatal
transplantation of neural stem cells into a mouse model of dementia with Lewy bodies
improves motor and cognitive function by restoring BDNF levels. In this study, transplanting
BDNF-depleted neural stem cells did not improve behaviour, whereas BDNF delivery via
bilateral injection of adeno-associated virus mimicked the benefits of BDNF-expressing
stem cells [72].

PARKINSON’S DISEASE

Various reports indicate that BDNF may also be important in the pathogenesis of PD.
Reduced expression of BDNF mRNA has been reported in the substantia nigra pars
compacta, a region that is selectively vulnerable to substantial neuronal loss in PD [62,73].
There are also isoform specific alterations in TrkB expression in PD. Levels of truncated
TrkB are decreased in striatal axons, and increased in striatal soma and in substantia nigra
pars compacta distal dendrites. In comparison, full-length TrkB is decreased in striatal
neurites and substantia nigra pars compacta soma and dendrites, whereas it is increased in
striatal somata and in substantia nigra pars compacta axons [74]. The localization of TrkB
receptors is significant, since the signalling pathways can be enhanced through MAPK and
PI3K/Akt enzymatic activities [75].

Experimental evidence supports the role of BDNF in promoting survival of dopaminergic
neurons in the substantia nigra [76]. In addition, reduced BDNF production is closely
associated with pathogenic mutations in a-synuclein in familial PD [77,78]. Targeted BDNF
deletion studies leads to lower BDNF levels in PD mouse models, resulting in loss of
dopaminergic neurons in the substantia nigra and reduction in striatal dopamine output.
These symptomatic features parallel clinical manifestations of PD in humans [79-81]. Thus,
BDNF can prevent loss of dopaminergic neurons and repair impaired synapses in PD.

HUNTINGTON’S DISEASE

BDNF also plays a crucial role in the pathogenesis of Huntington’s disease (HD). Striatal
medium spiny neurons are prone to degeneration in HD and depend on BDNF for their
survival through TrkB signalling [82]. BDNF produced in cortical neurons and
anterogradely transported to the striatum supports survival of medium spiny neurons [83].
The huntingtin protein is thought to play a role in the transport and activity-dependent
release of BDNF and mutant huntingtin can interfere with the transport and release of BDNF
to the striatum [84,85]. Thus, mutations in the huntingtin protein greatly affect BDNF levels
in striatal neurons. This is evident in studies that reported low expression of BDNF in mouse
models of HD and in post-mortem human HD brains [85-87]. Furthermore, genetic
manipulation of BDNF in cortical neurons leads to morphological and behavioural deficits
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that are similar to symptomatic features of HD in mice, which highlights the protective role
of BDNF on striatal neurons [80,88]. Measurement of BDNF in a mouse model of HD
indicated an increase in both BDNF and proBDNF protein [89]. Also, evidence from
transcriptional profiling studies demonstrates a close association of human HD with
molecular and phenotypic correlates of BDNF depletion in the mouse cortex [88]. Thus,
these findings strongly link striatum-specific atrophy in HD to decreased cortical BDNF by
mutant huntingtin.

AMYOTROPHIC LATERAL SCLEROSIS

The progressive loss of motor neuron function that manifests as muscle atrophy, weakness
and spasticity in ALS can be prevented by neurotrophin-based therapeutic approaches.
BDNF has been reported to slow progression of motor neuron atrophy in an animal model of
ALS [90]. Moreover, the TrkB agonist 7,8-dihydroxyflavone (7,8-DHF) improved motor
neuron deficits in the superoxide dismutase 1 (SOD1) (G93A) ALS mouse model [91],
although efforts to replicate the positive effects of 7,8-DHF upon TrkB activity have not
been successful [92]. An alternative approach is to use agonist monoclonal antibodies for
TrkB [92]. The truncated form of TrkB, which is found on motor neurons and glia, as well
as other non-neuronal cells [93], is involved in disease onset in an ALS mouse model [94].
Despite the therapeutic potential of BDNF, previous clinical trials in ALS patients have
failed due to difficulties in administered BDNF to reach degenerating neurons [95].
Strategies to modulate BDNF signalling and thus motor neuron function can circumvent
these challenges.

DEPRESSION

Recent clinical studies have also demonstrated an association between low levels of BDNF
and depressive disorders. BDNF infusion in the mouse midbrain produces anti-depressive
like effects in behavioural models of depression [96,97]. Furthermore, reduction in BDNF
mMRNA in the hippocampus in response to forced swim test in animal models of depression
further emphasizes the importance of BDNF in the therapeutic response to antidepressant
treatment [98]. BDNF signalling has been proposed to be a downstream target of many
antidepressant treatments [99-101]. Consistent with this idea, heterozygous BDNF-
knockout mice and TrkB mutant mice are resistant to antidepressant treatment while
undergoing the forced swim test [102], suggesting that antidepressants employ their effects
through modulating levels of BDNF, as well as signalling through TrkB.

SCHIZOPHRENIA

Recent human post-mortem studies have revealed altered BDNF and TrkB expression in
cases of schizophrenia across several brain regions thus implicating neurotrophin signalling
in the aetiology of schizophrenia. In particular, different studies have found that BDNF
MRNA and protein levels were decreased in the hippocampus, prefrontal cortex, anterior
cingulate cortex and superior temporal gyrus of schizophrenia patients compared with
controls [103-108]. TrkB and TrkC mRNA was also reduced in the dorsolateral prefrontal
cortex of schizophrenia cases [109]. In addition, the interaction of BDNF and TrkB gene
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single nucleotide polymorphisms could confer susceptibility to paranoid schizophrenia in
the Chinese Han population [110]. To elucidate the impact of neurotrophins in the aetiology
of schizophrenia, a recent whole exome sequencing study of 48 schizophrenia-related
psychosis cases revealed several missense polymorphisms and novel mutations in
neurotrophin genes [111]. Remarkably, the majority of the rare genetic variants discovered
were in the NGF-NTRK1-ARMS/Kidins220-TRIO pathway, which can regulate
neurotrophin signalling and synaptic transmission [112,113]. This mounting evidence
implicates neurotrophin signalling in the pathophysiology of schizophrenia and requires
further biochemical studies to identify the specific mechanisms and contributors.

CLINICAL APPROACHES FOR INCREASING BDNF LEVELS IN VIVO:
ELECTROCONVULSIVE THERAPY

Considerable attention has been given to the use of electroconvulsive therapy (ECT) in
major depression [114] and PD [115]. In a few cases of AD, ECT has been applied in
treatment of AD-related severe agitation. ECT improved severe agitation without
compromising cognitive function in an early-onset AD patient [116] highlighting the use of
ECT as a treatment modality for behavioural symptoms of AD. Efforts to use deep brain
stimulation have been extended to animal models of Rett syndrome, which resulted in a
rescue of cognitive function [117]. ECT has been used as a therapy for several mood
disorders, although the mechanism by which it relieves depressive symptoms is unknown.

One plausible mechanism for the positive effects of deep brain stimulation is increased
secretion of trophic factors due to enhanced neuronal activity. During intense activity, such
as seizure, there is a dramatic increase in mMRNAs encoding NGF and BDNF in the dentate
gyrus, CAl and CA3 hippocampal regions, as well as immediate early genes. These results
indicated that activity-dependent regulation of BDNF occurs and is in keeping with other
physiological stimuli, such as depolarization, neurotransmitters, light, hormones and
exercise that also influence the expression and levels of trophic factors. With regard to
physical exercise, BDNF gene transcription can be enhanced through metabolites, such as -
hydroxybutyrate, which is produced in the liver and travels through the bloodstream into the
brain where it inhibits histone deacetylases [118].

Studies have shown that ECT treatment in rodents increases the expression of hippocampal
and amygdala BDNF mRNA [119], as well as BDNF protein levels. This response is
consistent with the evidence that links neurotrophins to neuronal plasticity. Neurotrophins,
particularly BDNF, increase neurotransmitter release from neurons during activity, which
result in the reinforcement and stabilization of synaptic connections and networks [9]. An
axiom of neurotrophin responsiveness is that activity-dependent changes in the nervous
system occur frequently to change the levels of BDNF. The suggestion from ECT treatment
studies is that other physiological and environmental stimuli, such as neuronal activity, novel
stimuli and physical activity have an impact on the levels of trophic factors [120].
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CONCLUDING REMARKS

The therapeutic application of neurotrophins has been beset with a number of obstacles, but
in the future it is probable that these problems will be overcome. Higher-order functions,
such as the circuits involved in pain, anxiety, depression, obesity and other maladaptive
behaviours can be modulated by changing the levels of NGF and BDNF. BDNF regulates
the formation and maintenance of neuronal networks associated with psychiatric disorders
and TrkB has been genetically associated with gamma oscillations in the brain [121]. In
addition, BDNF provides trophic support and increases synaptogenesis, dendritic and axonal
branching through TrkB signalling. Decreased levels of BDNF are associated with
depression and become enhanced following anti-depressant treatment. In addition, lower
serum BDNF levels have been related to hippocampal volume decrease and memory decline
in adulthood, whereas higher serum BDNF levels have been found to be protective against
developing dementia [122,123]. New cell-based methods with BDNF gene delivery are
successful in preventing cochlear spiral ganglion neuron degeneration and deafness [124].
Increased neuronal activity or physical exercise can lower the risk of these conditions
through increases in trophic factors. Because neurotrophin signalling is germane for many
neurodegenerative and psychiatric disorders, a promising approach will be to increase the
levels of neurotrophins or signalling through Trk receptors via transactivation. These
insights may provide new therapies to treat psychiatric disorders, such as depression, and
neurodegenerative diseases, such as PD and AD.
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Abbreviations

AD Alzheimer’s disease

ALS amyotrophic lateral sclerosis

AMPA a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid
BDNF brain-derived neurotrophic factor

7,8-DHF  7,8-dihydroxyflavone

ECT electroconvulsive therapy
EGF epidermal growth factor
GPCR G-protein-coupled receptor
HD Huntington’s disease

LTP long-term potentiation

Clin Sci (Lond). Author manuscript; available in PMC 2017 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mitre et al.

Page 11

MAPK mitogen-activated protein kinase

NGF nerve growth factor

NMDA N-methyl-D-aspartate

NT-3 neurotrophin-3

NT-4 neurotrophin-4

PACAP pituitary adenylate cyclase-activating polypeptide
PD Parkinson’s disease

PI3K phosphoinositide 3-kinase

PLC-y phospholipase C-y

Trk tropomyosin receptor kinase
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Figure 1. Human BDNF expression
(A) BDNF levels shown in human donors from Allen Institute for Brain Science, Allen

Human Brain Atlas [Internet]. Available from: http://human.brain-map.org. BDNF gene
assessed by DNA probe A_32_P7316. (B) Neurotrophic tyrosine kinase, receptor, type 2
(NTRK?2) levels shown in human donors from Allen Institute for Brain Science, Allen
Human Brain Atlas [Internet]. Available from: http://human.brain-map.org. Assessed by
DNA probe A_23 P216 779 in the same two donors as (A). Heatmap color represents the z-
score ranging from green (low expression) through red (high expression).
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