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Abstract Brain-derived neurotrophic factor (BDNF), be-
longing to the neurotrophic family of growth factors, has a
widespread distribution in the central and peripheral nervous
systems. In central motor structures including the motor
cortex, cerebellum, basal ganglia, and spinal cord, BDNF
exerts both neurotrophic and direct electrophysiological ef-
fects via a high-affinity tyrosine receptor kinase B receptor
and a common low-affinity p75 neurotrophin receptor. The
underlying signaling pathways mainly involve mitogen-
activated protein kinase cascades, phosphatidylinositol 3-
kinase pathway, and phospholipase C-y pathway. The loss
of BDNF usually leads to neurodegeneration in these motor
centers and eventually results in several severe motor dis-
eases, such as amyotrophic lateral sclerosis, spinocerebellar
ataxias, Parkinson’s disease, Huntington’s disease, as well
as vestibular syndrome. In this review, we summarize the
recent understanding of functions of BDNF in motor struc-
tures and suggest that BDNF may be a potent candidate for
the treatment of these neurodegenerative motor diseases.
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Introduction

Brain-derived neurotrophic factor (BDNF) is the second
found member of the neurotrophic family of growth factors
and was first purified by Barde et al. from pig brain in 1982
[1] and cloned by the same group in 1989 [2]. Constituted
by homodimeric proteins (monomeric size of mature pro-
tein, 112 amino acids; molecular weight, approximately
13 kDa), BDNF is initially synthesized as a glycosylated
precursor, proBDNF, and then cleaved to form mature
BDNF intracellularly or extracellularly [3]. Both proBDNF
and mature BDNF are biologically active and have distinct
biological functions [3].

BDNF has a rich distribution in the central and peripheral
nervous systems and plays neurotrophic and other physio-
logical roles in various brain regions. Links between BDNF
and many diseases, such as depression, Alzheimer’s disease,
epilepsy, and drug addiction, have been well revealed and
attract great attention [4-6]. However, the role of BDNF in
motor system and motor control, one of major functions of
the brain and basis for executions of behaviors, as well as in
various neurodegenerative motor diseases, has not been
fully known. Actually, accumulating data indicate that
BDNF also holds a key position in central motor structures
and ablation of BDNF could lead to severe motor deficits. In
this review, we mainly focus on the function of BDNF in
motor-related neurons. Progress in experimental and clinical
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studies on connections between BDNF and motor diseases
is also summarized and discussed.

Neurotrophic Effect of BDNF on Motor-Related
Neurons and its Underlying Signaling Pathways

BDNF mRNA is extensively distributed in motor-related neu-
rons in the brain, such as neurons in the cerebellum, basal
ganglia, brain stem, and even the spinal cord [7]. As expected,
several lines of evidence indicate that BDNF has a significant
neurotrophic action on these motor-related neurons. The growth
cones of cultured spinal neurons show a chemotropic behavior in
the presence of BDNF gradients, hinting a rapid modulation of
neuronal morphology and motility by BDNF [8], and treatment
with BDNF even prevents the death of spinal motoneurons in
vivo [9]. Applying BDNF to lesioned corticospinal neurons
significantly increases collateral growth [10]. In the cerebellum,
BDNEF, acting as a survival factor, regulates morphologic devel-
opment and differentiation of cerebellar granule and Purkinje
cells and thereby affects neural patterning in the cerebellum [11].
BDNF has also been proved to provide neurotrophic support for
dopaminergic neurons in both the ventral tegmental area and the
medial substantia nigra pars compacta [12]. BDNF loss elicits an
array of striatal developmental malformations, including mor-
phological damage and motor deficits [13].

There are two distinct categories of transmembrane receptor
for BDNF in the mammalian brain, namely, a high-affinity
tyrosine receptor kinase B (TrkB) receptor and a common
low-affinity p75 neurotrophin receptor (p75SNTR) [14], respec-
tively. TrkB is one of the three members in the Trk family of
receptor tyrosine kinase and is activated by BDNF and
neurotrophin-4 [15]. In contrast with the specificity displayed
by TrkB, p75NTR binds to each of the neurotrophins with
approximately equal affinity [14]. However, proBDNF binds
to p7SNTR with higher affinity than BDNF [3]. Both TrkB and
p75NTR receptors are abundantly and extensively expressed in
the developing and adult mammalian brain, including many
motor structures, yet play different physiological functions via
different coupled signaling pathways [14].

TrkB Receptors Mediated Signaling Pathways
in Motor-Related Neurons

It has been well known that binding of BDNF to TrkB pro-
motes receptor homodimerization, and then induces tyrosine
phosphorylations in the cytoplasmic domain [15]. Serving as a
scaffold, the phosphorylated TrkB recruits different adaptor
proteins and enzymes in turn, leading to the activation of
parallel downstream signaling transduction pathways [15].
In the central nervous system, three main signaling cascades
coupled to TrkB receptors, including mitogen-activated pro-
tein kinase (MAPK) cascades, phosphatidylinositol 3-kinase
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(PI3K) pathway, and phospholipase C-y (PLC-y) pathway,
have been identified [15] (Fig. 1). These signaling pathways
have also been found in various central motor structures.
Through these intracellular signaling transductions, BDNF
plays a survival role and exerts multiple physiological func-
tions in motor-related neurons.

The cerebellum is a classic subcortical motor structure that
contributes to coordination and accuracy of movements as
well as motor learning [16]. Damage to the cerebellum pro-
duces disorders in fine movement, equilibrium, posture, and
motor learning [16]. In the cerebellar cortical circuit, granule
cells are the smallest but most numerous neurons and exert an
excitatory effect on Purkinje cells, the principal (projection)
neurons of the cerebellar cortex [16]. It has been reported that,
in granule cells, TrkB receptor signaling triggered by BDNF is
coupled to the PLC-y axis and the activated PLC-y hydroly-
ses its substrate to generate inositol triphosphate and diac-
ylglycerol. Subsequently, intracellular calcium ions are
released from internal stores and protein kinase C (PKC) is
activated to promote cell survival [17, 18]. In addition, BDNF
can also trigger the Ras (a GTPase)-mitogen-activated protein
kinase kinase (MEK)-MAPK cascade in cerebellar granule
neurons. Then, MAPK-activated ribosomal S6 kinases phos-
phorylate B cell lymphoma-extra large (Bcl-xL)/Bcl-2-asso-
ciated death promoter (BAD) and the cAMP response element
binding protein to promote cell survival [19].

Basal ganglia constitutes another important subcortical side
loop responsible for the initiation of voluntary movements and
procedural learning [20]. Its dysfunction causes several severe
motor disorders including Parkinson’s disease (PD) and
Huntington’s disease (HD) [21]. In the striatum and substantia
nigra, TrkB receptors bound to BDNF initiate two dominating
anti-apoptotic signaling cascades, PI3K/Akt (also known as
protein kinase B) axis or MAPK/extracellular signal-regulated
kinase (ERK) pathway. Subsequently, the phosphorylated
BAD at Ser136 or Serl12 promotes the release of Bcl-2 and
Bcl-xL, leading to the inhibition of the apoptotic pathways [22].
Thus, BDNF enhances the survival of the degenerating dopa-
minergic neurons [22].

In spinal motoneurons, the final common path for motor
commands from various high motor centers and reflexive
signals from the spinal cord itself [23], BDNF contributes to
the restoration of locomotive function through the activation
of'the ERK signaling pathway coupled to TrkB receptors [24].
Another study also reveals that the PI3K/Akt signaling cas-
cade is involved in the survival of the spinal motoneurons
responding to BDNF. In the cascade, the activated signal
molecules consist of BAD, inhibitor of kappa B, and the
forkhead transcription factor, FKHRL1 [25]. In neonatal rat
spinal cord slices probed with electrophysiological recordings,
it has been reported that BDNF can phosphorylate N-methyl-
D-aspartate (NMDA) receptors to facilitate synaptic efficacy
via the MEK-ERK and PLC-y/PKC pathways [26].
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Fig. 1 BDNF, BDNF receptors, and its underlying signal transduction
pathways in the motor control system. The effects of BDNF are
mediated through two different sorts of transmembrane receptors, a
high-affinity TrkB and a common low-affinity p7SNTR. Three main
signaling cascades, including MAPK cascades, PI3K pathway, and
PLC-y pathway, identified in the central nervous system are involved
in signal transduction in the spinal cord (red line). In the cerebellum
(green line), bound by BDNF, TrkB phosphorylates the PLC-PKC axis
and MAPK route to promote cell survival. In the basal ganglia (blue
line), there are two pathways triggered by BDNF, a Ras—-MEK-MAPK
axis and a PI3K/Akt axis. In contrast with the Trk receptors, p7SNTR
depends on the NF-kB and Akt pathways to promote cell survival and

p75NTR Receptors Mediated Signal Transduction Pathways
in Motor-Related Neurons

Unlike the Trk receptors, p7SNTR plays a dual role in cell
survival, either protective or apoptotic [27], suggesting that
its signaling pathways are quite distinct from those activated
by the Trk receptors. Nevertheless, the pro-apoptotic path-
ways are predominant [27]. The signaling mechanism of
p75NTR in motor-related neurons remains to be ambiguous
up to date. The pro-survival role of p7SNTR in motor
structures is thought to rely on the nuclear factor-kappa B
and Akt pathways [27], whereas the precise signaling path-
way to promote apoptosis may be independent of Trk sig-
naling cascades and involves caspase, c-Jun N-terminal
kinase [27], and Fas-associated death domain protein [28].

Direct Electrophysiological Effects of BDNF
on Motor-Related Neurons

The neurotrophic function of BDNF is so important that its
direct electrophysiological effect has been almost ignored.
However, there are studies revealing that BDNF plays a direct
and vital role on neuronal excitability, synaptic transmission,

and even synaptic plasticity in motor-related neurons (Fig. 2).
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on caspase, JNK, and FADD to promote apoptosis. Akt also known as
protein kinase B, BDNF brain-derived neurotrophic factor, p75NTR
p75 neurotrophin receptor, CREB ¢cAMP response element binding
protein, DAG dystrophin-associated glycoprotein, ER endoplasmic
reticulum, FADD Fas-associated death domain, FKHRLI the forkhead
transcription factor, /xB inhibitor of kappa B, JNK c-Jun N-terminal
kinase, MAPK mitogen-activated protein kinase, MEK also known as
MAPKK, NF-xB the nuclear factor-kappa B, NMDA-R N-methyl-p-
aspartate receptor, PI3K phosphatidylinositol 3-kinase, PKC protein
kinase C, PLC-vy phospholipase C-y, Ras a GTPase, Rsks ribosomal S6
kinase family, BAD Bcl-xL/Bcl-2-associated death promoter, 7rkB
tyrosine receptor kinase B

BDNF can potentiate the spontaneous firing activity of
neurons in the spinal cord ventral horn, cerebellum, as well
as basal ganglia. Chronic BDNF treatment enhances the
excitability of spinal cord neurons by activating Na'" and
Ca”" channels and then improves hind limb locomotion
[29]. BDNF also elicits a rapid depolarization of cerebellar
Purkinje cells by activating Na' channels [30]. Chronic
BDNF infusion increases firing rate and burst activity of
active dopaminergic neurons and even initiates action po-
tentials in the silent dopaminergic neurons in the substantia
nigra pars compacta and striatum [31].

In addition, BDNF has an important effect on synaptic
transmission and plasticity in the motor cortex, subcortical
motor structures, as well as peripheral neuromuscular junc-
tions. Human BDNF val66met polymorphism, a single-
nucleotide polymorphism with a substitution of valine-to-
methionine at codon 66, is related to abnormal training-
induced motor cortex plasticity with a decrease of motor-
evoked potential and motor map reorganization in
corticospinal output [32]. When transcranial direct current
stimulation is delivered to the primary motor cortex,
activity-dependent BDNF secretion promotes NMDA-
dependent long-term potentiation (LTP)/long-term depres-
sion and motor skill learning [33].
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Fig. 2 Schematic illustration of the electrophysiological effects of
BDNF on central motor structures. BDNF plays a direct and vital role
on neuronal excitability, synaptic transmission, and synaptic plasticity
in neurons of central motor structures, including the cerebellum, spinal
cord, basal ganglia, as well as motor cortex. In the cerebellum (green
dashed box), BDNF couples to the TrkB receptor to increase neuronal
excitability, dually affect GABA, IPSCs, enhance GABA, mIPSCs
postsynaptically, as well as promote STP in PF-PC synapses presyn-
aptically. In the spinal cord (red dashed box), BDNF induces an
enhancement of neuronal excitability and an initial brief facilitation
followed by a long-lasting depression of the DR-evoked glutamatergic

In the cerebellum, BDNF superfusion is effective in
enhancing the amplitude of GABAergic miniature inhibito-
ry postsynaptic currents (mIPSCs) as a result of co-
activation of TrkB and Src (nonreceptor tyrosine kinases)
in Purkinje cells at postnatal days 13—16 [34]. In addition,
depending on the involvement of K'~C1~ cotransporter and
Ca”" or not, BDNF inhibits or potentiates GABAergic trans-
mission (GABA, IPSCs) in a cyclin-dependent kinase 5-
dependent manner in cerebellar Purkinje neurons [35]. Since
the short-term and long-term change of CI' concentration in
Purkinje cells is a key factor of GABAergic transmission,
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EPSPs. In the basal ganglia (blue dashed box), neuronal excitability
and LTP in corticostriatal synapses are promoted by BDNF. In the
motor cortex (purple dashed box), when transcranial direct current
stimulation is delivered to the M1, BDNF promotes NMDA-dependent
LTP. Cdk5 cyclin-dependent kinase 5, DR dorsal root, EPSPs excitato-
ry postsynaptic potentials, GABA,-R 'y-aminobutyric acid receptor,
Glu-R glutamine receptor, /PSCs inhibitory postsynaptic currents,
KA-R kainate receptor, KCC2 K'~CI™ cotransporter 2, LTP long-term
potentiation, M1 primary motor cortex, NMDA-R N-methyl-D-aspartate
receptor, PC Purkinje cell, PF parallel fiber, STP short-term
potentiation

BDNF may modulate ionic plasticity of cerebellar Purkinje
neurons [35]. Moreover, paired-pulse facilitation, a form of
short-term plasticity (STP), is significantly decreased in
BDNF knockout mice at parallel fiber to Purkinje cell (PF-
PC) synapses in the cerebellar cortex. This BDNF-mediated
STP at PF-PC synapses is mediated by presynaptic TrkB
receptors [36]

BDNF enhances NMDA receptor-mediated excitatory
postsynaptic potentials (EPSPs) on the medium spiny neu-
rons of adult mice striatum and induces the production of
LTP in corticostriatal synapses [37]. Experiments in the HD
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mouse model indicate that a complete integrity in the BDNF
pathway is critical for the formation of LTP in corticostriatal
circuitry [38].

Moreover, on spinal motoneurons in the neonatal (youn-
ger than 1 week) rat, BDNF induces an initial brief facilita-
tion and a subsequent long-lasting depression of dorsal root-
evoked monosynaptic EPSPs, which requires the involve-
ment of postsynaptic and presynaptic NMDA receptors,
respectively [39]. In the periphery, acute treatment of BDNF
to cultured neuromuscular synapses within several minutes
rapidly increases the frequency and amplitude of excitatory
postsynaptic currents. In this process, canonical transient
receptor potential channels are required specifically for
BDNF-induced Ca”" elevation and full synaptic potentiation
[40, 41].

The direct electrophysiological effects of BDNF on
motor-related neurons in various motor structures are
usually mediated by TrkB receptors. However, the com-
mon ionic mechanisms underlying BDNF electrophysio-
logical functions are complicated (Fig. 2) and their
coupled signaling transduction pathways are still largely
unknown. Presumably, via regulating neuronal excitabil-
ity, synaptic transmission, and synaptic plasticity, BNDF
may be consequently and functionally involved in the
modulation of motor behaviors and motor learning.
Therefore, in addition to neurotrophic effects, these
electrophysiological actions and mechanisms of BDNF
on motor-related neurons may also contribute to the
physiological and pathophysiological significance of
BDNF modulation on motor behaviors and motor
functions.

BDNF and Motor Diseases

Many severe motor diseases, including amyotrophic lateral
sclerosis (ALS), spinocerebellar ataxias (SCAs), PD, HD, as
well as vestibular syndrome that belong to neurodegenera-
tive diseases, seriously affect the normal human life, and
many of them are even life-threatening. However, most
treatments for these motor diseases so far are temporary
medical palliatives and ineffective in stopping or reversing
the degenerative process. Thus, neuroprotective therapies
become a new trend against neurodegeneration, and BDNF,
the most abundant neurotrophin in the brain, may be one of
the potent candidates used for experimental, preclinical, and
even clinical treatment for these neurodegenerative motor
diseases (Fig. 3) [6, 42].

Amyotrophic Lateral Sclerosis

ALS is a devastating paralyzing disorder with typical feature of
rapidly progressive degeneration of cortical, bulbar, and spinal
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Fig. 3 The distribution of BDNF in central motor structures and its
related motor diseases. BDNF (red dots) has a wide distribution in the
central and peripheral nervous systems and plays neurotrophic and
other physiological roles in various brain regions, including almost
all hierarchical structures in the motor control system, such as the
cerebral motor cortex, cerebellum, basal ganglia, brain stem, and spinal
cord. The loss of BDNF is associated with many severe motor diseases,
including ALS, SCAs, PD, HD, as well as vestibular syndrome, and
BDNF is a potential candidate for the treatment of these motor dis-
cords. ALS amyotrophic lateral sclerosis, /D Huntington’s disease, PD
Parkinson’s disease, SCAs spinocerebellar ataxias

motor neurons. Its clinical symptoms manifest as generalized
muscle weakness and atrophy, speech and swallowing disabil-
ities, and progressive paralysis until death caused by respiratory
failure [43]. Yet the precise pathogenesis of the disease still
remains enigmatic in most instances [44]. However, as ALS
results from the degeneration of lower and upper motoneurons,
neurotrophic growth factors, including BDNF, have long been
considered as a therapeutic candidate for the disease.

It has been proved that a great mass of spinal motoneu-
rons and upper motor structures degenerated in ALS express
both BDNF and TrkB receptors [45]. Moreover, the expres-
sions of BDNF and TrkB receptors exhibit many differences
between controls and ALS patients. In ALS patients, 75 %
of spinal motoneurons degenerate and the remaining ones
exhibit decreased BDNF level [45]. Consistently, the high-
affinity functional receptors for BDNF, TrkB receptors, are
much less phosphorylated on tyrosine residues in ALS spi-
nal cords than those in controls [46].

Furthermore, preclinical animal experiments have dem-
onstrated that BDNF prevents lesion-induced degeneration
of spinal motoneurons [47] and natural and experimental
motoneuron disease characterized by slowed motor deterio-
ration and motor axon degeneration in wobbler mice [48]. In
addition, by using the gene manipulation technique, both
p75NTR [49] and BDNF/TrkB [50] signaling have been
proven to be effective in the treatment of ALS in animal
models. Also, a latest study has found that truncated
TrkB.T1 (one of alternative splices lacking the intracellular
tyrosine kinase domain) deletion significantly slows the
onset of motoneuron degeneration in a mouse model of
ALS [51].
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Besides a number of preclinical trials, BDNF has also
been administered to groups of ALS patients. During a
phase I through II research, it seemed that BDNF increased
survival and retarded the loss of pulmonary function in ALS
patients [52]. In the major multicenter clinical therapy trial
of 1,135 ALS patients reported by the BDNF Study Group
in 1999 (phase III), although intrathecal or subcutaneous
BDNF injection to ALS patients brought about no signifi-
cant improvement on the overall survival or benefit for the
primary end points, subcutaneous infusion of BDNF did
show statistical amelioration in subgroups of patients with
early respiratory damage [46, 52].

The cause of this obscure efficacy of BDNF therapy on
survival in clinical trials remains unclear to date. At least
part of the reasons can be ascribed to the short half-life,
immunogenicity, dose-dependent dual effect on neuronal
survival versus apoptosis, undesired toxicity, limited ability
to cross the blood—brain barrier after systemic delivery of
these proteins and weak motoneuron responsiveness to en-
dogenous TrkB.T1 in vivo [51, 53]. Therefore, new admin-
istration strategies such as secretion of BDNF from
transplanted stem cells and Trk receptor transactivation
may be used to improve the curative effect on ALS [51, 54].

Spinocerebellar Ataxias

SCAs are a group of progressive degenerative disorders
characterized by incoordination of gait and often asso-
ciated with poor coordination of hands, speech, and eye
movements [55]. To date, over 30 SCAs have been
identified by different loci of autosomal dominant SCA
genes and have been named in chronological order of
their discovery from SCAl to SCA30 [55]. Although
the specific pathogenic mechanisms of SCAs are still
not fully understood, it has been recognized that SCAs
generally result from the slow atrophy of the cerebel-
lum, particularly the Purkinje cells.

Accumulating studies highlight the involvement of
BDNF in the pathogenesis of SCAs. In the cerebellum of
SCAG®6, in which Purkinje cell predominant neuronal loss is
the characteristic neuropathology, BDNF mRNA is signifi-
cant suppressed and BDNF protein forms abnormal defin-
able granules [56]. The reduced BDNF gene expressions are
also observed in SCA1 mouse models [57]. Furthermore, it
has been reported that BDNF/TrkB interaction is present in
both developing and adult cerebellum and distributes in the
cerebellar cortex as well as the cerebellar nuclei, providing a
powerful neuroanatomical basis for the regulation of BDNF
in SCAs [58, 59]. In addition, numerous studies demonstrate
a critical role of BDNF signaling in the maintenance of
synaptic plasticity of Purkinje cells in the mature cerebellum
[36], which also indicates possibilities of BDNF to counter
the pathogenesis of SCAs. As an important endogenous
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synaptic modulator, BDNF regulates short-term synaptic
plasticity as well as synaptic ultrastructure at the PF-PC
synapses [36]. In vivo application of an antibody against
BDNF decreases PF-PC synaptic strength [60]. Moreover,
exogenous BDNF application rescues the abnormal dendrit-
ic morphology of Purkinje cells in IP3 receptor type 1
knockout mice, suggesting a novel role of BDNF produced
in cerebellar granule cells on shaping the dendritic arbori-
zation of Purkinje cells [61].

The effect of BDNF on SCAs has already been investi-
gated in animal models. There is evidence that the BDNF
knockout and TrkB conditional knockout mice display def-
icits in motor coordination and balance, similar to the clin-
ical symptoms of SCAs [62, 63]. Moreover, by increasing
BDNF expression levels, motor behaviors of cerebellar
ataxia mice models have been improved [57, 64]. Although
BDNF has not yet been applied in clinical trials, considering
that no effective therapy for SCAs has been discovered to
date, BDNF, as a neurotrophic factor, may be a promising
therapeutic agent for SCAs in the future [65].

Parkinson’s Disease

PD is a very common progressive neurodegenerative disor-
der characterized by selective degeneration of nigral dopa-
minergic neurons and perturbation of striatal circuits
involved in motor control. The motor symptoms of PD
include tremor, rigidity, akinesia, and postural instability.
For the past 40 years, the most widely used clinical drug
has always been the dopamine precursor levodopa. Howev-
er, levodopa cannot halt the progressive degeneration of
dopaminergic neurons and is limited by an increasingly
narrow therapeutic window and onset of dyskinesia [66].
Thus, many current studies devote to the search for
neuroprotective therapies that may stop or reverse the de-
generative process in PD.

BDNF receptor complexes, TrkB and p75NTR, abun-
dantly express in the striatum and substantia nigra [67,
68], providing a therapeutic opportunity of functional exog-
enous administration of BDNF. Early studies demonstrated
that BDNF might support the survival of nigral dopaminer-
gic neurons [12]. It has also been reported recently that
BDNF signaling via its TrkB receptor tyrosine kinase is
important for the survival of nigrostriatal dopaminergic neu-
rons in an aging brain [69]. Moreover, BDNF/TrkB signal-
ing protects dopaminergic cells from cell death induced by
6-hydroxydopamine (6-OHDA), regardless of whether the
treatment is given before, during, or after toxin application.
BDNF even shows an upregulation of the dopaminergic
phenotype at transcriptional level [70]. All these studies
demonstrate a possibility of application of BDNF as a
neuroprotective therapy to stop or reverse the degenerative
process in PD.
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In fact, in PD patients, decreased BDNF protein and its
mRNA have been identified in their substantia nigra [71, 72].
Moreover, the decreased level of BDNF correlates positively
with the severity of dopaminergic neurodegeneration [73],
indicating a causal relationship between BDNF level and do-
pamine neuronal loss in PD patients. Besides, Karamohamed et
al. have reported that the genetic polymorphism of BDNF
shows a significant influence on PD onset age, confirming
the involvement of BDNF in the pathogenesis of PD [74].

Referring to the efficacy of BDNF therapy in rodent PD
models, BDNF has been observed to retard the loss of
nigrostriatal dopaminergic axons and to prevent the motor
damage associated with PD after 6-OHDA or 1-methyl-4-
phenylpyridinium (MPP)-induced lesion [75]. Furthermore,
in MPP-induced Parkinsonism in nonhuman primates, intra-
thecal infusion of BDNF reduces loss of dopamine neurons
and ameliorates symptoms [76]. The efficacy of BDNF in
the treatment of PD has not been assessed in clinical re-
search so far. Maybe an effective and safe method of deliv-
ering BDNF to the brain in the future would allow the
evaluation of whether BDNF could be a potent therapeutic
drug for PD in humans [42].

Huntington’s Disease

HD is a neurodegenerative disease caused by mutation in
the huntingtin gene, which preferentially induces death of
medium spiny neurons of the striatum and cerebral cortical
neurons, finally leading to abnormal involuntary writhing
movements characterized by chorea [6]. Preliminary study
based on brain tissue samples of HD patients at autopsy
indicated the region-specific downregulation of BDNF in
the caudate and putamen [77]. Currently, a systematic and
quantitative assessment of BDNF levels in postmortem hu-
man cerebral cortex samples confirms the impaired produc-
tion of this neurotrophin in the brains of HD patients [6, 78].
Zuccato et al. propose that there exists a mechanistic link
between BDNF and huntingtin, and the reduction in BDNF
levels in HD is partly due to reduced wild-type huntingtin
stimulatory activity [78]. Actually, huntingtin stimulates
BDNF gene transcription through BDNF promoter II [6,
78]. Additionally, BDNF produced in the cerebral cortex
can be anterogradely transported along the corticostriatal
tract to the medium spiny neurons [7, 79]. Thus, the loss
of huntingtin-mediated BDNF levels from cortical afferents
to striatal neurons leads to insufficient neurotrophic action
on striatal neurons, which is also responsible for the pro-
gressive neurodegeneration in the hallmark pathology of
HD [78].

The findings previously described indicate that BDNF
depletion is involved in the pathology of HD and that leads
to preclinical studies aimed at evaluating the effect of BDNF
in the treatment of HD. In studies with rodent HD models,

BDNF has been found to be effective in both rescue of neuronal
damage and motor symptoms improvement [6]. Firstly, daily
intrastriatal administration of BDNF in HD mice partly sur-
vives enkephalinergic striatal neurons by its trophic benefit
[80]. Secondly, therapies that can increase BDNF expression
are able to improve motor deficits associated with the HD
phenotype assessed by open field, rotarod, and balance beam
tests [81, 82]. Moreover, conditional overexpression of BDNF
suppresses HD pathology and extends life span in HD models
[38, 83]. However, BDNF therapy has still not been examined
in nonhuman primate models of HD, although it remains a
reasonable candidate for therapy. And further clinical studies
are still required to evaluate the efficacy of BDNF treatment in
human HD.

Vestibular Syndrome

The vestibular syndrome contains graduated levels of dam-
age from basic reflex dysfunction like ocular—motor or
postural problems to higher-order perceptual deficits, and
it is aggravated by neurovegetative disorders such as nausea
and vomiting [84, 85]. Immunohistochemical studies dem-
onstrate that, in adult rats, BDNF and TrkB receptors are
expressed in both the inner ear and the vestibular ganglion
neurons [68, 86]. The study on BDNF"" and BDNF '~ mice
in vivo and ELISA analysis provide evidence supporting the
neurotrophic hypothesis of BDNF on vestibular neurons in
embryonic and early postnatal stages [87, 88]. In BDNF or
TrkB null mice, the vestibular ganglion cells are reduced
age-dependently and there is no innervation of vestibular
afferents to the vestibular nucleus [87], suggesting that
BDNF/TrkB signaling plays a significant role in the survival
of vestibular neurons and the regulation of vestibular func-
tion in later developmental stages [89, 90]. And the exten-
sive loss of vestibular ganglion neurons in the BDNF mutant
mice causes the deficiency in balance and coordination of
movement at the age of 1 week [89]. These results from
BDNF mutant animals suggest that the normal expression
and secretion of BNDF is essential in maintaining basic
vestibular functions.

Moreover, accumulating studies indicate a role of BDNF in
counteracting vestibular disorder, especially in vestibular
compensation, the recovery process to regain balance control
and minimize dizziness symptoms following peripheral ves-
tibular lesion. The level of BDNF in both lateral vestibular
nucleus and medial vestibular nucleus elevates after unilateral
labyrinthectomy, supporting the hypothesis that BDNF is
involved in neuronal reorganization that allows vestibular
compensation [91, 92]. Delivery of an antisense oligonucleo-
tide to BDNF in the ipsilateral vestibular nucleus complex of
guinea pigs delays vestibular compensation [93], whereas
intra-vestibular nucleus administration of BDNF enhances
the recovery from peripheral vestibular damage in guinea
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pig [94]. Therefore, through its positive involvement in the
vestibular compensation process, BDNF could lead to pro-
gressive recovery of the vestibular syndrome.

Conclusion

BDNF plays a pivotal neurotrophic role in the central ner-
vous system, including almost all hierarchical structures in
the central motor system. Besides, BDNF also directly mod-
ulates electrophysiological activities of neurons in these
central motor structures and even influences ionic, synaptic,
and neuronal plasticity, although its underlying mechanisms
still need to be further investigated. Considering that most of
severe motor diseases, including the ALS, SCAs, PD, HD,
and vestibular syndrome, are neurodegenerative disorders,
BDNF may be considered as a potential therapeutic agent.
The common mechanism of BDNF treatment derives from
its pro-survival and anti-apoptotic pathways coupled to
TrkB and p75NTR receptors which lead to an improvement
of neuronal population survival and effective protection
against neuronal cell degeneration in these central motor
structures [65]. However, besides neurotrophic function,
the direct electrophysiological effect of BDNF on motor-
related neurons is also an important aspect need to be
considered in therapeutic strategy.

Although BDNF treatment ameliorates the symptoms
of motor diseases from in vitro observations and prelim-
inary success in animal models of PD, HD, etc. [65, 77],
the efficacy of BDNF treatment in clinical trials is cur-
rently insignificant. In the clinic, it is a very difficult task
to effectively administer BDNF in humans, and previous
large-scale clinical trials targeting at BDNF delivery have
not been very successful, probably due to difficulty in
brain—blood barrier crossing, degradation, and side ef-
fects. However, several potential safe and efficient deliv-
ery systems for BDNF treatment in humans are expected
to be developed, such as chronic intraparenchymal infu-
sion of BDNF via implantable hardware [95], BDNF
gene delivery to the brain using viral vectors [96], the
secretion of BDNF from transplanted stem cells [54], and
peripheral administration of short peptide mimetics of
BDNF which can cross the blood—brain barrier [97].
The study and effort on BDNF delivery and stability in
clinical treatment attract more interest and are in the
ascendant; the novel delivery strategies may greatly pro-
mote the future therapeutic uses of BDNF in motor
diseases.
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