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Abstract: Brain-derived neurotrophic factor (BDNF) has a crucial function in the central nervous
system and in sensory structures including olfactory and auditory systems. Many studies have
highlighted the protective effects of BDNF in the brain, showing how it can promote neuronal growth
and survival and modulate synaptic plasticity. On the other hand, conflicting data about BDNF
expression and functions in the cochlear and in olfactory structures have been reported. Several
clinical and experimental research studies showed alterations in BDNF levels in neurodegenerative
diseases affecting the central and peripheral nervous system, suggesting that BDNF can be a promis-
ing biomarker in most neurodegenerative conditions, including Alzheimer’s disease, shearing loss,
or olfactory impairment. Here, we summarize current research concerning BDNF functions in brain
and in sensory domains (olfaction and hearing), focusing on the effects of the BDNF/TrkB signalling
pathway activation in both physiological and pathological conditions. Finally, we review significant
studies highlighting the possibility to target BDNF as a biomarker in early diagnosis of sensory and
cognitive neurodegeneration, opening new opportunities to develop effective therapeutic strategies
aimed to counteract neurodegeneration.
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1. Introduction

Neurotrophic factors include a large family of dimeric polypeptides such as nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
NT-4/5, known to play a crucial role in neuronal growth, differentiation, and survival as
well as in regulation of neuronal structure and functions and not only in neurodevelopment
but also in adult brain plasticity [1–3]. NGF, BDNF, and NT-3 functionality requires their
binding to specific receptors, namely the tropomyosin receptor kinases (TrkA, TrkB, and
TrkC), leading to the activation of different intracellular signalling pathways [4,5].

Among all neurotrophins, the alteration of BDNF, one of the most diffuse and ex-
tensively studied in the mammalian brain, has been proposed as a biomarker of several
neurodegenerative conditions affecting both the peripheral and central nervous system
(CNS) [6–8]. Indeed, the BDNF/TrkB signalling pathway is involved in brain develop-
ment and neuronal plasticity as well as in inflammatory processes, pain, hearing develop-
ment [9–12], neurogenesis, differentiation, survival, and synaptic plasticity [9,13,14].

TrkB has an extracellular domain with glycosylation sites, a transmembrane domain,
and an intracellular tyrosine kinase domain. BDNF binding to the extracellular domain
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stimulates receptor dimerization and induces autophosphorylation of the intracellular
tyrosine kinase domain. This step is crucial for the recruitment of several enzymes, namely
phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), phospho-
lipase C-γ (PLC-γ), and guanosine triphosphate hydrolases (GTP-ase) of the Ras homolog
(Rho) gene family [15,16]. The recruitment of these signalling proteins is necessary for the
activation of phosphatidylinositol 3-kinase (PI3K)/Akt, which can induce the deactivation
of proapoptotic targets and the extracellular signal-regulated kinase (ERK), leading to the
transcription of genes associated with neuronal survival, respectively [17,18].

Furthermore, BDNF exhibits a potent role in neuroprotection and/or brain regener-
ation upon several types of damages, promoting the resilience of neuronal cells against
neurodegeneration [19,20].

Considering the double role of BDNF as a biomarker of neuronal plasticity and a
protective factor against sensory and cognitive neurodegeneration, here, we will review
the molecular mechanisms underlying BDNF effects, summarizing data supporting its role
in the brain and in sensory systems such as the olfactory system (OS) and in the auditory
peripheral organ, the cochlea. Finally, we summarize studies supporting the possibility
to use BDNF as an early biomarker in sensory and cognitive neurodegenerations such as
hearing loss and dementia.

2. The Antagonist Role of Pro-BDNF and mBDNF

Similarly to other neurotrophins, BDNF is initially produced as a precursor protein
(pro-BDNF) located in neuronal dendrites or axons [21,22]. The pro-BDNF can be proteolyt-
ically cleaved by different proteases to generate mature BDNF (mBDNF), and both forms
accumulate into vesicles from which they are secreted.

For many years, it has been assumed that only secreted mBDNF is a biologically active
agent, whereas pro-BDNF is an inactive precursor exclusively located in the intracellular
compartment. Nevertheless, several observations highlight the specific biological activ-
ity of pro-BDNF in CNS as an independent ligand [22–24]. Indeed, both pathological
and physiological conditions can trigger pro-BDNF secretion [25]. Pang and collabora-
tors reported that the extracellular proteinase plasmin is responsible for the transition of
pro-BDNF, released in hippocampal synapses, to mBDNF, which is known to modulate
synaptic plasticity [26]. Interestingly, many studies demonstrated that mBDNF and pro-
BDNF interact with different receptors associated with opposed biological effects on cellular
functions [27]. Pro-BDNF strongly binds p75NTR, a member of the tumour necrosis factor
(TNF) receptor superfamily, which can induce long-term depression (LTD) and apoptosis
mechanisms [27–31]. The mBDNF specifically binds TrkB [1,32,33] and exerts its protective
effects by the activation of different signalling pathways, leading to cell survival and prolif-
eration [30,34,35] and axon and dendrite growth and facilitating long-term potentiation
(LTP) with the improvement of dendritic spine maturation [36–38]. The co-expression of
both TrkB and p75NTR receptors leads to an increase in mBDNF binding specificity [39]. In
physiological conditions, the pro-BDNF/mBDNF balance is finely regulated in the CNS [40].
Nevertheless, considering that pro-BDNF has opposing biological effects compared to its
mature form, this proteolytic process can be considered a potential tool to promote BDNF
maturation.

BDNF expression is regulated during transcription by different promoters that con-
trol activity-dependent and tissue-specific expression [41,42] by translation and by post-
translational modifications. There are various mechanisms generating multiple transcripts
and protein isoforms, and many of these are of unrevealed physiological function. Each
transcript is modulated by several endogenous and exogenous factors such as neuronal
activity [43], exercise [44], stress [45], and antidepressants [46,47] and hormones such as
oestrogens [48,49]. Moreover, epigenetic mechanisms can affect the expression of specific
BDNF exons such as DNA methylation [50,51], suggesting that mBDNF levels can be
dynamically influenced by environmental factors. During development, BDNF is involved
in neuronal survival, growth, and differentiation in several brain regions including the
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hippocampus, cerebellum, and cortex [1]. Multiple pieces of evidence highlight the central
role of BDNF in the formation of new neurons, a process known as neurogenesis [52–55],
but also in the establishment and maintenance of synapses between neurons [56–58].

A mechanism involved in the modulation of neural plasticity and neuron survival
is the release of mBDNF and pro-BDNF in response to cellular membrane depolariza-
tion [59,60]. Indeed, the change in the electrical potential across the cell membrane occur-
ring during cellular membrane depolarization leads to voltage-gated calcium channels
opening, allowing the calcium influx into the cell and its increased intracellular concen-
tration. This triggers the release of mBDNF and pro-BDNF [61,62]. Specifically, mBDNF
is released through a process called exocytosis, in which vesicles containing mBDNF are
transported to and fused with the plasma membrane, allowing the extracellular space
release [36,63].

On the other hand, pro-BDNF is released through a process called ectodomain shed-
ding, in which it is cleaved from the cell surface by a protein called protease. This process
generates the mature form of the protein, the mBDNF, which can then be released in the
extracellular compartment [36].

The ratio of pro-BDNF and mBDNF depends on brain regions and on specific stages of
brain development: higher concentrations of pro-BDNF are observed in the early postnatal
period; on the other hand, mBDNF is strongly expressed during adulthood [64]. Therefore,
pro-BDNF can be considered a crucial factor modulating brain function by increasing
neurogenesis and cell proliferation. It is well known that BDNF expression is regulated
in an activity-dependent manner during neurodevelopment [65,66], and the mechanism
of the activity-dependent production of BDNF-mRNA is due to the phosphorylation and
the subsequent activation of the N-methyl-D-aspartate glutamate receptor (NMDAR).
Concerning the pattern of expression of mBDNF in the adult brain, high levels of BDNF
mRNA and protein have been discovered especially in hippocampus and cerebral cortex
but also in the amygdala and in the cerebellum in both rodents and humans [67].

3. BDNF in the Brain: Its Role in Learning and Memory Processes

Several pieces of evidence support the crucial role of BDNF signalling in learning and
memory processes both in physiological and pathological conditions [13,57,68,69].

The protective effects of BDNF have been extensively documented in the hippocampus,
a brain region mainly involved in learning and memory functions [70–74]. Indeed, BDNF-
TrkB signalling activates a cascade of intracellular events including downstream signalling
pathways that promote functional and molecular underpinnings of learning and memory
such as neurogenesis, synapse formation, and neuronal survival [32,75–77].

In physiological conditions, mBDNF can decrease the activation of hippocampal
GABA-ergic interneurons, thus improving LTP [9,78], the well-known major functional
mechanism governing synaptic consolidation and memory formation [79–81] (Figure 1A).
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Figure 1. Schematic illustration of pro-BDNF/mBDNF ratio in normal brain and in Alzheimer’s dis-
ease (AD). (A) In a physiological condition, BDNF-TrkB signalling exerts protective effects, improving
hippocampal long-term potentiation (LTP) and synaptic plasticity and promoting neuronal survival.
(B) In AD, the alteration of pro-BDNF/mBDNF ratio and the accumulation of pro-BDNF leads to the
activation of p75NTR signalling pathway involved in programmed cell death, activation of long-term
depression (LTD), and the biogenesis of Ab amyloid protein (amyloidogenesis), promoting neuronal
damage.

Indeed, the synaptic plasticity refers to the underlying mechanisms for encoding and
storing memories in the brain [82,83]. BDNF has been shown to be important for the forma-
tion and consolidation of long-term memories because of its release in response to neural
activity and because its binding to receptors on the neuronal cellular membrane induces
changes in the strength of neuronal connections [36]. Moreover, we know that changes
in synaptic connections, together with an increase in the number, size, and complexity
of dendritic spines, are the morphological basis of LTP and of memory storage [84,85].
Namely, BDNF-TrkB signalling can exert an effective role in promoting memory functions
by favouring the expression of proteins regulating these plastic changes that underlie spa-
tial and recognition memory processes [86–90]. Furthermore, BDNF has also been shown
to be involved in the formation of recognition memories by promoting the growth and
survival of neurons in the perirhinal cortex, a region of the brain that is important for object
memory recognition [91–93].

Overall, for these reasons, understanding in detail BDNF’s role in the brain can be
instrumental in developing new therapeutic strategies to counteract memory impairment
in neurodegenerative diseases. Moreover, based on such considerations, identifying BDNF
downregulation as an early molecular biomarker can be effective in disease prevention, as
discussed below.

Role of BDNF as an Early Biomarker in Neurodegenerative Disorders

Due to the pivotal role of BDNF in the learning and memory processes discussed above,
it is not surprising that dysfunctions or downregulations of BDNF pathway are involved in
the pathogenesis of neurodegenerative disorders including dementia, which are mainly
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characterized by neuronal damage, synaptic dysfunctions, and cognitive decline [94–98].
Indeed, evaluations of post-mortem brain tissues from patients with neurodegenerative
diseases revealed that neuronal degeneration was strictly associated with a decrease in
BDNF serum levels [99–103]. Accordingly, experimental evidence confirmed the associ-
ation between BDNF downregulation and neuronal damage, showing a recovery of the
neurodegenerative phenotype after BDNF administration and/or upregulation [104–106].

Considering the high relevance of the neurodegenerative diseases in our society and
the lack of an effective therapeutic strategy, early prevention and diagnosis remain crucial
instruments to counteract neurodegeneration. In this scenario, looking for early biomarkers
of pathology can be an effective strategy. In this view, a biomarker can be very useful,
considering that it is a qualitative and quantitative biological substance or characteristic
that can define a normal or a pathological condition and may provide insights into the
severity of the disease and the best therapeutic approach to be used [107–109].

Nowadays, thanks to the advances in technology, we can better detect, identify, and
quantify biomarkers to validate them in clinical settings. BDNF is an emerging candi-
date among putative biomarkers, playing a crucial role in the diagnosis and treatment of
neurodegeneration, as discussed below.

Thus, several approaches have been studied to evaluate the potential use of BDNF
as biomarker in neurodegenerative diseases that require decision making in clinical prac-
tice. BDNF has been identified as a potential circulating biomarker for schizophrenia or
depression and neurodegenerative diseases. However, even if many experimental studies
confirm its role as a marker for the pathogenesis of several diseases, few reports describe
methods to prove its role as a potential clinical prognostic indicator. One of these consists
of measuring BDNF levels in various biological samples such as blood, cerebrospinal fluid,
or post-mortem brain tissue. Modification of BDNF levels in serum has been described in
epilepsy, psychiatric disorders, neurodegenerative diseases including Alzheimer’s disease,
and schizophrenia [110]. Namely, low serum concentrations have also been shown in the
cerebrovascular disease (CVD) as related to the metabolic syndrome and probably corre-
lated to the oxidative stress unbalance, which is a pathogenetic marker of this condition,
as well as demonstrated in other studies as a potential risk factor for the development of
cerebrovascular disease [111]. Furthermore, a recent meta-analysis concluded that stroke
severity is negatively correlated with BDNF levels. However, there is no correlation be-
tween BDNF levels and the volume of brain infarction or functional outcomes [112]. Thus,
more studies are desirable to increase the evidence of the correlation between level of BDNF
in the prognosis and outcome of diseases.

In vivo experimental studies have suggested that the altered stress-related responses
might be related to BDNF deficiency as a common downstream mediator for environmental
factors in the development of stress-related psychiatric profiles. Thus, BDNF genetic
variation and coding polymorphisms have been recently studied, even if a multitude
of variants have been recognized, and their functional role is still clinically unknown.
However, to study genetic variations of BDNF or TrkB genes represents a new potential
approach [113]. Evidence on a common polymorphism in the BDNF gene, known as
Val66Met, has associated it with various psychiatric disorders, cognitive impairment, and
changes in brain structure and function [114–116]. In spite of the promising results, more
studies in both experimental and clinical models are needed in order to relate the genetic
findings to the phenotypes of major related diseases. Interestingly, new insight on the role of
BDNF Val66Met polymorphism seems to be promising for the role of the modulation of the
stress susceptibility in the neuropsychiatric endophenotypes not only in the experimental
models but also in humans [117].

It has been suggested that the Val66Met polymorphism may change the sensitivity to
stress and plasticity modulating the action of the glucocorticoid stress hormones axis based
on the hypothesis of the dichotomy that reduced activity of BDNF corresponds to decreased
resilience and sensitivity to stress conditions [118]. Understanding the relationship of gene–
environment interactions and differential activation of BDNF in the brain subjected to
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stress-related illnesses and maladaptive plasticity will be helpful for the development of
novel diagnostic tools and treatments.

Among neurodegenerative disorders, AD is the most common cause of demen-
tia [119–121]. AD is a progressive neurodegenerative disorder characterizes by a gradual
loss of nerve cells and neural connections, leading to memory loss and cognitive de-
cline [122–124]. Although there has been much important research in this field, no effective
treatments have been found, mainly due to the incomplete knowledge about the molec-
ular basis of this complex pathology. The pathological mechanism of AD involves the
accumulation of beta-amyloid (Aβ) plaques and tau protein neurofibrillary tangles in the
brain [125–128]. The accumulation and the spreading of these misfolding proteins are also
associated with neuroinflammation and oxidative stress [129–131]. Indeed, it has been
shown that increased neuroinflammatory markers and microglia activation increase Aβ

plaques accumulation together with increased tau phosphorylation, favouring neurofibril-
lary tangles aggregation and causing synaptic damage and neuronal death [130,132,133].
Moreover, a core symptom in AD is memory impairment due to neuropathological changes
in the limbic system [134] and specifically in the hippocampus, the brain region that is
involved in learning and memory processes [77,135,136].

Indeed, in AD, the hippocampus is one of the first areas of the brain to be affected,
and it is thought that the loss of BDNF in this brain region may contribute to the cognitive
impairment observed in AD patients. A large amount of evidence has highlighted a
decreased level of BDNF as well as mRNA related to BDNF signalling in the hippocampus
of patients with severe AD [137,138] but also in other brain regions such as the entorhinal
cortex, frontal cortex, temporal cortex, and parietal cortex [137,139–146]. Indeed, a decrease
in BDNF protein and mRNA levels in cerebrospinal fluid (CSF) and peripheral blood
in AD patients has been observed [100,147–149]. Therefore, it has been suggested that
measuring BDNF levels in biological fluids can be considered promising tool for AD early
diagnosis [7,148].

Considering the important role of BDNF in neuronal survival, its downregulation can
severely compromise synaptic plasticity, the core pathological hallmark in AD. Indeed,
transgenic mice with decreased levels of BDNF expression show consequent defects in
LTP induction [150,151] (Figure 1B). On the other hand, high levels of BDNF were found
in blood samples from AD patients, revealing conflicting results [152,153]. However, it is
possible that the increase in blood BDNF concentration found in AD patients is due to a
compensatory mechanism to fight early neurodegeneration or for immune cell activation.
Shin and colleagues found an increase in BDNF serum levels in patients with mild cognitive
impairment (MCI), a cognitive decline strongly associated to AD progression, whereas
BDNF concentrations decreased in severe AD, supporting the hypothesis that BDNF was
up-regulated only in an early preclinical stage of the pathology [153]. A hypothesis could
be related to a failure of the trophic support that contributes to the neurodegenerative
progression. One more explanation of these opposing results can be found in the complex
and sophisticated regulation of pro-BDNF processing, considering the role of glial cells and
plasmin inhibitors in the regulation of pro-BDNF modulation [60].

The alterations in the pro-BDNF/BDNF ratio in AD is more controversial. Interestingly,
clinical evidence has demonstrated that pro-BDNF plays a central role in the pathogenesis
of the disease [139,154] (Figure 1B). Michalski and Fahnestock found a decrease of about
40% in pro-BDNF protein levels in the parietal cortex of end-stage AD patients with
respect to healthy subjects [146]. This significant pro-BDNF reduction is in line with the
results obtained by Holsinger and collaborators, demonstrating a decrease in BDNF mRNA
expression levels in the brain of AD patients [155].

The direct consequence of the accumulation of pro-BDNF is the activation of p75NTR

signalling pathway involved in both programmed cell death [156,157] and in the activation
of the biogenesis of Aβ, which is known as amyloidogenesis [158] (Figure 1). Several
research groups have confirmed these observations. Indeed, Gerenu and colleagues demon-
strated in both a clinical and experimental model of AD that the soluble form of Aβ affects
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the proteolytic cleavage of pro-BDNF, suggesting that alterations in BDNF maturation can
contribute to neuronal and cognitive dysfunctions [159] (Figure 1).

Chen and collaborators showed that the accumulation of pro-BDNF enhances the Aβ

deposition, favouring senile plaques formation and thus accelerating learning and memory
deficits in APPswePS1dE9 mice, a mouse model of AD [160]. Fleitas and co-workers also
demonstrated that pro-BDNF play a role in mediating apoptosis in AD. Specifically, the
authors studied the relative levels of mBDNF and pro-BDNF in AD patients, finding a
significant increase in pro-BDNF in the hippocampus [161]. They also observed an increase
in pro-BDNF levels in CSF of AD patients that was highly dependent on oxidative stress.

Overall, these results point out a relevant conclusion: both pro-BDNF/p75 signalling
and the ratio pro-BDNF/BDNF measured in the CSF could be considered potential diag-
nostic biomarkers to develop new therapeutic approaches for AD. In addition, reducing
pro-BDNF levels at a preclinical stage and targeting the conversion of pro-BDNF into
mBDNF may contribute to AD prevention. For this reason, even if more studies are needed
to determine the role of BDNF in the onset and progression of the neurodegenerative
diseases, from a translational point of view, an interesting diagnostic strategy could be to
monitor the levels of pro-BDNF/mBDNF during the evolution of AD to identify high-risk
patients and to plan early therapeutic strategy.

Experimental and clinical studies have suggested that BDNF may serve as a biomarker
also in neuropsychiatric disorders such as schizophrenia. Reduced levels of BDNF have
been observed in the brain of people with schizophrenia, particularly in regions involved in
cognitive processes, such as the prefrontal cortex and hippocampus [162,163]. Schizophre-
nia is associated with cognitive impairment including deficits in attention, memory, and
executive function. Considering the role of BDNF in synaptic plasticity, which is crucial
for cognitive functions, the reduced levels of BDNF in schizophrenia may contribute to
the cognitive deficits observed. BDNF has been implicated in the mechanism of action
of various antipsychotic medications used to treat schizophrenia. Studies have shown
that the levels of BDNF increase in response to treatment with antipsychotics, particularly
those that block dopamine receptors [164,165]. This suggests that BDNF may be a useful
biomarker to monitor treatment response in schizophrenia.

Moreover, clinical studies have suggested that BDNF levels may also predict the course
and outcome of schizophrenia. For example, reduced BDNF levels have been associated
with a more severe form of the illness, poorer cognitive function, and a worse prognosis
overall [166,167].

Therefore, the evidence so far suggests that BDNF abnormalities may contribute to
the pathophysiology of this disorder and that measuring BDNF levels could be useful for
diagnosis, treatment monitoring, and predicting the course of the illness.

It has been demonstrated that decreased levels of BDNF activity in the hippocampus
are strictly related to depression. Indeed, studies have suggested that decreased BDNF
levels can be associated with depression onset and progression [6,168]. Considering that
depression is associated with a reduction in the size of neurons and/or neuronal death,
neurotrophins represent good candidates to better understand the pathogenesis of depres-
sion and antidepressant drug actions. Indeed, experimental research in animal models has
demonstrated that exposure to different types of stress can decrease BDNF expression, es-
pecially in hippocampus and prefrontal cortex [169,170], whereas antidepressant treatment
enhances the expression of BDNF in the same brain regions [171,172].

4. BDNF in the Auditory System

BDNF plays a decisive role in the control of neuronal survival/death during neuronal
development [64,173]. This is true not only for brain but also for the peripheral hearing
organ, the cochlea [174–176].

The cochlea, which is in the inner ear, is characterized by several cell populations that
are highly specialized and responsible for sound mechanoelectrical transduction. Hearing
receptors include two major types of cells localized on the basilar membrane in the organ
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of Corti: the inner (IHCs) arranged in one row and the outer hair cells (OHCs) arranged in
three rows. The hair cells play a key role in transducing sound-evoked mechanical motion
into electrical signals; indeed, glutamatergic synapses between hair cells and the primary
afferent fibres of the spiral ganglion neurons (SGNs) allow the up-spread of neuronal signals
along the auditory pathway [131]. A great deal of research has extensively underlined the
functional role of BDNF in the inner ear during neurodevelopment [11,177–181]. Several
experimental studies in animal models have focused on the expression and functions of
BDNF and its high-affinity receptor, TrkB, during the development of SGN innervation and
regeneration [181–183].

Schimmang and collaborators demonstrated that TrkB mutant mice show a significant
loss of SGNs during development [184]. Researchers have also shown that TrkB mRNA
expression in the cochlea is developmentally regulated. For example, during embryonic
development, TrkB mRNA expression is highest in SGNs, while in the adult cochlea, it is
highest in the OHCs [185,186].

The role of BDNF in ear development has been supported by studies on mice carrying
null mutations for BDNF and TrkB [187–189]. Indeed, studies on BDNF knock-out (−/−)
mice revealed a synaptic damage with loss of sensory cell innervation, specifically in the
apical cochlear turn [177,179]. Moreover, a specific loss of OHC/type II SGN synapses
was found in both BDNF−/− and TrkB−/− mice [175,184,190,191]. In late postnatal stages,
BDNF−/− mice show a lack of afferent innervation in the apical region of the cochlea,
while in older stages, the basal turn is affected [192]. These observations reveal a spatial
gradient of BDNF expression along the cochlear spiral axis [185,193]. Indeed, BDNF is
expressed during adulthood in a tonotopic gradient, with an increased expression toward
high-frequency cochlear regions [181,194–196].

In adulthood, many studies concerning BDNF and its receptor expression in the inner
ear have been reported. The expression of TrkB and the low-affinity receptor, p75NTR, has
been found in SGNs in rodents [183,197]. Indeed, p75NTR has been detected in human
cochleae and localized in glial cells, central nerve fibres within the modiolus, and the
osseous spiral lamina [198].

Regarding BDNF expression pattern in cochlear structures during adulthood, although
mRNA transcripts may be at very low levels [199,200], BDNF immunoreactivity has been
observed in the organ of Corti [20,201]. Tan and Shepherd demonstrated that BDNF
is expressed in the sensory and supporting cells in adult rats [20]. Interestingly, they
observed that SGN degeneration in a model of aminoglycoside-induced hearing loss is
related to a p75NTR-dependent activation of apoptosis together with alterations of the TrkB-
downstream signalling promoting cell survival [20]. Wissel and co-workers demonstrated,
by immunohistochemical studies of cochlear sections, a differential expression of BDNF and
TrkB in SGNs in normal hearing and in rats with hearing loss treated with neomycin [197]
(Figure 2).
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Figure 2. Schematic representation of TrkB and p75NTR pathways in normal hearing and in sen-
sorineural hearing loss. In normal hearing cochlea (A), mBDNF binds TrkB receptor on the plasma
membrane of spiral ganglion neurons (SGNs) and activates PI3K/AKT pathway. PI3K phosphorylates
and activates AKT (phosphorylation sites indicated by yellow spots), which in turn phosphorylates
the transcription factor CREB, which translocates into the nucleus and induces pro-survival gene
expression. In damaged cochlea (B), pro-BDNF binds the p75NTR receptor on the SGN plasma
membrane and activates signalling proteins such as TRAF6 and JNK, which are involved in the
activation of c-JUN and caspases, leading to cell death. IHCs, inner hair cells; OHCs, outer hair cells;
Afs, afferent fibres; SGNs, spiral ganglion neurons; TrkB, tropomyosin receptor kinase B; PI3K, phos-
phatidylinositide 3 kinase; AKT, protein kinase B; CREB, cAMP response element-binding protein;
p75NTR, p75 neurotrophin receptor; TRAF6, TNF receptor-associated factor 6; JNK, c-Jun N-terminal
kinases; c-JUN, transcription factor Jun.

Meltser and collaborators revealed differential expression pattern of pro-BDNF and
TrkB after hearing loss induced by a temporary (TTS) or permanent (PTS) increase in the
auditory thresholds caused by the exposure to a loud noise [202]. Only after PTS were a
downregulation of TrkB expression and an upregulation of pro-BDNF found. This finding
suggests that cell death related to PTS induces an activation of the pro-BDNF/p75NTR

pathway and a downregulation of the pro-survival BDNF/TrkB pathway, revealing distinct
molecular mechanisms for different severity degrees of hearing loss.

Notably, a strongly modulation of BDNF expression has also been found in animal
models of age-related hearing loss (ARHL) [203,204]. ARHL, i.e., presbycusis, refers to the
increase in auditory thresholds occurring with advancing age, leading to hearing loss in the
elderly [205–207]. Rüttiger and colleagues observed a significant reduction of BDNF levels,
both at the RNA and protein level, in an animal model of presbycusis [203]. Interestingly,
they showed a clear localization of BDNF protein within the central projections of the
bipolar SGNs that was lost in aged hearing-impaired animals, suggesting a significant
alteration in BDNF protein localization with advancing age.

These observations are in contrast with results obtained by Liu and collaborators
in the human adult inner ear. The authors observed a strong expression of TrkB in neu-
ronal somata and processes in the SGNs of human cochlear samples, even though BDNF
immunostaining showed no positive results in the same samples [198]. In addition, the
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finding that BDNF in culture medium is necessary for human cochlear neuron survival
supports its crucial role for cochlear neuronal viability [208].

4.1. Cochlear Damage: Sensorineural Hearing Loss

Hearing loss is a major public health concern and the fourth leading cause of disabil-
ity [209]. It affects approximately 1/1000 new-borns and one-third of people over 65 years
old and is disabling in ∼5% of the world population [210]. Clinically, hearing loss has been
classified into three main types: conductive, sensorineural, and mixed hearing loss. Sen-
sorineural hearing loss (SNHL) is the most common type and represents most of all hearing
loss. SNHL refers to any cause of deafness due to a damage involving the cochlea, auditory
nerve, or central nervous system. It is a heterogeneous disease with multiple aetiologies
depending on the relationship between genetic and environmental factors including noise
exposure, ototoxic drugs, and aging [211]. Remarkably, it is estimated that up to 60% of
hearing loss is attributed to preventable causes [210]; however, diagnostic, prognostic, ther-
apeutic, and pathognomonic biomarkers of the disease are lacking for the majority of ear
pathologies. Although pure-tone audiometry provides relevant diagnostic information on
the type, degree, and configuration of hearing loss, little differential diagnostic information
can be obtained on auditory system dysfunction. Even if adjunctive information on the
side of the lesion toward the auditory pathway from the inner ear to the brain can arise by
the audiological battery including tympanometry, the acoustic stapedial reflex, otoacoustic
emissions, electrophysiological tests, speech audiometry, and neuroimaging, few laboratory
tests are helpful for the diagnostic definition of the pathology, and the precise diagnosis is
unavailable for many SNHL aetiologies [212]. Increasing experimental findings support the
evidence that neurodegeneration is a common pathophysiological mechanism underlying
several SNHL such as ARHL, noise-induced hearing impairment, and drug ototoxicity.
At the molecular level, these pathological conditions can be related to oxidative stress
mechanisms, with increased reactive oxygen species (ROS) and decreased endogenous an-
tioxidant defences leading to redox status unbalance in the cochlea [131,213,214]. Moreover,
mitochondrial formation of ROS provides the upregulation of vascular biomarkers such
as hypoxia-inducible factor α (HIF-1α) and the inflammatory response targeting synapses
between IHCs and SGN terminals [211]. Thus, the interplay between oxidative stress and
inflammation can play a crucial role in cochlear damage [213]. Furthermore, peripheral
cochlear damage may trigger an up-spread dysfunction in the auditory pathway, leading to
central mechanisms of maladaptive plasticity [215–218] as well as alterations in the balance
of excitation/inhibition in neuronal networks of the auditory system [219–223]. Recently,
we observed that noise exposure and early presbycusis causes morphological changes in
neurons of the auditory cortex (ACx), such as decreased number of dendritic spine and
altered dendritic complexity in pyramidal neurons of layer II/III of the ACx and in the
hippocampus [207,224–226]. Moreover, several studies have demonstrated that SNHL can
affect hippocampal functions by causing an alteration of neurotransmitter levels [227–229]
and by decreasing neurogenesis [230,231]. Unfortunately, most molecular biomarkers that
can be measured in blood are inflammatory markers or not limited to the inner ear and
therefore are non-specific. On the other hand, the blood labyrinthine barrier (BLB) allows
the maintenance of the inner ear fluid ionic homeostasis by its lower permeability that
limits the flow of deleterious substances into the inner ear [232,233].

Because of the inconsistency of clinical biomarkers of SNHL, research in this field is
challenging [234]. In this scenario, BDNF can exert a protective role, potentially contrasting
cochlear molecular damage and preventing neuronal dysfunctions underlying hearing loss.

4.2. BDNF Protective Effects against Hearing Loss

SNHL is caused by irreversible damage with a substantial or complete loss of hair
cells, resulting in permanent deafness [235]. A wide number of studies have shown
that the loss of both OHCs and IHCs induces a subsequent degeneration of SGNs [236].
Hence, the administration of exogenous neurotrophic factors has been widely studied in
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animal models of SNHL, showing a pro-survival effect for auditory neurons in models of
SNHL [176,237]. A wide number of studies have revealed that BDNF and NT-3 are the
most common neurotrophic factors used in animal models of hearing loss [238–253].

The potential beneficial effect of BDNF has been widely tested in association with
cochlear implants. Indeed, BDNF supplementation has been proposed for improving
SGN survival and enhancing cochlear implant outcomes [254,255]. Both in vitro and
in vivo studies showed that the exogenous application of BDNF improves not only SGN
survival [241,256,257] but also potentiates the beneficial effects of an electrical stimulation
of the auditory nerve [242,247,256,258–260].

In vitro studies [261,262] have shown the neuronal protective effect of BDNF against
cochlear damage induced by ototoxic drugs such as aminoglycosides (i.e., gentamicin),
therapeutic drugs (i.e., salicylates), and chemotherapeutic agents (i.e., cisplatin) [263–265].
These findings highlight a role of BDNF in the prevention of cochlear injury induced by
ototoxicity, which accounts for one of the main causes of SNHL.

Additionally, BDNF has been shown to promote neuronal survival of afferent cochlear
neurons in several animal models of hearing loss [193,244,250,266].

One of the major challenges for in vivo studies is the administration root of protective
molecules, which can determine their effectiveness. Direct intracochlear administration of
neurotrophins using an osmotic pump has been demonstrated to be more effective than the
delivery in the round window in terms of SGN preservation [267]. However, this method
is more invasive, increasing the risk of infection and loss of residual hearing. Neverthe-
less, the limitation of this delivery system can be overcome by combining intracochlear
administration of neurotrophins with cochlear implant surgery [268].

Less-invasive techniques include intratympanic delivery [269] and the use of specific
biomaterials such as hydrogel [270–272], gelfoam [250], and alginate beads [239], preventing
the rapid flowing of the molecules through the Eustachian tube.

A novel, promising therapeutic formulation of BDNF known as OTO-413 has been
recently developed by the biopharmaceutical company Otonomy. OTO-413 is a formula-
tion of human recombinant BDNF combined with a thermos-reversible polymer called
poloxamer P407, allowing drug delivery for several weeks from a single intra-tympanic
(IT) injection [273], thus ensuring a long-lasting protective effect. Indeed, the effects of
OTO-413 on hearing loss have been studied in preclinical models, and the results have
been promising. In animal studies, OTO-413 has been shown to promote the growth and
regeneration of hair cells in the inner ear, ameliorating hearing function [273,274]. Piu and
collaborators demonstrated that a single IT injection of OTO-413 has a beneficial effect in
re-establishing synaptic connections between SGNs and hair cells in a rat model of cochlear
synaptopathy induced by noise exposure [274].

Clinical trials of OTO-413 are currently in a phase 1/2 study for the treatment of
speech-in-noise hearing impairment, and the drug is under evaluation to test its safety and
efficacy in human subjects with hearing loss, and at the moment, no significant adverse
effects have been observed.

Finally, among possible therapeutic strategies, cell-based therapy represents a promis-
ing approach allowing a permanent neurotrophin delivery into the cochlea. Rejali and
co-workers used a modified cochlear electrode coated with allogeneic fibroblasts expressing
and secreting BDNF to obtain SGN survival [245]. The protective effect of the BDNF-
secreting electrode was evident in the basal turn and less significant in the apical cochlear
region, reflecting the spatial gradient of BDNF diffusion in the scala tympani, where the
implant is positioned. Warnecke and collaborators also demonstrated that the electrode
coated with cells secreting BDNF enhances SGN survival [275]. The effectiveness of cell-
based drug delivery strategies can also overcome the potential toxicity and infection risk of
viral vectors for gene-therapy [276,277].

The strength of cell-based techniques is the continuous supply of neurotrophic factors
to SGNs, rendering this delivery system a good candidate for clinical application, even if the
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assessment of the long-term effects (such as risk of tumorigenesis) of elevated neurotrophin
concentration needs further investigations.

5. The Role of BDNF in Olfaction

The BDNF gene expression is high in various parts of the central nervous system
involved in olfaction, including the hippocampus and olfactory bulb [278].

The expression of neurotrophins in the olfactory epithelium suggests that they may
play a role in the maintenance and repair of the olfactory system in adults.

Nibu and co-workers investigated the expression of TrkB in the olfactory epithelium
of mice during development and aging and demonstrated that TrkB is expressed in the
olfactory epithelium throughout development, with the expression levels peaking around
postnatal day 3–5 and gradually decreasing thereafter. In aged mice, the expression of TrkB
was reduced compared to young adult mice [279]. This study suggests that TrkB plays
important roles in the development of the olfactory epithelium and that its expression
levels may decline with age.

Feron and collaborators analysed the expression of four neurotrophins (NGF, BDNF,
NT-3, and NT-4) and their receptors in the olfactory epithelium of adult humans. They
demonstrated that all four neurotrophins and their receptors were expressed in the olfactory
epithelium and that the expression of these neurotrophins varied across different cell types
in the olfactory epithelium. For example, NGF was primarily expressed in the supporting
cells, while BDNF was mainly expressed in the olfactory sensory neurons [280].

Numerous studies have demonstrated the high regenerative capacity of neurons of
the olfactory system (OS), specifically of the olfactory epithelium, providing an interesting
model to study the molecular bases of both neurogenesis and neuronal differentiation.
For instance, the OS exhibits extraordinary neural plasticity, whose cognitive and cellular
mechanisms, although extensively studied, remain under investigation. Understanding
the neural basis of plasticity in the OS may provide insight into the brain mechanisms
underlying recovery and reorganization of olfaction [281].

Olfactory loss is among the first symptoms of neurodegenerative disorders. The
mechanism of olfactory disturbance in neurodegenerative diseases involves neurotoxic
effects, which include atrophy of hippocampal cells due to abnormally low concentrations
of neurotrophic factors, including BDNF. Further, BDNF can promote dopaminergic neuron
differentiation [281].

Accordingly, BDNF is a well-known regulator of the dopamine system and is de-
scribed as candidate for treating Parkinson’s disease due to its dual neuroprotective and
neurogenic properties. However, it is unclear whether increased dopamine innervation
occurs developmentally or due to increased adult neurogenesis of dopamine neurons,
which is an intriguing hypothesis remaining a subject of intensive debate [282].

Thus far, the neurogenetic basis of variability in human olfactory function remains
elusive, but BDNF, the most abundant neurotrophin in the brain, plays an important role in
cognitive function and memory as well as in olfaction [283,284].

BDNF seems to be a key element for adaptive modulation of the OS at both cellular and
behavioural levels [283]. According to recent literature, BDNF may facilitate neurogenesis of
the olfactory bulb and neuroepithelium, whereas the downregulation of BDNF is associated
with apoptosis in the olfactory bulb. In mice, impaired BDNF signalling could impact the
ability to distinguish odours. Interestingly, when olfactory training is conducted, BDNF
increases; thus, upregulation of BDNF mRNA in the neuroepithelium is associated with
the restoration of olfactory function after olfactory training [281].

Furthermore, the presence of the BDNF polymorphism Val66Met (rs6265), the variant
of the Met allele, can enhance adaptive neural reorganization to improve olfactory ability.
Indeed, it is associated with improved olfactory identification and further engagement of
the semantic memory system within the olfactory network in an allelic dosage-dependent
manner [283].
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The BDNF Met allele is also associated with preserved olfactory function and in-
creased risk of “false alarms” when no odours are present. In addition to BDNF Met allele,
phantosmia is mainly associated with female gender, vascular risk factors, and parosmia.
However, it is of interest to note that variables frequently considered to be beneficial for
olfactory function, such as female gender and BDNF met allele, are also associated with the
experience of phantosmia [285].

Hedner et al. reported that carriers of the BDNF Val allele exhibited a higher age-
related olfactory impairment than Met allele carriers, perhaps due to the gene’s role in
neural plasticity [286].

In addition, Biju and collaborators, in a study on mice, suggested that the presence
of primarily pro-BDNF in the olfactory bulb has a neurotrophic role in the OS. Thus, pro-
BDNF might protect olfactory mitral cells from the effects of apoptotic changes induced by
odour sensory deprivation [287].

Previous results have also shown that BDNF is involved in neonatal rats’ olfactory
association learning. Further studies have also proven a close relationship between BDNF
and mitochondria. In fact, BDNF might improve the respiratory efficiency of brain mito-
chondria, and oxidative stress might induce dysfunction in mitochondria, reducing the
level of BDNF [288].

Lateral olfactory tract usher substance (LOTUS) contributes to axonal tract formation
in the developing brain and axonal regeneration in the adult brain. According to recent
studies, BDNF increases the expression of LOTUS in cultured neurons through the TrkB
signalling pathway. BDNF may act as a positive regulator of LOTUS expression, suggesting
that BDNF might synergistically affect axon regrowth through the upregulation of LOTUS
expression. Furthermore, these findings provide new insight into the notion that axon
growth-promoting effects of BDNF include an indirect action of LOTUS and that BDNF acts
as a positive regulator of LOTUS expression. Eventually, the increased LOTUS expression
induced by BDNF may represent a novel therapeutic strategy for neuronal regeneration
after CNS injury [289].

BDNF is widely expressed in all types of brain cells, especially M2 microglia. There
are two phenotypes for microglia: the classic phenotype M1 and the alternative phenotype
M2. M1 microglia aggravate brain injury and impede the repair of the CNS by producing
pro-inflammatory factors (IL-6 and IL1-β), whereas M2 microglia promotes the repair of
neural damage and the survival of brain cells by releasing anti-inflammatory factors (IL-10
and IL-4) and some neurotrophic factors including BDNF. This factor promotes neuronal
growth, reduces the loss of neurons, and promotes neurogenesis as well, thus highlighting
the importance of BDNF in the repair of neurological damage [290].

6. Conclusions

Taken together, clinical and experimental evidence highlight the possibility to use
the neurotrophic factor BDNF as a key molecule to counteract neuronal damage and
for its neuroprotective effects in both cognitive and sensory neurodegeneration. Several
studies have confirmed the association between decreased levels of BDNF expression and
neuronal damage, showing a recovery of the neurodegenerative phenotype after BDNF
upregulation. Indeed, studies have demonstrated that exogenous administration of BDNF
may be considered a promising tool for diverse types of neurodegenerative disorders
including brain disease, olfactory impairment, and sensorineural hearing loss.
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of Patients with Alzheimer’s Disease and Depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 2014, 50, 83–93. [CrossRef]
[PubMed]

149. Du, Y.; Wu, H.-T.; Qin, X.-Y.; Cao, C.; Liu, Y.; Cao, Z.-Z.; Cheng, Y. Postmortem Brain, Cerebrospinal Fluid, and Blood Neurotrophic
Factor Levels in Alzheimer’s Disease: A Systematic Review and Meta-Analysis. J. Mol. Neurosci. MN 2018, 65, 289–300. [CrossRef]

150. Korte, M.; Carroll, P.; Wolf, E.; Brem, G.; Thoenen, H.; Bonhoeffer, T. Hippocampal Long-Term Potentiation Is Impaired in Mice
Lacking Brain-Derived Neurotrophic Factor. Proc. Natl. Acad. Sci. USA 1995, 92, 8856–8860. [CrossRef] [PubMed]

151. Bartoletti, A.; Cancedda, L.; Reid, S.W.; Tessarollo, L.; Porciatti, V.; Pizzorusso, T.; Maffei, L. Heterozygous Knock-out Mice for
Brain-Derived Neurotrophic Factor Show a Pathway-Specific Impairment of Long-Term Potentiation but Normal Critical Period
for Monocular Deprivation. J. Neurosci. Off. J. Soc. Neurosci. 2002, 22, 10072–10077. [CrossRef]

152. Faria, M.C.; Gonçalves, G.S.; Rocha, N.P.; Moraes, E.N.; Bicalho, M.A.; Gualberto Cintra, M.T.; Jardim de Paula, J.; José Ravic de
Miranda, L.F.; Clayton de Souza Ferreira, A.; Teixeira, A.L.; et al. Increased Plasma Levels of BDNF and Inflammatory Markers in
Alzheimer’s Disease. J. Psychiatr. Res. 2014, 53, 166–172. [CrossRef]

153. Shin, H.W.; Kim, H.; Lee, K.J. Differences in BDNF Serum Levels in Patients with Alzheimer’s Disease and Mild Cognitive
Impairment. Afr. J Psychiatry 2015, 18, 245.

154. Bharani, K.L.; Ledreux, A.; Gilmore, A.; Carroll, S.L.; Granholm, A.-C. Serum Pro-BDNF Levels Correlate with Phospho-Tau
Staining in Alzheimer’s Disease. Neurobiol. Aging 2020, 87, 49–59. [CrossRef]

155. Holsinger, R.M.; Schnarr, J.; Henry, P.; Castelo, V.T.; Fahnestock, M. Quantitation of BDNF MRNA in Human Parietal Cortex by
Competitive Reverse Transcription-Polymerase Chain Reaction: Decreased Levels in Alzheimer’s Disease. Brain Res. Mol. Brain
Res. 2000, 76, 347–354. [CrossRef] [PubMed]

156. Rabizadeh, S.; Bredesen, D.E. Ten Years on: Mediation of Cell Death by the Common Neurotrophin Receptor P75(NTR). Cytokine
Growth Factor Rev. 2003, 14, 225–239. [CrossRef] [PubMed]

157. Nykjaer, A.; Lee, R.; Teng, K.K.; Jansen, P.; Madsen, P.; Nielsen, M.S.; Jacobsen, C.; Kliemannel, M.; Schwarz, E.; Willnow, T.E.;
et al. Sortilin Is Essential for ProNGF-Induced Neuronal Cell Death. Nature 2004, 427, 843–848. [CrossRef] [PubMed]

158. Costantini, C.; Rossi, F.; Formaggio, E.; Bernardoni, R.; Cecconi, D.; Della-Bianca, V. Characterization of the Signaling Pathway
Downstream P75 Neurotrophin Receptor Involved in Beta-Amyloid Peptide-Dependent Cell Death. J. Mol. Neurosci. 2005, 25,
141–156. [CrossRef] [PubMed]

https://doi.org/10.1017/S1041610203008664
https://doi.org/10.1016/0163-1047(93)90664-4
https://www.ncbi.nlm.nih.gov/pubmed/8216164
https://doi.org/10.1016/S0166-2236(02)02231-2
https://www.ncbi.nlm.nih.gov/pubmed/12220877
https://doi.org/10.1016/S0169-328X(97)00125-3
https://www.ncbi.nlm.nih.gov/pubmed/9387865
https://doi.org/10.1016/0896-6273(91)90273-3
https://doi.org/10.1111/j.1471-4159.2005.03135.x
https://www.ncbi.nlm.nih.gov/pubmed/15935057
https://doi.org/10.1016/j.neurobiolaging.2014.11.016
https://doi.org/10.1186/s13041-016-0203-9
https://www.ncbi.nlm.nih.gov/pubmed/26932787
https://doi.org/10.1097/00005072-199907000-00007
https://doi.org/10.1001/archneur.57.6.846
https://www.ncbi.nlm.nih.gov/pubmed/10867782
https://doi.org/10.1007/978-3-7091-6139-5_22
https://doi.org/10.1046/j.1471-4159.2002.01030.x
https://doi.org/10.1016/S0169-328X(03)00003-2
https://www.ncbi.nlm.nih.gov/pubmed/12654514
https://doi.org/10.3233/JAD-130497
https://www.ncbi.nlm.nih.gov/pubmed/23948885
https://doi.org/10.1016/j.pnpbp.2013.12.001
https://www.ncbi.nlm.nih.gov/pubmed/24334212
https://doi.org/10.1007/s12031-018-1100-8
https://doi.org/10.1073/pnas.92.19.8856
https://www.ncbi.nlm.nih.gov/pubmed/7568031
https://doi.org/10.1523/JNEUROSCI.22-23-10072.2002
https://doi.org/10.1016/j.jpsychires.2014.01.019
https://doi.org/10.1016/j.neurobiolaging.2019.11.010
https://doi.org/10.1016/S0169-328X(00)00023-1
https://www.ncbi.nlm.nih.gov/pubmed/10762711
https://doi.org/10.1016/S1359-6101(03)00018-2
https://www.ncbi.nlm.nih.gov/pubmed/12787561
https://doi.org/10.1038/nature02319
https://www.ncbi.nlm.nih.gov/pubmed/14985763
https://doi.org/10.1385/JMN:25:2:141
https://www.ncbi.nlm.nih.gov/pubmed/15784962


J. Pers. Med. 2023, 13, 652 20 of 25

159. Gerenu, G.; Martisova, E.; Ferrero, H.; Carracedo, M.; Rantamäki, T.; Ramirez, M.J.; Gil-Bea, F.J. Modulation of BDNF Cleavage by
Plasminogen-Activator Inhibitor-1 Contributes to Alzheimer’s Neuropathology and Cognitive Deficits. Biochim. Biophys. Acta
Mol. Basis Dis. 2017, 1863, 991–1001. [CrossRef] [PubMed]

160. Chen, J.; Zhang, T.; Jiao, S.; Zhou, X.; Zhong, J.; Wang, Y.; Liu, J.; Deng, J.; Wang, S.; Xu, Z. ProBDNF Accelerates Brain Amyloid-β
Deposition and Learning and Memory Impairment in APPswePS1dE9 Transgenic Mice. J. Alzheimers Dis. 2017, 59, 941–949.
[CrossRef] [PubMed]

161. Fleitas, C.; Piñol-Ripoll, G.; Marfull, P.; Rocandio, D.; Ferrer, I.; Rampon, C.; Egea, J.; Espinet, C. ProBDNF Is Modified by
Advanced Glycation End Products in Alzheimer’s Disease and Causes Neuronal Apoptosis by Inducing P75 Neurotrophin
Receptor Processing. Mol. Brain 2018, 11, 68. [CrossRef] [PubMed]

162. Ray, M.T.; Weickert, C.S.; Wyatt, E.; Webster, M.J. Decreased BDNF, TrkB-TK+ and GAD67 MRNA Expression in the Hippocampus
of Individuals with Schizophrenia and Mood Disorders. J. Psychiatry Neurosci. 2011, 36, 195–203. [CrossRef] [PubMed]

163. Di Carlo, P.; Punzi, G.; Ursini, G. BDNF and Schizophrenia. Psychiatr. Genet. 2019, 29, 200–210. [CrossRef] [PubMed]
164. Angelucci, F.; Brenè, S.; Mathé, A.A. BDNF in Schizophrenia, Depression and Corresponding Animal Models. Mol. Psychiatry

2005, 10, 345–352. [CrossRef] [PubMed]
165. Huang, T. Effects of Antipsychotics on the BDNF in Schizophrenia. Curr. Med. Chem. 2013, 20, 345–350. [PubMed]
166. Zhang, X.Y.; Liang, J.; Chen, D.C.; Xiu, M.H.; De Yang, F.; Kosten, T.A.; Kosten, T.R. Low BDNF Is Associated with Cognitive

Impairment in Chronic Patients with Schizophrenia. Psychopharmacology 2012, 222, 277–284. [CrossRef]
167. Zhang, X.Y.; Chen, D.C.; Xiu, M.H.; Haile, C.N.; Luo, X.; Xu, K.; Zhang, H.P.; Zuo, L.; Zhang, Z.; Zhang, X.; et al. Cognitive and

Serum BDNF Correlates of BDNF Val66Met Gene Polymorphism in Patients with Schizophrenia and Normal Controls. Hum.
Genet. 2012, 131, 1187–1195. [CrossRef]

168. Yang, T.; Nie, Z.; Shu, H.; Kuang, Y.; Chen, X.; Cheng, J.; Yu, S.; Liu, H. The Role of BDNF on Neural Plasticity in Depression.
Front. Cell. Neurosci. 2020, 14, 82. [CrossRef] [PubMed]

169. Krishnan, V.; Nestler, E.J. The Molecular Neurobiology of Depression. Nature 2008, 455, 894–902. [CrossRef] [PubMed]
170. Bremner, J.D. Traumatic Stress: Effects on the Brain. Dialogues Clin. Neurosci. 2006, 8, 445–461. [CrossRef]
171. Levy, M.J.F.; Boulle, F.; Steinbusch, H.W.; van den Hove, D.L.A.; Kenis, G.; Lanfumey, L. Neurotrophic Factors and Neuroplasticity

Pathways in the Pathophysiology and Treatment of Depression. Psychopharmacology 2018, 235, 2195–2220. [CrossRef]
172. Rana, T.; Behl, T.; Sehgal, A.; Srivastava, P.; Bungau, S. Unfolding the Role of BDNF as a Biomarker for Treatment of Depression. J.

Mol. Neurosci. 2021, 71, 2008–2021. [CrossRef] [PubMed]
173. Ghosh, A.; Carnahan, J.; Greenberg, M.E. Requirement for BDNF in Activity-Dependent Survival of Cortical Neurons. Science

1994, 263, 1618–1623. [CrossRef]
174. Ernfors, P.; Duan, M.L.; ElShamy, W.M.; Canlon, B. Protection of Auditory Neurons from Aminoglycoside Toxicity by

Neurotrophin-3. Nat. Med. 1996, 2, 463–467. [CrossRef] [PubMed]
175. Agerman, K.; Hjerling-Leffler, J.; Blanchard, M.P.; Scarfone, E.; Canlon, B.; Nosrat, C.; Ernfors, P. BDNF Gene Replacement

Reveals Multiple Mechanisms for Establishing Neurotrophin Specificity during Sensory Nervous System Development. Dev.
Camb. Engl. 2003, 130, 1479–1491. [CrossRef] [PubMed]

176. Gillespie, L.N.; Clark, G.M.; Marzella, P.L. Delayed Neurotrophin Treatment Supports Auditory Neuron Survival in Deaf Guinea
Pigs. Neuroreport 2004, 15, 1121–1125. [CrossRef]

177. Bianchi, L.M.; Conover, J.C.; Fritzsch, B.; DeChiara, T.; Lindsay, R.M.; Yancopoulos, G.D. Degeneration of Vestibular Neurons in
Late Embryogenesis of Both Heterozygous and Homozygous BDNF Null Mutant Mice. Dev. Camb. Engl. 1996, 122, 1965–1973.
[CrossRef] [PubMed]

178. Ernfors, P.; Lee, K.F.; Jaenisch, R. Mice Lacking Brain-Derived Neurotrophic Factor Develop with Sensory Deficits. Nature 1994,
368, 147–150. [CrossRef] [PubMed]

179. Fariñas, I.; Jones, K.R.; Tessarollo, L.; Vigers, A.J.; Huang, E.; Kirstein, M.; de Caprona, D.C.; Coppola, V.; Backus, C.; Reichardt,
L.F.; et al. Spatial Shaping of Cochlear Innervation by Temporally Regulated Neurotrophin Expression. J. Neurosci. Off. J. Soc.
Neurosci. 2001, 21, 6170–6180. [CrossRef] [PubMed]

180. Pirvola, U.; Ylikoski, J. Neurotrophic Factors during Inner Ear Development. Curr. Top. Dev. Biol. 2003, 57, 207–223. [CrossRef]
181. Schimmang, T.; Tan, J.; Müller, M.; Zimmermann, U.; Rohbock, K.; Kôpschall, I.; Limberger, A.; Minichiello, L.; Knipper, M. Lack

of Bdnf and TrkB Signalling in the Postnatal Cochlea Leads to a Spatial Reshaping of Innervation along the Tonotopic Axis and
Hearing Loss. Dev. Camb. Engl. 2003, 130, 4741–4750. [CrossRef] [PubMed]

182. Ylikoski, J.; Pirvola, U.; Moshnyakov, M.; Palgi, J.; Arumäe, U.; Saarma, M. Expression Patterns of Neurotrophin and Their
Receptor MRNAs in the Rat Inner Ear. Hear. Res. 1993, 65, 69–78. [CrossRef]

183. Gestwa, G.; Wiechers, B.; Zimmermann, U.; Praetorius, M.; Rohbock, K.; Köpschall, I.; Zenner, H.P.; Knipper, M. Differential
Expression of TrkB.T1 and TrkB.T2, Truncated TrkC, and P75(NGFR) in the Cochlea Prior to Hearing Function. J. Comp. Neurol.
1999, 414, 33–49. [CrossRef]

184. Schimmang, T.; Minichiello, L.; Vazquez, E.; San Jose, I.; Giraldez, F.; Klein, R.; Represa, J. Developing Inner Ear Sensory Neurons
Require TrkB and TrkC Receptors for Innervation of Their Peripheral Targets. Dev. Camb. Engl. 1995, 121, 3381–3391. [CrossRef]

185. Green, S.H.; Bailey, E.; Wang, Q.; Davis, R.L. The Trk A, B, C’s of Neurotrophins in the Cochlea. Anat. Rec. Hoboken NJ 2007 2012,
295, 1877–1895. [CrossRef]

https://doi.org/10.1016/j.bbadis.2017.01.023
https://www.ncbi.nlm.nih.gov/pubmed/28132883
https://doi.org/10.3233/JAD-161191
https://www.ncbi.nlm.nih.gov/pubmed/28697556
https://doi.org/10.1186/s13041-018-0411-6
https://www.ncbi.nlm.nih.gov/pubmed/30428894
https://doi.org/10.1503/jpn.100048
https://www.ncbi.nlm.nih.gov/pubmed/21223646
https://doi.org/10.1097/YPG.0000000000000237
https://www.ncbi.nlm.nih.gov/pubmed/31465000
https://doi.org/10.1038/sj.mp.4001637
https://www.ncbi.nlm.nih.gov/pubmed/15655562
https://www.ncbi.nlm.nih.gov/pubmed/23157625
https://doi.org/10.1007/s00213-012-2643-y
https://doi.org/10.1007/s00439-012-1150-x
https://doi.org/10.3389/fncel.2020.00082
https://www.ncbi.nlm.nih.gov/pubmed/32351365
https://doi.org/10.1038/nature07455
https://www.ncbi.nlm.nih.gov/pubmed/18923511
https://doi.org/10.31887/DCNS.2006.8.4/jbremner
https://doi.org/10.1007/s00213-018-4950-4
https://doi.org/10.1007/s12031-020-01754-x
https://www.ncbi.nlm.nih.gov/pubmed/33230708
https://doi.org/10.1126/science.7907431
https://doi.org/10.1038/nm0496-463
https://www.ncbi.nlm.nih.gov/pubmed/8597959
https://doi.org/10.1242/dev.00378
https://www.ncbi.nlm.nih.gov/pubmed/12620975
https://doi.org/10.1097/00001756-200405190-00008
https://doi.org/10.1242/dev.122.6.1965
https://www.ncbi.nlm.nih.gov/pubmed/8674435
https://doi.org/10.1038/368147a0
https://www.ncbi.nlm.nih.gov/pubmed/8139657
https://doi.org/10.1523/JNEUROSCI.21-16-06170.2001
https://www.ncbi.nlm.nih.gov/pubmed/11487640
https://doi.org/10.1016/s0070-2153(03)57007-7
https://doi.org/10.1242/dev.00676
https://www.ncbi.nlm.nih.gov/pubmed/12925599
https://doi.org/10.1016/0378-5955(93)90202-C
https://doi.org/10.1002/(SICI)1096-9861(19991108)414:1&lt;33::AID-CNE3&gt;3.0.CO;2-M
https://doi.org/10.1242/dev.121.10.3381
https://doi.org/10.1002/ar.22587


J. Pers. Med. 2023, 13, 652 21 of 25

186. Wan, G.; Gómez-Casati, M.E.; Gigliello, A.R.; Liberman, M.C.; Corfas, G. Neurotrophin-3 Regulates Ribbon Synapse Density in
the Cochlea and Induces Synapse Regeneration after Acoustic Trauma. eLife 2014, 3, e03564. [CrossRef]

187. Barbacid, M. The Trk Family of Neurotrophin Receptors. J. Neurobiol. 1994, 25, 1386–1403. [CrossRef] [PubMed]
188. Snider, W.D. Functions of the Neurotrophins during Nervous System Development: What the Knockouts Are Teaching Us. Cell

1994, 77, 627–638. [CrossRef]
189. Fritzsch, B.; Silos-Santiago, I.; Bianchi, L.M.; Fariñas, I. The Role of Neurotrophic Factors in Regulating the Development of Inner

Ear Innervation. Trends Neurosci. 1997, 20, 159–164. [CrossRef]
190. Ernfors, P.; Van De Water, T.; Loring, J.; Jaenisch, R. Complementary Roles of BDNF and NT-3 in Vestibular and Auditory

Development. Neuron 1995, 14, 1153–1164. [CrossRef]
191. Minichiello, L.; Piehl, F.; Vazquez, E.; Schimmang, T.; Hökfelt, T.; Represa, J.; Klein, R. Differential Effects of Combined Trk

Receptor Mutations on Dorsal Root Ganglion and Inner Ear Sensory Neurons. Dev. Camb. Engl. 1995, 121, 4067–4075. [CrossRef]
[PubMed]

192. Davis, R.L. Gradients of Neurotrophins, Ion Channels, and Tuning in the Cochlea. Neurosci. Rev. J. Bringing Neurobiol. Neurol.
Psychiatry 2003, 9, 311–316. [CrossRef] [PubMed]

193. Ramekers, D.; Versnel, H.; Grolman, W.; Klis, S.F.L. Neurotrophins and Their Role in the Cochlea. Hear. Res. 2012, 288, 19–33.
[CrossRef]

194. Adamson, C.L.; Reid, M.A.; Davis, R.L. Opposite Actions of Brain-Derived Neurotrophic Factor and Neurotrophin-3 on Firing
Features and Ion Channel Composition of Murine Spiral Ganglion Neurons. J. Neurosci. Off. J. Soc. Neurosci. 2002, 22, 1385–1396.
[CrossRef]

195. Hafidi, A. Distribution of BDNF, NT-3 and NT-4 in the Developing Auditory Brainstem. Int. J. Dev. Neurosci. Off. J. Int. Soc. Dev.
Neurosci. 1999, 17, 285–294. [CrossRef]

196. Sobkowicz, H.M.; August, B.K.; Slapnick, S.M. Influence of Neurotrophins on the Synaptogenesis of Inner Hair Cells in the
Deaf Bronx Waltzer (Bv) Mouse Organ of Corti in Culture. Int. J. Dev. Neurosci. Off. J. Int. Soc. Dev. Neurosci. 2002, 20, 537–554.
[CrossRef]

197. Wissel, K.; Wefstaedt, P.; Miller, J.M.; Lenarz, T.; Stöver, T. Differential Brain-Derived Neurotrophic Factor and Transforming
Growth Factor-Beta Expression in the Rat Cochlea Following Deafness. Neuroreport 2006, 17, 1297–1301. [CrossRef]

198. Liu, W.; Kinnefors, A.; Boström, M.; Rask-Andersen, H. Expression of TrkB and BDNF in Human Cochlea-an Immunohistochemi-
cal Study. Cell Tissue Res. 2011, 345, 213–221. [CrossRef] [PubMed]

199. Wiechers, B.; Gestwa, G.; Mack, A.; Carroll, P.; Zenner, H.P.; Knipper, M. A Changing Pattern of Brain-Derived Neurotrophic
Factor Expression Correlates with the Rearrangement of Fibers during Cochlear Development of Rats and Mice. J. Neurosci. Off. J.
Soc. Neurosci. 1999, 19, 3033–3042. [CrossRef]

200. Bailey, E.M.; Green, S.H. Postnatal Expression of Neurotrophic Factors Accessible to Spiral Ganglion Neurons in the Auditory
System of Adult Hearing and Deafened Rats. J. Neurosci. Off. J. Soc. Neurosci. 2014, 34, 13110–13126. [CrossRef] [PubMed]

201. Flores-Otero, J.; Davis, R.L. Synaptic Proteins Are Tonotopically Graded in Postnatal and Adult Type I and Type II Spiral Ganglion
Neurons. J. Comp. Neurol. 2011, 519, 1455–1475. [CrossRef]

202. Meltser, I.; Tahera, Y.; Canlon, B. Differential Activation of Mitogen-Activated Protein Kinases and Brain-Derived Neurotrophic
Factor after Temporary or Permanent Damage to a Sensory System. Neuroscience 2010, 165, 1439–1446. [CrossRef] [PubMed]

203. Rüttiger, L.; Panford-Walsh, R.; Schimmang, T.; Tan, J.; Zimmermann, U.; Rohbock, K.; Köpschall, I.; Limberger, A.; Müller, M.;
Fraenzer, J.-T.; et al. BDNF MRNA Expression and Protein Localization Are Changed in Age-Related Hearing Loss. Neurobiol.
Aging 2007, 28, 586–601. [CrossRef] [PubMed]

204. Marchetta, P.; Savitska, D.; Kübler, A.; Asola, G.; Manthey, M.; Möhrle, D.; Schimmang, T.; Rüttiger, L.; Knipper, M.; Singer, W.
Age-Dependent Auditory Processing Deficits after Cochlear Synaptopathy Depend on Auditory Nerve Latency and the Ability of
the Brain to Recruit LTP/BDNF. Brain Sci. 2020, 10, 710. [CrossRef]

205. Fetoni, A.R.; Picciotti, P.M.; Paludetti, G.; Troiani, D. Pathogenesis of Presbycusis in Animal Models: A Review. Exp. Gerontol.
2011, 46, 413–425. [CrossRef] [PubMed]

206. Wang, J.; Puel, J.-L. Presbycusis: An Update on Cochlear Mechanisms and Therapies. J. Clin. Med. 2020, 9, E218. [CrossRef]
207. Paciello, F.; Pisani, A.; Rinaudo, M.; Cocco, S.; Paludetti, G.; Fetoni, A.R.; Grassi, C. Noise-Induced Auditory Damage Affects

Hippocampus Causing Memory Deficits in a Model of Early Age-Related Hearing Loss. Neurobiol. Dis. 2023, 178, 106024.
[CrossRef]

208. Rask-Andersen, H.; Boström, M.; Gerdin, B.; Kinnefors, A.; Nyberg, G.; Engstrand, T.; Miller, J.M.; Lindholm, D. Regeneration of
Human Auditory Nerve. In Vitro/in Video Demonstration of Neural Progenitor Cells in Adult Human and Guinea Pig Spiral
Ganglion. Hear. Res. 2005, 203, 180–191. [CrossRef]

209. Wilson, B.S.; Tucci, D.L.; Merson, M.H.; O’Donoghue, G.M. Global Hearing Health Care: New Findings and Perspectives. Lancet
Lond. Engl. 2017, 390, 2503–2515. [CrossRef] [PubMed]

210. Deafness and Hearing Loss. Available online: https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
(accessed on 8 February 2023).

211. Fetoni, A.R.; Pisani, A.; Rolesi, R.; Paciello, F.; Viziano, A.; Moleti, A.; Sisto, R.; Troiani, D.; Paludetti, G.; Grassi, C. Early
Noise-Induced Hearing Loss Accelerates Presbycusis Altering Aging Processes in the Cochlea. Front. Aging Neurosci. 2022, 14.
[CrossRef]

https://doi.org/10.7554/eLife.03564
https://doi.org/10.1002/neu.480251107
https://www.ncbi.nlm.nih.gov/pubmed/7852993
https://doi.org/10.1016/0092-8674(94)90048-5
https://doi.org/10.1016/S0166-2236(96)01007-7
https://doi.org/10.1016/0896-6273(95)90263-5
https://doi.org/10.1242/dev.121.12.4067
https://www.ncbi.nlm.nih.gov/pubmed/8575307
https://doi.org/10.1177/1073858403251986
https://www.ncbi.nlm.nih.gov/pubmed/14580116
https://doi.org/10.1016/j.heares.2012.03.002
https://doi.org/10.1523/JNEUROSCI.22-04-01385.2002
https://doi.org/10.1016/S0736-5748(99)00043-X
https://doi.org/10.1016/S0736-5748(02)00084-9
https://doi.org/10.1097/01.wnr.0000233088.92839.23
https://doi.org/10.1007/s00441-011-1209-3
https://www.ncbi.nlm.nih.gov/pubmed/21739244
https://doi.org/10.1523/JNEUROSCI.19-08-03033.1999
https://doi.org/10.1523/JNEUROSCI.1014-14.2014
https://www.ncbi.nlm.nih.gov/pubmed/25253857
https://doi.org/10.1002/cne.22576
https://doi.org/10.1016/j.neuroscience.2009.11.025
https://www.ncbi.nlm.nih.gov/pubmed/19925854
https://doi.org/10.1016/j.neurobiolaging.2006.02.008
https://www.ncbi.nlm.nih.gov/pubmed/16580094
https://doi.org/10.3390/brainsci10100710
https://doi.org/10.1016/j.exger.2010.12.003
https://www.ncbi.nlm.nih.gov/pubmed/21211561
https://doi.org/10.3390/jcm9010218
https://doi.org/10.1016/j.nbd.2023.106024
https://doi.org/10.1016/j.heares.2004.12.005
https://doi.org/10.1016/S0140-6736(17)31073-5
https://www.ncbi.nlm.nih.gov/pubmed/28705460
https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss
https://doi.org/10.3389/fnagi.2022.803973


J. Pers. Med. 2023, 13, 652 22 of 25

212. Gomaa, N.A.; Jimoh, Z.; Campbell, S.; Zenke, J.K.; Szczepek, A.J. Biomarkers for Inner Ear Disorders: Scoping Review on the Role
of Biomarkers in Hearing and Balance Disorders. Diagn. Basel Switz. 2020, 11, 42. [CrossRef] [PubMed]

213. Fetoni, A.R.; Paciello, F.; Rolesi, R.; Paludetti, G.; Troiani, D. Targeting Dysregulation of Redox Homeostasis in Noise-Induced
Hearing Loss: Oxidative Stress and ROS Signaling. Free Radic. Biol. Med. 2019, 135, 46–59. [CrossRef] [PubMed]

214. Henderson, D.; Bielefeld, E.C.; Harris, K.C.; Hu, B.H. The Role of Oxidative Stress in Noise-Induced Hearing Loss. Ear Hear. 2006,
27, 1–19. [CrossRef] [PubMed]

215. Rauschecker, J.P. Auditory Cortical Plasticity: A Comparison with Other Sensory Systems. Trends Neurosci. 1999, 22, 74–80.
[CrossRef]

216. Syka, J. Plastic Changes in the Central Auditory System after Hearing Loss, Restoration of Function, and during Learning. Physiol.
Rev. 2002, 82, 601–636. [CrossRef]

217. Caspary, D.M.; Ling, L.; Turner, J.G.; Hughes, L.F. Inhibitory Neurotransmission, Plasticity and Aging in the Mammalian Central
Auditory System. J. Exp. Biol. 2008, 211, 1781–1791. [CrossRef] [PubMed]

218. Yang, S.; Weiner, B.D.; Zhang, L.S.; Cho, S.-J.; Bao, S. Homeostatic Plasticity Drives Tinnitus Perception in an Animal Model. Proc.
Natl. Acad. Sci. USA 2011, 108, 14974–14979. [CrossRef] [PubMed]

219. Liberman, M.C.; Kiang, N.Y. Acoustic Trauma in Cats. Cochlear Pathology and Auditory-Nerve Activity. Acta Oto-Laryngol.
Suppl. 1978, 358, 1–63.

220. Milbrandt, J.C.; Holder, T.M.; Wilson, M.C.; Salvi, R.J.; Caspary, D.M. GAD Levels and Muscimol Binding in Rat Inferior Colliculus
Following Acoustic Trauma. Hear. Res. 2000, 147, 251–260. [CrossRef] [PubMed]

221. Salvi, R.J.; Wang, J.; Ding, D. Auditory Plasticity and Hyperactivity Following Cochlear Damage. Hear. Res. 2000, 147, 261–274.
[CrossRef] [PubMed]

222. Richardson, B.D.; Brozoski, T.J.; Ling, L.L.; Caspary, D.M. Targeting Inhibitory Neurotransmission in Tinnitus. Brain Res. 2012,
1485, 77–87. [CrossRef] [PubMed]

223. Engineer, N.D.; Møller, A.R.; Kilgard, M.P. Directing Neural Plasticity to Understand and Treat Tinnitus. Hear. Res. 2013, 295,
58–66. [CrossRef]

224. Fetoni, A.R.; De Bartolo, P.; Eramo, S.L.M.; Rolesi, R.; Paciello, F.; Bergamini, C.; Fato, R.; Paludetti, G.; Petrosini, L.; Troiani, D.
Noise-Induced Hearing Loss (NIHL) as a Target of Oxidative Stress-Mediated Damage: Cochlear and Cortical Responses after an
Increase in Antioxidant Defense. J. Neurosci. 2013, 33, 4011–4023. [CrossRef]

225. Fetoni, A.R.; Troiani, D.; Petrosini, L.; Paludetti, G. Cochlear Injury and Adaptive Plasticity of the Auditory Cortex. Front. Aging
Neurosci. 2015, 7, 8. [CrossRef]

226. Paciello, F.; Podda, M.V.; Rolesi, R.; Cocco, S.; Petrosini, L.; Troiani, D.; Fetoni, A.R.; Paludetti, G.; Grassi, C. Anodal Transcranial
Direct Current Stimulation Affects Auditory Cortex Plasticity in Normal-Hearing and Noise-Exposed Rats. Brain Stimulat. 2018,
11, 1008–1023. [CrossRef]

227. Chengzhi, C.; Yan, T.; Xuejun, J.; Xiang, L.; Youbin, Q.; Baijie, T. Recovery of Chronic Noise Exposure Induced Spatial Learning
and Memory Deficits in Young Male Sprague-Dawley Rats. J. Occup. Health 2011, 53, 157–163. [CrossRef]

228. Cui, B.; Li, K. Chronic Noise Exposure and Alzheimer Disease: Is There an Etiological Association? Med. Hypotheses 2013, 81,
623–626. [CrossRef] [PubMed]

229. Beckmann, D.; Feldmann, M.; Shchyglo, O.; Manahan-Vaughan, D. Hippocampal Synaptic Plasticity, Spatial Memory, and
Neurotransmitter Receptor Expression Are Profoundly Altered by Gradual Loss of Hearing Ability. Cereb. Cortex N. Y. N 1991
2020, 30, 4581–4596. [CrossRef] [PubMed]

230. Tao, S.; Liu, L.; Shi, L.; Li, X.; Shen, P.; Xun, Q.; Guo, X.; Yu, Z.; Wang, J. Spatial Learning and Memory Deficits in Young Adult
Mice Exposed to a Brief Intense Noise at Postnatal Age. J. Otol. 2015, 10, 21–28. [CrossRef] [PubMed]

231. Kurioka, T.; Mogi, S.; Yamashita, T. Decreasing Auditory Input Induces Neurogenesis Impairment in the Hippocampus. Sci. Rep.
2021, 11, 423. [CrossRef] [PubMed]

232. Juhn, S.K.; Rybak, L.P. Labyrinthine Barriers and Cochlear Homeostasis. Acta Otolaryngol. (Stockh.) 1981, 91, 529–534. [CrossRef]
233. Sun, W.; Wang, W. Advances in Research on Labyrinth Membranous Barriers. J. Otol. 2015, 10, 99–104. [CrossRef] [PubMed]
234. Fetoni, A.R.; Garzaro, M.; Ralli, M.; Landolfo, V.; Sensini, M.; Pecorari, G.; Mordente, A.; Paludetti, G.; Giordano, C. The

Monitoring Role of Otoacoustic Emissions and Oxidative Stress Markers in the Protective Effects of Antioxidant Administration
in Noise-Exposed Subjects: A Pilot Study. Med. Sci. Monit. 2009, 15, PR1–PR8.

235. Zine, A.; Messat, Y.; Fritzsch, B. A Human Induced Pluripotent Stem Cell-Based Modular Platform to Challenge Sensorineural
Hearing Loss. Stem Cells Dayt. Ohio 2021, 39, 697–706. [CrossRef]

236. Liberman, M.C.; Kujawa, S.G. Cochlear Synaptopathy in Acquired Sensorineural Hearing Loss: Manifestations and Mechanisms.
Hear. Res. 2017, 349, 138–147. [CrossRef] [PubMed]

237. Staecker, H.; Gabaizadeh, R.; Federoff, H.; Van De Water, T.R. Brain-Derived Neurotrophic Factor Gene Therapy Prevents Spiral
Ganglion Degeneration after Hair Cell Loss. Otolaryngol.–Head Neck Surg. Off. J. Am. Acad. Otolaryngol.-Head Neck Surg. 1998, 119,
7–13. [CrossRef] [PubMed]

238. McGuinness, S.L.; Shepherd, R.K. Exogenous BDNF Rescues Rat Spiral Ganglion Neurons in Vivo. Otol. Neurotol. Off. Publ. Am.
Otol. Soc. Am. Neurotol. Soc. Eur. Acad. Otol. Neurotol. 2005, 26, 1064–1072. [CrossRef] [PubMed]

239. Noushi, F.; Richardson, R.T.; Hardman, J.; Clark, G.; O’Leary, S. Delivery of Neurotrophin-3 to the Cochlea Using Alginate Beads.
Otol. Neurotol. Off. Publ. Am. Otol. Soc. Am. Neurotol. Soc. Eur. Acad. Otol. Neurotol. 2005, 26, 528–533. [CrossRef]

https://doi.org/10.3390/diagnostics11010042
https://www.ncbi.nlm.nih.gov/pubmed/33383894
https://doi.org/10.1016/j.freeradbiomed.2019.02.022
https://www.ncbi.nlm.nih.gov/pubmed/30802489
https://doi.org/10.1097/01.aud.0000191942.36672.f3
https://www.ncbi.nlm.nih.gov/pubmed/16446561
https://doi.org/10.1016/S0166-2236(98)01303-4
https://doi.org/10.1152/physrev.00002.2002
https://doi.org/10.1242/jeb.013581
https://www.ncbi.nlm.nih.gov/pubmed/18490394
https://doi.org/10.1073/pnas.1107998108
https://www.ncbi.nlm.nih.gov/pubmed/21896771
https://doi.org/10.1016/S0378-5955(00)00135-0
https://www.ncbi.nlm.nih.gov/pubmed/10962189
https://doi.org/10.1016/S0378-5955(00)00136-2
https://www.ncbi.nlm.nih.gov/pubmed/10962190
https://doi.org/10.1016/j.brainres.2012.02.014
https://www.ncbi.nlm.nih.gov/pubmed/22405692
https://doi.org/10.1016/j.heares.2012.10.001
https://doi.org/10.1523/JNEUROSCI.2282-12.2013
https://doi.org/10.3389/fnagi.2015.00008
https://doi.org/10.1016/j.brs.2018.05.017
https://doi.org/10.1539/joh.L10125
https://doi.org/10.1016/j.mehy.2013.07.017
https://www.ncbi.nlm.nih.gov/pubmed/23899629
https://doi.org/10.1093/cercor/bhaa061
https://www.ncbi.nlm.nih.gov/pubmed/32202614
https://doi.org/10.1016/j.joto.2015.07.001
https://www.ncbi.nlm.nih.gov/pubmed/29937778
https://doi.org/10.1038/s41598-020-80218-z
https://www.ncbi.nlm.nih.gov/pubmed/33432038
https://doi.org/10.3109/00016488109138538
https://doi.org/10.1016/j.joto.2015.11.003
https://www.ncbi.nlm.nih.gov/pubmed/29937790
https://doi.org/10.1002/stem.3346
https://doi.org/10.1016/j.heares.2017.01.003
https://www.ncbi.nlm.nih.gov/pubmed/28087419
https://doi.org/10.1016/S0194-5998(98)70194-9
https://www.ncbi.nlm.nih.gov/pubmed/9674508
https://doi.org/10.1097/01.mao.0000185063.20081.50
https://www.ncbi.nlm.nih.gov/pubmed/16151360
https://doi.org/10.1097/01.mao.0000169780.84588.a5


J. Pers. Med. 2023, 13, 652 23 of 25

240. Richardson, R.T.; O’Leary, S.; Wise, A.; Hardman, J.; Clark, G. A Single Dose of Neurotrophin-3 to the Cochlea Surrounds Spiral
Ganglion Neurons and Provides Trophic Support. Hear. Res. 2005, 204, 37–47. [CrossRef] [PubMed]

241. Miller, J.M.; Le Prell, C.G.; Prieskorn, D.M.; Wys, N.L.; Altschuler, R.A. Delayed Neurotrophin Treatment Following Deafness
Rescues Spiral Ganglion Cells from Death and Promotes Regrowth of Auditory Nerve Peripheral Processes: Effects of Brain-
Derived Neurotrophic Factor and Fibroblast Growth Factor. J. Neurosci. Res. 2007, 85, 1959–1969. [CrossRef]

242. Shepherd, R.K.; Coco, A.; Epp, S.B.; Crook, J.M. Chronic Depolarization Enhances the Trophic Effects of Brain-Derived Neu-
rotrophic Factor in Rescuing Auditory Neurons Following a Sensorineural Hearing Loss. J. Comp. Neurol. 2005, 486, 145–158.
[CrossRef]

243. Shepherd, R.K.; Coco, A.; Epp, S.B. Neurotrophins and Electrical Stimulation for Protection and Repair of Spiral Ganglion
Neurons Following Sensorineural Hearing Loss. Hear. Res. 2008, 242, 100–109. [CrossRef] [PubMed]

244. Wise, A.K.; Richardson, R.; Hardman, J.; Clark, G.; O’leary, S. Resprouting and Survival of Guinea Pig Cochlear Neurons in
Response to the Administration of the Neurotrophins Brain-Derived Neurotrophic Factor and Neurotrophin-3. J. Comp. Neurol.
2005, 487, 147–165. [CrossRef] [PubMed]

245. Rejali, D.; Lee, V.A.; Abrashkin, K.A.; Humayun, N.; Swiderski, D.L.; Raphael, Y. Cochlear Implants and Ex Vivo BDNF Gene
Therapy Protect Spiral Ganglion Neurons. Hear. Res. 2007, 228, 180–187. [CrossRef] [PubMed]

246. Agterberg, M.J.H.; Versnel, H.; de Groot, J.C.M.J.; Smoorenburg, G.F.; Albers, F.W.J.; Klis, S.F.L. Morphological Changes in Spiral
Ganglion Cells after Intracochlear Application of Brain-Derived Neurotrophic Factor in Deafened Guinea Pigs. Hear. Res. 2008,
244, 25–34. [CrossRef] [PubMed]

247. Agterberg, M.J.H.; Versnel, H.; van Dijk, L.M.; de Groot, J.C.M.J.; Klis, S.F.L. Enhanced Survival of Spiral Ganglion Cells after
Cessation of Treatment with Brain-Derived Neurotrophic Factor in Deafened Guinea Pigs. J. Assoc. Res. Otolaryngol. JARO 2009,
10, 355–367. [CrossRef]

248. Glueckert, R.; Bitsche, M.; Miller, J.M.; Zhu, Y.; Prieskorn, D.M.; Altschuler, R.A.; Schrott-Fischer, A. Deafferentation-Associated
Changes in Afferent and Efferent Processes in the Guinea Pig Cochlea and Afferent Regeneration with Chronic Intrascalar
Brain-Derived Neurotrophic Factor and Acidic Fibroblast Growth Factor. J. Comp. Neurol. 2008, 507, 1602–1621. [CrossRef]

249. Wise, A.K.; Hume, C.R.; Flynn, B.O.; Jeelall, Y.S.; Suhr, C.L.; Sgro, B.E.; O’Leary, S.J.; Shepherd, R.K.; Richardson, R.T. Effects of
Localized Neurotrophin Gene Expression on Spiral Ganglion Neuron Resprouting in the Deafened Cochlea. Mol. Ther. J. Am. Soc.
Gene Ther. 2010, 18, 1111–1122. [CrossRef] [PubMed]

250. Havenith, S.; Versnel, H.; Agterberg, M.J.H.; de Groot, J.C.M.J.; Sedee, R.-J.; Grolman, W.; Klis, S.F.L. Spiral Ganglion Cell Survival
after Round Window Membrane Application of Brain-Derived Neurotrophic Factor Using Gelfoam as Carrier. Hear. Res. 2011,
272, 168–177. [CrossRef] [PubMed]

251. Leake, P.A.; Hradek, G.T.; Hetherington, A.M.; Stakhovskaya, O. Brain-Derived Neurotrophic Factor Promotes Cochlear Spiral
Ganglion Cell Survival and Function in Deafened, Developing Cats. J. Comp. Neurol. 2011, 519, 1526–1545. [CrossRef]

252. Pettingill, L.N.; Wise, A.K.; Geaney, M.S.; Shepherd, R.K. Enhanced Auditory Neuron Survival Following Cell-Based BDNF
Treatment in the Deaf Guinea Pig. PLoS ONE 2011, 6, e18733. [CrossRef]

253. Jin, Y.; Lyu, A.-R.; Park, S.-J.; Xu, J.; Cui, J.; Sohn, K.-C.; Hur, G.M.; Jin, Y.; Park, Y.-H. Early Postnatal NT-3 Gene Delivery
Enhances Hearing Acquisition in the Developmental Period. Laryngoscope 2016, 126, E379–E385. [CrossRef] [PubMed]

254. Dabdoub, A.; Nishimura, K. Cochlear Implants Meet Regenerative Biology: State of the Science and Future Research Directions.
Otol. Neurotol. Off. Publ. Am. Otol. Soc. Am. Neurotol. Soc. Eur. Acad. Otol. Neurotol. 2017, 38, e232–e236. [CrossRef]

255. Konerding, W.S.; Janssen, H.; Hubka, P.; Tornøe, J.; Mistrik, P.; Wahlberg, L.; Lenarz, T.; Kral, A.; Scheper, V. Encapsulated Cell
Device Approach for Combined Electrical Stimulation and Neurotrophic Treatment of the Deaf Cochlea. Hear. Res. 2017, 350,
110–121. [CrossRef] [PubMed]

256. Song, B.-N.; Li, Y.-X.; Han, D.-M. Delayed Electrical Stimulation and BDNF Application Following Induced Deafness in Rats.
Acta Otolaryngol. (Stockh.) 2009, 129, 142–154. [CrossRef] [PubMed]

257. Warnecke, A.; Wissel, K.; Hoffmann, A.; Hofmann, N.; Berkingali, N.; Gro, G.; Lenarz, T.; Stöver, T. The Biological Effects of
Cell-Delivered Brain-Derived Neurotrophic Factor on Cultured Spiral Ganglion Cells. Neuroreport 2007, 18, 1683–1686. [CrossRef]
[PubMed]

258. Coco, A.; Epp, S.B.; Fallon, J.B.; Xu, J.; Millard, R.E.; Shepherd, R.K. Does Cochlear Implantation and Electrical Stimulation Affect
Residual Hair Cells and Spiral Ganglion Neurons? Hear. Res. 2007, 225, 60–70. [CrossRef]

259. Scheper, V.; Paasche, G.; Miller, J.M.; Warnecke, A.; Berkingali, N.; Lenarz, T.; Stöver, T. Effects of Delayed Treatment with
Combined GDNF and Continuous Electrical Stimulation on Spiral Ganglion Cell Survival in Deafened Guinea Pigs. J. Neurosci.
Res. 2009, 87, 1389–1399. [CrossRef] [PubMed]

260. Wefstaedt, P.; Scheper, V.; Lenarz, T.; Stöver, T. Brain-Derived Neurotrophic Factor/Glial Cell Line-Derived Neurotrophic Factor
Survival Effects on Auditory Neurons Are Not Limited by Dexamethasone. Neuroreport 2005, 16, 2011–2014. [CrossRef]

261. Hegarty, J.L.; Kay, A.R.; Green, S.H. Trophic Support of Cultured Spiral Ganglion Neurons by Depolarization Exceeds and Is
Additive with That by Neurotrophins or CAMP and Requires Elevation of [Ca2+]i within a Set Range. J. Neurosci. Off. J. Soc.
Neurosci. 1997, 17, 1959–1970. [CrossRef]

262. Schwieger, J.; Warnecke, A.; Lenarz, T.; Esser, K.-H.; Scheper, V. Neuronal Survival, Morphology and Outgrowth of Spiral
Ganglion Neurons Using a Defined Growth Factor Combination. PLoS ONE 2015, 10, e0133680. [CrossRef] [PubMed]

https://doi.org/10.1016/j.heares.2005.01.001
https://www.ncbi.nlm.nih.gov/pubmed/15925190
https://doi.org/10.1002/jnr.21320
https://doi.org/10.1002/cne.20564
https://doi.org/10.1016/j.heares.2007.12.005
https://www.ncbi.nlm.nih.gov/pubmed/18243608
https://doi.org/10.1002/cne.20563
https://www.ncbi.nlm.nih.gov/pubmed/15880560
https://doi.org/10.1016/j.heares.2007.02.010
https://www.ncbi.nlm.nih.gov/pubmed/17416474
https://doi.org/10.1016/j.heares.2008.07.004
https://www.ncbi.nlm.nih.gov/pubmed/18692557
https://doi.org/10.1007/s10162-009-0170-2
https://doi.org/10.1002/cne.21619
https://doi.org/10.1038/mt.2010.28
https://www.ncbi.nlm.nih.gov/pubmed/20216530
https://doi.org/10.1016/j.heares.2010.10.003
https://www.ncbi.nlm.nih.gov/pubmed/20969940
https://doi.org/10.1002/cne.22582
https://doi.org/10.1371/journal.pone.0018733
https://doi.org/10.1002/lary.26130
https://www.ncbi.nlm.nih.gov/pubmed/27328420
https://doi.org/10.1097/MAO.0000000000001407
https://doi.org/10.1016/j.heares.2017.04.013
https://www.ncbi.nlm.nih.gov/pubmed/28463804
https://doi.org/10.1080/00016480802043949
https://www.ncbi.nlm.nih.gov/pubmed/18607918
https://doi.org/10.1097/WNR.0b013e3282f0b5d7
https://www.ncbi.nlm.nih.gov/pubmed/17921868
https://doi.org/10.1016/j.heares.2006.12.004
https://doi.org/10.1002/jnr.21964
https://www.ncbi.nlm.nih.gov/pubmed/19084902
https://doi.org/10.1097/00001756-200512190-00008
https://doi.org/10.1523/JNEUROSCI.17-06-01959.1997
https://doi.org/10.1371/journal.pone.0133680
https://www.ncbi.nlm.nih.gov/pubmed/26263175


J. Pers. Med. 2023, 13, 652 24 of 25

263. Zheng, J.L.; Stewart, R.R.; Gao, W.Q. Neurotrophin-4/5 Enhances Survival of Cultured Spiral Ganglion Neurons and Protects
Them from Cisplatin Neurotoxicity. J. Neurosci. Off. J. Soc. Neurosci. 1995, 15, 5079–5087. [CrossRef]

264. Zheng, J.L.; Gao, W.Q. Differential Damage to Auditory Neurons and Hair Cells by Ototoxins and Neuroprotection by Specific
Neurotrophins in Rat Cochlear Organotypic Cultures. Eur. J. Neurosci. 1996, 8, 1897–1905. [CrossRef] [PubMed]

265. Duan, M.L.; Ulfendahl, M.; Laurell, G.; Counter, S.A.; Pyykkö, I.; Borg, E.; Rosenhall, U. Protection and Treatment of Sensorineural
Hearing Disorders Caused by Exogenous Factors: Experimental Findings and Potential Clinical Application. Hear. Res. 2002, 169,
169–178. [CrossRef]

266. Zhai, S.-Q.; Guo, W.; Hu, Y.-Y.; Yu, N.; Chen, Q.; Wang, J.-Z.; Fan, M.; Yang, W.-Y. Protective Effects of Brain-Derived Neurotrophic
Factor on the Noise-Damaged Cochlear Spiral Ganglion. J. Laryngol. Otol. 2011, 125, 449–454. [CrossRef] [PubMed]

267. Bowe, S.N.; Jacob, A. Round Window Perfusion Dynamics: Implications for Intracochlear Therapy. Curr. Opin. Otolaryngol. Head
Neck Surg. 2010, 18, 377–385. [CrossRef] [PubMed]

268. Staecker, H.; Garnham, C. Neurotrophin Therapy and Cochlear Implantation: Translating Animal Models to Human Therapy.
Exp. Neurol. 2010, 226, 1–5. [CrossRef] [PubMed]

269. Kuang, R.; Hever, G.; Zajic, G.; Yan, Q.; Collins, F.; Louis, J.C.; Keithley, E.; Magal, E. Glial Cell Line-Derived Neurotrophic Factor.
Potential for Otoprotection. Ann. N. Y. Acad. Sci. 1999, 884, 270–291. [CrossRef]

270. Endo, T.; Nakagawa, T.; Kita, T.; Iguchi, F.; Kim, T.-S.; Tamura, T.; Iwai, K.; Tabata, Y.; Ito, J. Novel Strategy for Treatment of Inner
Ears Using a Biodegradable Gel. Laryngoscope 2005, 115, 2016–2020. [CrossRef] [PubMed]

271. Rathnam, C.; Chueng, S.-T.D.; Ying, Y.-L.M.; Lee, K.-B.; Kwan, K. Developments in Bio-Inspired Nanomaterials for Therapeutic
Delivery to Treat Hearing Loss. Front. Cell. Neurosci. 2019, 13, 493. [CrossRef] [PubMed]

272. Xu, X.; Zheng, J.; He, Y.; Lin, K.; Li, S.; Zhang, Y.; Song, P.; Zhou, Y.; Chen, X. Nanocarriers for Inner Ear Disease Therapy. Front.
Cell. Neurosci. 2021, 15, 791573. [CrossRef]

273. Foster, A.C.; Szobota, S.; Piu, F.; Jacques, B.E.; Moore, D.R.; Sanchez, V.A.; Anderson, J.J. A Neurotrophic Approach to Treating
Hearing Loss: Translation from Animal Models to Clinical Proof-of-Concept. J. Acoust. Soc. Am. 2022, 151, 3937. [CrossRef]
[PubMed]

274. Piu, F.; Tsivkovskaia, N.; Fernandez, R.; Wang, X.; Harrop-Jones, A.; Altman, T.; Hou, J.; Pastuszka, M.; Vasquez, C.; DeGuzman, R.;
et al. A Sustained-Exposure Formulation of the Neurotrophic Factor BDNF Protects against Noise-Induced Cochlear Synaptopathy
in Young Adult and Aged Rats. In Proceedings of the 41st Association for Research in Otolaryngology Mid-Winter Meeting, San
Diego, CA, USA, 10–14 February 2018.

275. Warnecke, A.; Sasse, S.; Wenzel, G.I.; Hoffmann, A.; Gross, G.; Paasche, G.; Scheper, V.; Reich, U.; Esser, K.-H.; Lenarz, T.; et al.
Stable Release of BDNF from the Fibroblast Cell Line NIH3T3 Grown on Silicone Elastomers Enhances Survival of Spiral Ganglion
Cells in Vitro and in Vivo. Hear. Res. 2012, 289, 86–97. [CrossRef] [PubMed]

276. Ishimoto, S.; Kawamoto, K.; Kanzaki, S.; Raphael, Y. Gene Transfer into Supporting Cells of the Organ of Corti. Hear. Res. 2002,
173, 187–197. [CrossRef] [PubMed]

277. Ishimoto, S.; Kawamoto, K.; Stöver, T.; Kanzaki, S.; Yamasoba, T.; Raphael, Y. A Glucocorticoid Reduces Adverse Effects of
Adenovirus Vectors in the Cochlea. Audiol. Neurootol. 2003, 8, 70–79. [CrossRef] [PubMed]

278. Hariri, A.R.; Goldberg, T.E.; Mattay, V.S.; Kolachana, B.S.; Callicott, J.H.; Egan, M.F.; Weinberger, D.R. Brain-Derived Neurotrophic
Factor Val66met Polymorphism Affects Human Memory-Related Hippocampal Activity and Predicts Memory Performance. J.
Neurosci. Off. J. Soc. Neurosci. 2003, 23, 6690–6694. [CrossRef] [PubMed]

279. Nibu, K.; Kondo, K.; Ohta, Y.; Ishibashi, T.; Rothstein, J.L.; Kaga, K. Expression of NeuroD and TrkB in Developing and Aged
Mouse Olfactory Epithelium. NeuroReport 2001, 12, 1615. [CrossRef]

280. Feron, F.; Bianco, J.; Ferguson, I.; Mackay-Sim, A. Neurotrophin Expression in the Adult Olfactory Epithelium. Brain Res. 2008,
1196, 13–21. [CrossRef]

281. Kim, B.-Y.; Park, J.Y.; Cho, K.J.; Bae, J.H. The Potential Cytotoxic Effects of Urban Particle Matter on Olfaction. Rhinology 2021, 59,
528–537. [CrossRef] [PubMed]

282. Efimova, E.V.; Kuvarzin, S.R.; Mor, M.S.; Katolikova, N.V.; Shemiakova, T.S.; Razenkova, V.; Ptukha, M.; Kozlova, A.A.; Murtazina,
R.Z.; Smirnova, D.; et al. Trace Amine-Associated Receptor 2 Is Expressed in the Limbic Brain Areas and Is Involved in Dopamine
Regulation and Adult Neurogenesis. Front. Behav. Neurosci. 2022, 16, 847410. [CrossRef] [PubMed]

283. Chao, Y.-T.; Hong, T.-Y.; Yang, C.-J.; Hsieh, J.-C. Variant Brain-Derived Neurotrophic Factor Val66met Polymorphism Engages
Memory-Associated Systems to Augment Olfaction. Sci. Rep. 2022, 12, 20007. [CrossRef] [PubMed]

284. Uranagase, A.; Katsunuma, S.; Doi, K.; Nibu, K.-I. BDNF Expression in Olfactory Bulb and Epithelium during Regeneration of
Olfactory Epithelium. Neurosci. Lett. 2012, 516, 45–49. [CrossRef]

285. Sjölund, S.; Larsson, M.; Olofsson, J.K.; Seubert, J.; Laukka, E.J. Phantom Smells: Prevalence and Correlates in a Population-Based
Sample of Older Adults. Chem. Senses 2017, 42, 309–318. [CrossRef] [PubMed]

286. Hedner, M.; Nilsson, L.-G.; Olofsson, J.K.; Bergman, O.; Eriksson, E.; Nyberg, L.; Larsson, M. Age-Related Olfactory Decline Is
Associated with the BDNF Val66met Polymorphism: Evidence from a Population-Based Study. Front. Aging Neurosci. 2010, 2, 24.
[CrossRef]

287. Biju, K.C.; Mast, T.G.; Fadool, D.A. Olfactory Sensory Deprivation Increases the Number of ProBDNF-Immunoreactive Mitral
Cells in the Olfactory Bulb of Mice. Neurosci. Lett. 2008, 447, 42–47. [CrossRef]

https://doi.org/10.1523/JNEUROSCI.15-07-05079.1995
https://doi.org/10.1111/j.1460-9568.1996.tb01333.x
https://www.ncbi.nlm.nih.gov/pubmed/8921280
https://doi.org/10.1016/S0378-5955(02)00484-7
https://doi.org/10.1017/S0022215110002112
https://www.ncbi.nlm.nih.gov/pubmed/21078216
https://doi.org/10.1097/MOO.0b013e32833d30f0
https://www.ncbi.nlm.nih.gov/pubmed/20808222
https://doi.org/10.1016/j.expneurol.2010.07.012
https://www.ncbi.nlm.nih.gov/pubmed/20654616
https://doi.org/10.1111/j.1749-6632.1999.tb08648.x
https://doi.org/10.1097/01.mlg.0000183020.32435.59
https://www.ncbi.nlm.nih.gov/pubmed/16319616
https://doi.org/10.3389/fncel.2019.00493
https://www.ncbi.nlm.nih.gov/pubmed/31780898
https://doi.org/10.3389/fncel.2021.791573
https://doi.org/10.1121/10.0011510
https://www.ncbi.nlm.nih.gov/pubmed/35778165
https://doi.org/10.1016/j.heares.2012.04.007
https://www.ncbi.nlm.nih.gov/pubmed/22564255
https://doi.org/10.1016/S0378-5955(02)00579-8
https://www.ncbi.nlm.nih.gov/pubmed/12372646
https://doi.org/10.1159/000069000
https://www.ncbi.nlm.nih.gov/pubmed/12634455
https://doi.org/10.1523/JNEUROSCI.23-17-06690.2003
https://www.ncbi.nlm.nih.gov/pubmed/12890761
https://doi.org/10.1097/00001756-200106130-00021
https://doi.org/10.1016/j.brainres.2007.12.003
https://doi.org/10.4193/Rhin21.192
https://www.ncbi.nlm.nih.gov/pubmed/34636368
https://doi.org/10.3389/fnbeh.2022.847410
https://www.ncbi.nlm.nih.gov/pubmed/35431833
https://doi.org/10.1038/s41598-022-24365-5
https://www.ncbi.nlm.nih.gov/pubmed/36411369
https://doi.org/10.1016/j.neulet.2012.03.051
https://doi.org/10.1093/chemse/bjx006
https://www.ncbi.nlm.nih.gov/pubmed/28334095
https://doi.org/10.3389/fnagi.2010.00024
https://doi.org/10.1016/j.neulet.2008.09.050


J. Pers. Med. 2023, 13, 652 25 of 25

288. Hu, W.; Xie, G.; Zhou, T.; Tu, J.; Zhang, J.; Lin, Z.; Zhang, H.; Gao, L. Intranasal Administration of White Tea Alleviates the
Olfactory Function Deficit Induced by Chronic Unpredictable Mild Stress. Pharm. Biol. 2020, 58, 1230–1237. [CrossRef] [PubMed]

289. Matsubayashi, J.; Kawaguchi, Y.; Kawakami, Y.; Takei, K. Brain-Derived Neurotrophic Factor (BDNF) Induces Antagonistic
Action to Nogo Signaling by the Upregulation of Lateral Olfactory Tract Usher Substance (LOTUS) Expression. J. Neurochem.
2023, 164, 29–43. [CrossRef] [PubMed]

290. Chen, A.; Chen, X.; Deng, J.; Wei, J.; Qian, H.; Huang, Y.; Wu, S.; Gao, F.; Gong, C.; Liao, Y.; et al. Dexmedetomidine Alleviates
Olfactory Cognitive Dysfunction by Promoting Neurogenesis in the Subventricular Zone of Hypoxic-Ischemic Neonatal Rats.
Front. Pharmacol. 2022, 13, 983920. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/13880209.2020.1855213
https://www.ncbi.nlm.nih.gov/pubmed/33321058
https://doi.org/10.1111/jnc.15732
https://www.ncbi.nlm.nih.gov/pubmed/36448220
https://doi.org/10.3389/fphar.2022.983920
https://www.ncbi.nlm.nih.gov/pubmed/36059991

	Introduction 
	The Antagonist Role of Pro-BDNF and mBDNF 
	BDNF in the Brain: Its Role in Learning and Memory Processes 
	BDNF in the Auditory System 
	Cochlear Damage: Sensorineural Hearing Loss 
	BDNF Protective Effects against Hearing Loss 

	The Role of BDNF in Olfaction 
	Conclusions 
	References

