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Abstract
Hearing loss represents the fourth cause of disability in the world according to the Global
Burden of Disease Study, and the number of affected patients is expected to increase in the
next years. The absence of effective therapies for the treatment of sensorineural hearing loss
leads to irreversible deafness and calls for an urgent need of new therapeutic approaches. To
make improvements in the field, in this dissertation, we investigated the effects of
recombinant human nerve growth factor (rhNGF) and recombinant human brain derived
neurotrophic factor (rhBDNF) on sensory and non-sensory cells of the organ of Corti. To this
purpose, the experiments have been conducted by three partners in the framework of the
“PON ricerca e innovazione”: the University of L’Aquila (L’Aquila, Italy), Dompé Farmaceutici
S.p.A (Naples, Italy), and University Medical Center (UMC) Utrecht (Utrecht, The Netherlands).
The first objective of the project was the investigation of the miRNAs profiles induced by
rhNGF and rhBDNF in vitro on murine cochlear cells derived from the organ of Corti. The
subsequent in silico analysis allowed us to identify a wide spectrum of target genes and
signalings by the modulated miRNAs. Importantly, many of the target pathways by both
neurotrophins involved cell survival, proliferation, neuronal differentiation and metabolic
pathways.
As a second step, we investigated the effects of rhNGF and rhBDNF on the survival of sensory and
non-sensory cells of the organ of Corti of ototoxically deafened guinea pigs, and found limited
effects in terms of cell number by both the treatments. At this level, we did not take into account
any other aspects, such as the molecular events underlying the activity of those cells, that
could affect their function.
We therefore moved to molecular investigations in the organ of Corti of deafened guinea pigs.
We selected the mTOR signaling from the in vitro and in silico analysis. Since the mTOR signaling
was predominantly modulated by rhBDNF, we limited our investigations to this neurotrophin. We
found that the BDNF-treated organs of Corti from deafened guinea pigs presented increased levels
of pmTOR compared to normal hearing ears, and increased levels of mTOR compared to both
untreated and normal hearing cochleas. On this basis, it is possible that rhBDNF may exert a
protective effect on the organ of Corti that is mainly associated with the molecular function of
those cells and not appreciable in terms of cell number.
In conclusion, this dissertation provides a comprehensive overview over the effects of rhNGF
and rhBDNF in the organ of Corti, and lays the foundation for the identification of new
therapeutic targets.
5
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Introduction
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1. Background
1.1.

The organ of Corti

The organ of Corti is the sensory epithelium responsible for sound perception. It is located in
the scala media of the cochlea and it is constituted by several cell types, which synergistically
allow proper hearing. The cells of the organ of Corti can be subvided in mechano-sensory hair
cells (HCs) and non-sensory supporting cells (SCs) (Figure 1).
The organ of Corti is covered by tectorial membrane and lies on a basilar membrane. The HCs
are organized in one row of inner hair cells (IHC) and three rows of outer hair cells (OHC).
HCs are directly responsible for the perception of the sound stimuli, thanks to the stereocilia
present on their apical side. They are then innervated by cochlear nerves deriving from Spiral
Ganglion cells (SGCs), which transmit the signal to the brain. In the organ of Corti, the HCs are
surrounded by several types of SCs, which show peculiar structural and expression features.
Five different types of SCs, organized in rows along the Organ of Corti, have been identified
based on morphological, functional and expression patterns differences: (1) hensen’s cells,
(2) Deiters’ cells, (3) pillar cells, (4) inner phalangeal cells, and (5) border cells [1].

Figure 1. Schematic illustration of structural and cellular organization of the organ of Corti. The
figure shows both sensory and non-sensory cells marked with different colours. The legend shows the
expression of specific markers by the supporting cells. From Wan et al., 2013 [2].

The structure and function of HCs and SCs vary significantly from basal to apical cochlea [3].
Likewise, the cochlea shows a tonotopic organization, being the base responsible for high
frequencies perception and the apex for that of low frequencies [4]. A recent study, based on
single-cell RNA sequencing revealed that also the expression, and therefore the function of the
cells in the organ of Corti, varies from base to apex. Interestingly, it has been shown that the
SCs present in the apex of the cochlea show a higher expression of proliferation and
7

differentiation genes [3]. This is particularly important because, in addition to their
“supporting” role, in recent years SCs have also been studied as a source to regenerate HCs
after damage. First attempts by researchers in the field, already showed that the regeneration
of HCs from SCs in the mammalian cochlea is actually possible through the targeting of
specific signalings [5].
1.2.

NGF and BDNF

Neurotrophic factors (NFs) are a family of proteins, which have been demonstrated to have an
essential role in the development, survival, plasticity and protection of the peripheral and
central nervous system [6]. Since the discovery of the nerve growth factor (NGF) by Rita LeviMontalcini [7], several other NFs have been identified, such as brain-derived neurotrophic
factor (BDNF), NT-3, neurotrophin-4/5 and others [6]. These form a subcategory of NFs
named “neurotrophins”.
BDNF is the most abundant neurotrophin of the brain and is essential during development in
the ear, as the knock down of its receptor resulted in alterations of ear maturation in mice [8].
In the adult inner ear, the expression of BDNF by HCs and SCs has been demonstrated to be
fundamental for the survival of SGCs [9]. Accordingly, the degeneration of HCs is inexorably
associated with progressive secondary SGC degeneration [10] and BDNF administration
resulted to be effective in preventing SGCs death following hair cell degeneration in vivo [11–
15].
NGF is one of the most studied neurotrophic factors. Unlike BDNF, NGF is not essential for the
development of the inner ear and several studies have demonstrated that the NGF receptor is
not expressed in the ear during development. Accordingly, transgenic animals, lacking the
expression of NGF receptor correctly developed the inner ear [16–18]. All these findings
suggest a major role of NGF in promoting cell survival and neuroprotection in the ear once it
has matured, rather than promoting its development. Nevertheless, the therapeutic efficacy of
NGF as treatment of hearing loss has been sparsely investigated compared to that of BDNF
[19,20].
1.3.

BDNF as a therapy for hearing loss

The effects of exogenous BDNF on neuronal cochlear cells were tested in several in vitro and
in vivo studies.
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In vitro studies
In vitro studies demonstrated cisplantin-induced damage protection of spiral ganglion
neurons and hair cells cultures by exogenous BDNF [27],[28]. Post-natal SGCs–derived neural
stem cells (NSCs) differentiated in functional neurons when treated with BDNF, supporting
the crucial implications of this neurotrophin in regulating ear development [29]. Some in vitro
experiments suggest that BDNF neuroprotective effects could be synergistically enhanced by
the combined treatment with other factors, such as anti-oxidant agents (D-methionine-D-Met)
[27] or other neurotrophic factors [30]. Suppression of the glycine receptor by BDNF
treatment in SGNs primary culture from postnatal mice was highlighted too [31]. Moreover,
since a major problem of BDNF treatment is the necessity of a continuous stimulation in order
to maintain its neuroprotective efficacy, nanoporous silica nanoparticles loaded with BDNF
(BDNF-NPSNPs) were developed. BDNF-NPSNPs allowed constant release of BDNF over time
and sustained survival of SGNs in vitro [32]. Remarkably, co-culture of de-afferented Organ of
Corti with SGCs from embryonic mice highlighted the crucial implication of BDNF in
promoting the regeneration of synapses between the hair cells and auditory neurons [33].
In vivo studies
The neuroprotective effects of exogenous BDNF in the cochlea have been demonstrated in
several animal models. BDNF administration for few weeks resulted to be effective in
preventing SGNs death following hair cells degeneration in guinea pigs deafened by ototoxic
drugs [11],[12]. A similar study was conducted in deafened rats, which were treated with
BDNF by an osmotic pump for 28 days starting 2 weeks after deafening. Also in this model the
treatment was effective in promoting SGNs survival and increasing their soma dimension
[13]. Recently it has been demonstrated that temporary treatment with BDNF enables a
sustained protection (up to 8 weeks) of SGNs in deafened guinea pigs [14].
BDNF gene therapy
In order to improve the effects of BDNF for long-time in the cochlea lacking hair cells, BDNF
gene therapy is an alternative possibility. The aim of this approach is to up-regulate the
expression of BDNF endogenously in the supporting cells of the Organ of Corti, in order to
compensate the deacrease of BDNF due to hair cells loss. The BDNF vector could be directly
injected in the scala timpani and/or in the scala media of the cochlea. Although both sites of
injections allow the protection of SGNs, some differences in the precision of fiber outgrowth
9

have been highlighted. In fact, the injection into the scala timpani led to an extensive and
generalized expression of BDNF in the cochlea. Thus, nerve resprouting was not directed
specifically into the supporting epithelium of the organ of Corti. Conversely , the injection of
the adenovirus into the scala media, which is closer to the Organ of Corti, led to a more
controlled sprouting of the peripheral fibers from SGNs [34]. BDNF gene therapy was first
tested in guinea pigs deafened by ototoxic drugs. Recently BDNF gene therapy resulted to be
neuroprotective for SGNs also in transgenic models of hearing loss, such as the Pou4f3 (POU
class 4 transcription factor 3) mutant mouse [35] and the GJB2 (connexin 26) null mouse [36].
1.4.

miRNAs and their role in the cochlea

miRNAs, or microRNAs, are small non-coding RNAs mainly involved in the regulation of gene
expression. They can act through the degradation of target mRNA or through the block of
protein translation to prevent gene expression. First, DNA polymerase II transcribes the noncoding miRNA sequence and forms the Pri-mRNAs, which are bound and then cleaved by
Drosha/DGCR8 complex to form pre-MiRNAs. The pre-MiRNAs are then exported from the
nucleus into the cytoplasm by the Exportin 5 – RanGTP complex. The pre-MiRNAs are then
cleaved by the Drosha/DGCR8 complex to form pre-MiRNAs. The pre-MiRNAs are then
exported from the nucleus into the cytoplasm by the Exportin 5 – RanGTP complex. The preMiRNAs are then cleaved by the and one half of them is degraded, while the other is the final
miRNA. The miRNA then binds to a complex of proteins and take part to the RISC protein
Complex. The RISC complex is able to bind multiple mRNA strands, enabling the silencing of
gene expression [37].
The role of miRNAs has been investigated also in the cochlea and auditory function. Several
miRNAs have been identified by microarrays and the specific expression pattern of miRNAs
in the different inner ear locations have been identified by in situ hybridization in mice
(Figure 2) [38].
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Figure 2. Schematic illustration of miRNAs expression in the cochlea of mice at P0. From: [38]

The miR-183 family is the most characterized miRNA cluster in the inner ear, that is
transcribed in one plycistronic transcript and is composed by three miRNAs: miR-183, miR182 and miR-96. The miR-183 family plays a major role for HCs and neuronal development,
and has been demonstrated to be important also for other sensory systems, such as the retina
[39].
Another well characterize miRNA in the nervous system is the miR-124. MiR-124 is expressed
in the inner ear in neuronal cells in the spiral and vestibular ganglia. miR-124 resulted to be
down regulated in aged mice compared to younger ones, suggesting a role in age-related
hearing loss [39]. Moreover, several hearing loss pathologies have been associated with
miRNAs mutations. The most common mutations involve miR-96, which is hence associated
with familial deafness [40]. Importantly, recent studies also demonstrated that miRNAs may
facilitate or prevent the sensory hair cell regeneration [40].
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2. Aim of the project and development
Given the important role of neurotrophic factors in inner ear development, survival and
regeneration, the aim of the present dissertation was to investigate the effects of NGF and
BDNF on the cells of the organ of Corti through an in vitro, in silico and in vivo approach. The
study was focused on the following main objectives:
1) Identification of the miRNAs profiles induced by NGF and BDNF in the cells of the
organ of Corti through in vitro assays;
2) In silico study for the identification of experimentally validated target genes and
pathways by the modulated miRNAs;
3) Investigation of the protective effects of NGF and BDNF on sensory and non-sensory
cells of the organ of Corti of ototoxically deafened guinea pigs.
4) Validation of a selected signaling derived from the in silico study through in vivo
experiments;
In order to achieve the goals of the project, the experiments have been conducted by three
partners in the framework of the “PON ricerca e innovazione”: the University of L’Aquila
(L’Aquila, Italy), Dompé Farmaceutici S.p.A (Naples, Italy), and University Medical Center
(UMC) Utrecht (Utrecht, The Netherlands). Specifically, aims 1 and 2 have been pursued at
Dompé and at the University of L’Aquila (Chapter 2); aims 3 (Chapter 3) and 4 (Chapter 4) at
the University of L’Aquila and at the UMC Utrecht.
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CHAPTER 2

Exploring the miRNA profiles induced by rhNGF and
rhBDNF in cochlear cells: an in vitro and in silico study

17

1. Abstract
The present study investigated whether two major neurotrophic factors, the nerve growth
factor (NGF) and the brain-derived neurotrophic factor (BDNF), have the ability to modify the
miRNA profiling in cochlear cells derived from the Organ of Corti. Cochlear cells were treated
with 50 ng/ml of rhNGF or rhBDNF and samples were collected after 1h, 6h and 24h of
stimulation. The miRNome was investigated through microfluidic cards TaqMan array. The
miRNAs target genes and pathways were then identified through Diana mirpath v.3.0. The
results of this study show that both neurotrophic factors induce substantial changes of the
miRNA profile, that also differs depending on the treatment duration. Through bioinformatics
tools, it was possible to identify the target genes of those miRNAs and the relative target
pathways. According to the well known effects that NGF and BDNF carry out in neuronal cells,
pathways associated with cell cycle, differentiation, metabolism and others were predicted for
the modulated miRNAs. Many of these have been never investigated in the cochlea in
relationship with the neurotrophic factors. Moreover, the effects of NGF in the cochlea are
poorly reported in the literature, since its role in promoting cochlear survival has only
recently been considered. On this basis, the present study demonstrates that NGF and BDNF
target several signalings, that were already known to be modulated by NGF and BDNF, and
that this is mediated by a wide range of miRNAs. Moreover, the results of this study also show
new potential pathways that, through selective miRNAs, are likely to be modulated by NGF
and BDNF in the cochlea.
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2. Introduction
MicroRNAs (miRNAs) are also known as small non coding RNA molecules because of their
length (18-22 nucleotides). MiRNAs are encoded in intragenic or intergenic genomic
sequence, as a single or multiple miRNA precursors. miRNAs then control gene expression at
the post-transcriptional level. Specifically, each miRNA can bind to multiple mRNAs at their 3’UTR region, hence reducing the expression of those genes. Thanks to their ability of targeting
multiple mRNAs, each miRNA can regulate the expression of hundreds of genes, enabling a
complex gene expression regulation [1].
It has been estimated that miRNAs can modulate up to 60% of protein-coding genes of the
human genome. For this reason, miRNAs have been associated with several physiological
functions. Likewise, their dysregulation has been implicated in several pathological conditions
and have also been proposed as therapeutic agents.
In the cochlea, miRNAs have a major role in inner ear development. Specifically, a specific
miRNA pattern expression has been associated with development and survival of the
mechanosensory hair cells (HCs). Moreover, mutations in specific miRNAs have been related
to congenital deafness [2].
In the present study, we were interested in investigating the miRNA changes upon
neurotrophic factors (NFs) stimulation in cochlear cells derived from the Organ of Corti. The
identification of differentially modulated miRNAs by NFs, which are known to have a
protective effect for the cochlea [3–6], would enable to find new therapeutic targets for the
treatment of sensorineural hearing loss. Moreover, the miRNome induced by NFs in cochlear
cells has never been investigated until now and represents an important step forward for the
identification of their mechanisms of action.
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3. Methods
3.1.

Cell culture and experimental design

Murine cochlear cells from the Organ of Corti terminally differentiated and immortalized were
used to study the miRNA profiles induced by rhNGF or rhBDNF in cochlear cells. Cells were
cultured at 37°C with high glucose Dulbecco’s modified Eagle’s medium (DMEM) containing
10% (v/v) heat-inactivated FBS. For treatments, 106 cells were cultured on T75 flasks and
after 24h were treated with rhNGF [50 ng/ml] or rhBDNF [50ng/ml] for 1h, 6h and 24h and
compared to untreated cells (CTRL).
3.2.

MiRNAs profiling

Total RNAs were extracted from cochlear cells using the mirVana miRs isolation kit (Ambion,
Thermo Fisher Scientific, USA) by following the manufacturer’s instructions, and RNA
concentrations and qualities were evaluated by NanoDrop 2000 (Thermo scientific, USA).
Identical amounts of RNAs extracted were subjected (700 ng) to qRT-PCR by using the
TaqMan MicroRNA reverse transcription kit (Applied Biosystems, USA). and the Megaplex RT
primers murine pool (Applied Biosystems, USA)according to the manufacturer’s instructions.
The cDNA was then processed with microfluidic cards TaqMan array rodent microRNA A + B
v3.0 (Applied Biosystems, USA, #4444909). The array is a set containing two cards with a
total of 384 TaqMan MicroRNA Assays per card, and therefore enables accurate quantitation
of 641 microRNAs for mouse. A detailed list of the tested miRNAs is available here:
https://www.thermofisher.com /order /catalog /product/ 4444909#/4444909. Three
biological replicates for each condition were performed. The expression levels of microRNAs
were investigated by comparative assay on a ViiA7 (Applied Biosystems, USA). Data were
processed by ViiA7 software and further analyzed by Expression Suite (v.1.0.3, Applied
Biosystems, USA) through the 2−ΔΔCt method [7]. ExpressionSuite software was also used to
perform the statistical analysis. A threshold of p < 0.05 (p value calculation based on 2−ΔΔCt )
was set to identify significant expression changes of miRNAs and the maximum CT allowed
was 40.0. The U6 snRNA was used as endogenous control. The modulated miRNAs are
reported in the volcano plot graphs (correlation between p value and fold change).
3.3.

Pathway analysis and target gene prediction

To gain insight into the biological function of the modulated miRs, we performed an in silico
analysis through the DIANA miRPath v.3 software (http://snf-515788.vm.okeanos.grnet.gr/).
The analysis was restricted to the experimentally validated target genes of the identified
20

miRNAs reported in TarBase v7.0., which is a with published experimentally validated
miRNA:gene interactions [8]. The results were merged as “genes unions” and only the
pathways present in the Kyoto Encyclopedia of Genes and Genomes (KEGG) with a threshold
of p<0,05 were identified. An FDR Correction was applied. An additional network analysis was
performed for the target genes related to the mTOR signaling identified in BDNF treated cells, that
is the one selected for the subsequent in vivo experiments.The GeneMANIA prediction server was
used for this purpose (https://genemania.org/).
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4. Results
4.1.

rhNGF

Summary of the miRNAs modulated by rhNGF up to 24h of treatment in murine cochlear cells
versus CTRL. The percentages of miRNAs that showed differences in expression levels were:
38,85%, 27,08% and 50% after 1h, 6h and 24h of rhNGF treatment respectively.
The following table shows the miRNAs with a p value lower or close to 0,05. For each miRNA
it is indicated the nomenclature reported on Thermo Fisher (miRNA Thermo), the
identification code reported on Thermo Fisher (code), the nomenclature reported on miRBase
(miRBase), the p value and the relative quantification compared to the CTRL group (Fold
Change).

miRNA Thermo

code

miRBase

p
value

Fold
change

mmu-miR-196b

002215

mmu-miR-196b-5p

0,050

0.266

rno-miR-196c

002049

rno-miR-196c-5p

0,079

0.238

hsa-miR-183#

002270

mmu-miR-183-3p

0,025

0.374

hsa-miR-421

002700

mmu-miR-421-3p

0,050

0.424

hsa-miR-206

000510

mmu-miR-206-3p

0,064

0.307

NGF 6h A

-

-

-

-

NGF 6h B
NGF
24h
A
NGF
24h
B

hsa-miR-99b#

002196

mmu-miR-99b-3p

0,062

0.243

rno-miR-196c

002049

rno-miR-196c-5p

0,022

2.057

mmu-miR-34c#

002584

mmu-miR-34c-3p

0,019

2.142

mmu-mirR-466k 240990_mat

mmu-miR-466k

0,031

2.890

rno-miR-146b

002755

mmu-miR-146b-5p

0,046

3.503

hsa-miR-27a#

002445

mmu-miR-27a-5p

0,052

5.875

Group

Set

NGF 1h A
NGF 1h B

LEGEND up-regulated

downregulated
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4.1.1. 1h stimulation by rhNGF
Volcano plots
Volcano Plots deriving from the analysis of the microfluidic card arrays by Expression Suite
software showing the miRNAs modulated by rhNGF after 1h of treatment.

Volcano Plot – cochlea_NGF1h versus CTRL (Set A). miRNA’s nomenclature refers to miRBase.

Volcano Plot – cochlea_NGF1h vs CTRL Set B. miRNA’s nomenclature refers to miRBase
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Target Pathways
Target pathways of the miRNAs modulated by rhNGF after 1h of treatment identified by Diana
mirpath v3.0. are reported in the following table.
miRNAs
mmu-miR-196b-5p
mmu-miR-183-3p

Target genes
Igfbp1
Cltc
Dbf4
Cltc
Cltc

Mt2
Cltc
mmu-miR-206-3p;
mmu-miR-421-3p

mmu-miR-2063p,mmu-miR-4213p, mmu-miR-1833p

Fasn, Acadsb, Ptplb, Elovl2, Mcat,
Scd1
Vav2, Cbl, Pik3r3, Tlr4, Cblb,
Tlr2, Flnb, Igf1, Itgb3, Timp3,
Itga5, Actb, Egfr, Ptpn11, Mapk3,
Fzd7, Ccnd1, Plcg1, Ank3, Fn1,
Nras, Sos1, Esr1, Elk1, Frs2, Fzd5,
Cd44, Sdc2, Prkacb, Met, Cdc42,
Sdc4, Cav2
Kmt2c, Nsd1, Setd2, Whsc1,
Whsc1l1, Dot1l, Kmt2d
Prkag3, Prkaa2, Pik3r3, Plk2,
Foxo1, Igf1, Skp2, Nlk, Homer3,
Egfr, Mapk3, Gabarapl1, Ccnd1,
Nras, Sos1, Stk4, Bcl2l11,
Sgk1, Homer1, Mapk8, Crebbp
Ctnna1, Ptpn1, Wasf2, Lef1, Nlk,
Actb, Egfr, Mapk3, Mllt4, Vcl,
Pvrl3, Baiap2, Fer, Met, Cdc42,
Snai2, Crebbp
Med13, Pik3r3, Ncoa3, Foxo1,
Itgb3, Rcan1, Actb, Mapk3, Dio2,
Med13l, Ccnd1, Plcg1, Nras, Esr1,
Slc16a2, Med27, Notch3, Prkacb,
Ncoa1, Med1, Ncoa2, Crebbp
Pld1, Pld2, Map3k1, Egfr, Gnaq,
Mapk3, Nras, Mmp14, Sos1,
Adcy3, Calm2, Elk1, Prkacb,
Pla2g4a, Cdc42, Map3k2, Mapk8
Pik3r3, Igf1, Egfr, Mapk3, Ccnd1,
Plcg1, Nras, Sos1, Rb1, Calm2,
E2f3
Cbl, Arf6, Pld1, Pld2, Cblb, Cltc,
Arap2, Stambp, Chmp3, Vps37a,
Arf3, Agap1, Ehd3, Cxcr4, Egfr,
Pard6g, Acap2, Iqsec1, Prkci,
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Target pathway
microRNA in cancer
Synaptic vesicles
cycle
Cell cycle
Lysosome
Endocrine and other
factor-regulated
calcium
reabsorption
Mineral absorption
Bacterial invasion of
epithelial cells
Fatty acid
metabolism
Proteoglycans in
cancer

P value
0.0174918223646
0.04653825412

Lysine degradation

0.00412710810446

FoxO signalling
pathway

0.0489461775609

Adherens junction

0.00113703683943

Thyroid hormone
signalling pathway

0.00220376000206

GnRH signalling
pathway

0.00845820608964

Glioma

0.0159999278218

Endocytosis

0.00220376000206

0.04945043292
0.04945043292
0.04653825412

0.04653825412
0.04653825412
2.5542113015e-08
1.82894627184e-07

mmu-miR-206-3p

Git1, Vps4b, Pdcd6ip, Met, Cdc42,
Cav2, Rab5c, Dab2
Cbl, Pik3r3, Ctnna1, Cblb, Cltc,
Wasf2, Sept2, Itga5, Actb, Fn1,
Cd2ap, Vcl, Met, Cdc42, Cav2
Fasn, Mcat
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Bacterial invasion of
epithelial cells

0.0174694921069

Fatty acid
biosynthesis

1.70601029147e-20

4.1.2. 6h stimulation by rhNGF
Volcano plots
Volcano Plots deriving from the analysis of the microfluidic card arrays by Expression Suite
software showing the miRNAs modulated by rhNGF after 6h of treatment.

Volcano plot – cochlea_NGF6h vs CTRL Set A. miRNA’s nomenclature refers to miRBase

Volcano plot – cochlea_NGF6h vs CTRL Set B. miRNA’s nomenclature refers to miRBase
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Target pathways
Target pathways of the miRNAs modulated by rhNGF after 6h of treatment identified by Diana
mirpath v3.0.
miRNAs
mmu-miR-99b-3p

Target genes
Gsk3b, Atf4

Target pathway
Neurotrophin signalling
pathway

P value
0,041082542318

Kmt2d
Aft4

Lysine degradation
Estrogen signaling
pathway

0,0345666942253
0.0225754234823
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4.1.3. 24h stimulation by rhNGF
Volcano plots
Volcano Plots deriving from the analysis of the microfluidic card arrays by Expression Suite
software showing the miRNAs modulated by rhNGF after 24h of treatment.

Volcano Plot – cochlea_NGF24h vs CTRL Set A. miRNA’s nomenclature refers to miRBase

Volcano Plot – cochlea_NGF24h vs CTRL Set B. miRNA’s nomenclature refers to miRBase
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Target pathways
Target pathways of the miRNAs modulated by rhNGF after 24h of treatment identified by
Diana mirpath v3.0.
miRNAs
mmu-miR-466k and
mmu-miR-146b-5p

Target genes
Target pathway
Aldh2,
Colgalt1, Lysine degradation
Suv39h1, Hykk, Setd1b,
Suv420h1

P value
0,00295493704819

Bmpr1a, Id1, Smurf2, TGF-beta signaling
Smad4, Sp1, Rbl1
pathway

0.0365655633747

Sos2, G6pc, Plk2, Foxo1, FoxO signaling pathway
Cat,
Egfr,
Braf,
Smad4, Ccnb2

0.0198089495538

Pank1, Pank3

Pantothenate and CoA
biosynthesis
Sos2, Egfr, Braf, Erbb3, ErbB signalling pathway
Crk

0.00452836068495

Apob, Ppap2b, Abca1

0.0175489095495

Hif1a, Egfr, Pfkp, Slc2a2
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Fat digestion and
absorption
Central carbon
metabolism in cancer

0.0365655633747

0.0365655633747

4.1.4. Summary of the most relevant target pathways of rhNGF within 24h of
treatment
The following table shows a summary of the pathways, that are relevant to the present study,
identified within 24h of rhNGF treatment.
Time
of Modulated
treatment
miRNAs
by rhNGF
1h
mmu-miR-1833p

Target genes

Target
Pathways

Cltc

Synaptic vescicle 0.04653825412
cycle

1h

Dbf4

Cell cycle

0.04945043292

Cltc

Lysosome

0.04945043292

Kmt2c,
Nsd1,
Setd2,
Whsc1,
Whsc1l1, Dot1l,
Kmt2d
mmu-miR-206- Fasn,
Acadsb,
3p mmu-miR- Ptplb,
Elovl2,
421-3p
Mcat, Scd1

Lysine
degradation

0.00412710810446

Vav2, Cbl, Pik3r3,
mmu-miR-206- Tlr4, Cblb, Tlr2,
3p mmu-miR- Flnb, Igf1, Itgb3,
421-3p
Timp3,
Itga5,
Actb, Egfr, Ptpn11,
Mapk3,
Fzd7,
Ccnd1,
Plcg1,
Ank3, Fn1, Nras,
Sos1, Esr1, Elk1,
Frs2, Fzd5, Cd44,
Sdc2, Prkacb, Met,
Cdc42, Sdc4, Cav2
mmu-miR-206- Prkag3,Prkaa2,
3p mmu-miR- Pik3r3,Plk2,Foxo1,
421-3p
Igf1, Skp2, Nlk,
Homer3,
Egfr,
Mapk3,Gabarapl1,
Ccnd1, Nras, Sos1,
Stk4,
Bcl2l11,Sgk1,
Homer1, Mapk8,
Crebbp
mmu-miR-206- Ctnna1,
Ptpn1,
3p mmu-miR- Wasf2, Lef1, Nlk,
421-3p
Actb, Egfr, Mapk3,
Mllt4, Vcl, Pvrl3,

Proteoglycans in 1.82894627184e-07
cancer

1h
1h

1h

1h

1h

1h

mmu-miR-1833p
mmu-miR-1833p
mmu-miR-2063p mmu-miR421-3p
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p value

Fatty
acid 2.5542113015e-08
metabolism

FoxO signalling 0.0489461775609
pathway

Adherens
junction

0.00113703683943

1h

1h

Baiap2, Fer, Met,
Cdc42,
Snai2,
Crebbp
mmu-miR-206- Cbl, Arf6, Pld1, Endocytosis
0.00220376000206
3p
Pld2, Cblb, Cltc,
mmu-miR-421- Arap2,
Stambp,
3p mmu-miR- Chmp3, Vps37a,
183-3p
Arf3, Agap1, Ehd3,
Cxcr4,
Egfr,
Pard6g,
Acap2,
Iqsec1, Prkci, Git1,
Vps4b, Pdcd6ip,
Met, Cdc42, Cav2,
Rab5c, Dab2
mmu-miR-206- Fasn, Mcat
Fatty
acid 1.70601029147e-20
3p
biosynthesis

6h

mmu-miR-99b3p

Gsk3b, Atf4

6h

mmu-miR-99b3p

Kmt2

24h

mmu-miR-466k
mmu-miR146b-5p
mmu-miR-466k
mmu-miR146b-5p

24h

24h
24h
24h

Neurotrophin
signalling
pathway
Lysine
degradation

Bmpr1a,
Id1,
Smurf2, Smad4,
Sp1, Rbl1
Sos2, G6pc, Plk2,
Foxo1,
Cat,
Egfr, Braf,
Smad4, Ccnb2
mmu-miR-466k Aldh2, Colgalt1,
mmu-miRSuv39h1,
Hykk,
146b-5p
Setd1b, Suv420h1
mmu-miR-466k Pank1, Pank3
mmu-miR146b-5p
mmu-miR-466k Sos2, Egfr, Braf,
mmu-miRErbb3, Crk
146b-5p
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0,041082542318
0,0345666942253

TGF-β signalling 0.0365655633747
pathway
Foxo signalling 0.0198089495538
pathway
Lysine
degradation

0,00295493704819

Pantothenate
0.00452836068495
and
CoA
biosynthesis
ErbB signalling 0.0365655633747
pathway

4.1.5. Target pathways of the overall miRNA profile induced by rhNGF
The following table shows the target pathways identified by Diana mirpath v3.0. for all the
miRNAs modulated by rhNGF within 24h of treatment. The most relevant pathways for this
study are highlighted in the red frames.
KEGG Pathway

p
value

Fatty acid biosynthesis
Lysine degradation

<0,001
<0,001

Tar
get
gen
es
3
13

Proteoglycans in cancer
Fatty acid metabolism
Adherens Junction

<0,001
<0,001
<0,001

40
9
22

Endocytosis

<0,001

36

Thyroide
hormone
signalling
pathway
Bacterial invasion of epithelial
cells
Pantothenate
and
CoA
biosynthesis
FoxO signalling pathway
Protein processing in endoplasmic
reticulum
Estrogen signalling pathway

<0,001

27

0.0031

18

0.0058

4

0.0067
0.0081

27
30

0.0081

16

Endometrial cancer

0.0081

15

Glioma
Dorso-ventral axis formation
GnRH signalling pathway

0.0093
0.0093
0.0106

13
9
19

Prostate cancer

0.0134

20

Regulation of actin cytoskeleton
Chronic myeloid leukemia
Choline metabolism in cancer
ErbB signalling pathway

0.0153
0.0155
0.0155
0.0155

36
16
19
16

Thyroid cancer
Huntington's disease

0.0165
0.0289

7
22

Colorectal cancer
Non-small cell lung cancer

0.0366 12
0.0444 13
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microRNAs

466k, 206-3p
466k,206-3p, 146b-5p, 421-3p,99b3p
206-3p, 421-3p, 466k,146b-5p
206-3p, 421-3p, 466k,146b-5p
206-3p, 421-3p, 466k,146b-5p,34c3p
466k, 146b-5p,206-3p, 183-3p,99b3p,27a-5p,421-3p
206-3p, 146b-5p, 466k, 99b-3p, 4213p
206-3p, 183-3p, 99b-3p, 421-3p,
146b-5p
206-3p, 466k, 146b-5p
206-3p, 421-3p, 466k, 146b-5p
421-3p, 146b-5p, 206-3p, 99b-3p,
466k
206-3p, 421-3p, 146b-5p, 466k, 99b3p
421-3p, 206-3p, 99b-3p, 146b-5p,
466k
206-3p, 146b-5p, 421-3p, 466k
206-3p, 421-3p, 466k, 146b-5p
206-3p, 146b-5p, 421-3p, 466k, 99b3p
99b-3p, 206-3p, 466k, 421-3p, 146b5p
146b-5p, 206-3p, 466k, 421-3p
146b-5p, 206-3p
206-3p, 421-3p, 466k, 146b-5p
206-3p, 146b-5p, 99b-3p, 466k, 4213p
146b-5p, 206-3p
146b-5p, 206-3p, 183-3p, 99b-3p,
466k
99b-3p, 206-3p, 146b-5p
206-3p, 146b-5p, 421-3p, 466k

Hippo signalling pathway

0.0488
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206-3p, 421-3p, 146b-5p, 99b-3p,
466k

4.1.6. Analysis of selected miRNAs for each time point
For each time point the following table shows the relative quantification (RQ) (with respect
to the CTRL) of the miRNAs found to be significantly modulated - or close to the statistical
significance - by rhNGF, together with the p values. The data showing a statistical significance
(or close to 0,05) are reported in bold. Non significant data are reported as “n.s.” Intriguingly,
some of the differentially modulated miRNAs, such as rno-miR-196c and mmu-miR-421-3p,
showed an opposite expression trend, being down-regulated 1h after rhNGF administration
and up-regulated 24h thereafter. This specific time-dependent modulation could be a
retroactive effect due to NGF stimulation and could suggest a fast and transient effect of
signaling activation that needs to be suppressed after a longer time.
miRNA
rno-miR-196c
mmu-miR-196b5p
mmu-miR-1833p
mmu-miR-4213p
mmu-miR-2063p
mmu-miR-99b3p
mmu-miR-34c3p
mmu-miR-466k
mmu-miR-146b5p
mmu-miR-27a5p

1h
RQ
pvalue
vs
CTRL
0.238
0,079

6h
RQ

RQ

0.958
0.679

pvalue
vs
CTRL
n.s.
n.s.

2.057
1.386

0,022
n.s.

0.896

n.s.

1.101

n.s.

1.79

n.s.

2.618

0.088

0.266

0,050

0.374

0,025

0.424

0,050

0.307

0,064

0.823

0.528

0.033
n.s.

0.243

0.987
0.591
0.549

n.s.

2.005
3.174
2.229

n.s.
n.s.
2.608

24h
pvalue
vs CTRL

n.s.
0,062
n.s.
n.s.
n.s.
n.s.

5.697

0.869

n.s.

1.387

n.s.

2.142
2.890

0,019
0,031

3.503

0,046

5.875

0,052

Comparison between groups
The following tables show the p values deriving from the comparison of the expression levels
of the miRNAs resulted to be significantly modulated - or close to the statistical significance by rhNGF between the different time points. The data with p<0,05 are highlighted in green;
the data close to 0,05 are highlighted in yellow. Non significant data are reported as “n.s.”
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rno-miR-196c-5p
1h
1h
6h

0.062

24h

0.025

mmu-miR-183-3p
1h
1h
6h

n.s.

24h

0.015

mmu-miR-206-3p
1h
1h
6h

n.s.

24h

n.s.

mmu-miR-34c-3p
1h
1h
6h

6h

24h

0.062

0.025

1h

n.s.

6h

n.s.

1h
6h

n.s.

24h

0.014

6h

24h

n.s.

0.021

n.s.
0.021

n.s.

mmu-miR-421-3p
1h

6h

24h

n.s.

0.014

24h

n.s.

6h

24h

n.s.

0.015

1h

n.s.

6h

n.s.

24h

0.014

n.s.

mmu-miR-99b-3p
1h

6h

24h

0.043

n.s.

n.s.

6h

24h

n.s.

n.s.

1h

n.s.

6h

0.043

24h

n.s.

n.s.

mmu-miR-466k
1h

6h

24h

n.s.

0.068

1h

n.s.

6h

n.s.

24h
0.068
mmu-miR-146b-5p
1h

mmu-miR-196b-5p
1h

n.s.
6h

24h

n.s.

0.014

1h

n.s.

6h

n.s.

24h

n.s.
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0.018
0.018

6h

24h

n.s.

n.s.

n.s.

24h
n.s.
mmu-miR-27a-5p
1h

n.s.

n.s.

n.s.
n.s.
6h

24h

n.s.

n.s.
n.s.

n.s.

4.2.

rhBDNF

Summary of the miRNAs modulated by BDNF up to 24h of treatment in murine cochlear cells
versus CTRL. The percentages of miRNAs that showed differences in expression levels were:
31,25%, 18,06% and 39,46% after 1h, 6h and 24h of rhBDNF treatment respectively.
The following table shows the miRNAs with a p value lower or close to 0,050. For each miRNA
it is indicated the nomenclature reported on Thermo Fisher (miRNA Thermo), the
identification code reported on Thermo Fisher (code), the nomenclature reported on miRBase
(miRBase), the p value and the relative quantification compared to the CTRL group (Fold
Change).
Group
Set
BDNF 1h A

miRNA Thermo
rno-miR-196c

code
002049

mmu-miR-196b
mmu-miR-1274a
mmu-miR-18393p
mmu-miR-696
mmu-miR-1937c
mmu-miR-1937b
hsa-miR-27a#

002215
121150_mat

rno-miR-146b

002755

A

-

-

B

hsa-miR-196a
mmu-miR-18393p
mmu-miR-696
hsa-miR-206
mmu-miR-466k
up-regulated

241070_mat

B

BDNF 6h A
B

BDNF
24h

LEGEND

121203_mat
001628
241011_mat
241023_mat
002445

121203_mat
001628
000510
240990_mat
down-regulated
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miRBase
rno-miR-196c-5p
mmu-miR-196b5p
mmu-miR-18393p
mmu-miR-696
mmu-miR-27a-5p
mmu-miR-146b5p
mmu-miR-196a5p
mmu-miR-18393p
mmu-miR-696
mmu-miR-206-3p
mmu-miR-466k

Fold
p value change
0.411
0,006
0.325
0,082
0.273
0,072
4.257
0,077
2.882
0,089
0,015
0,005
0,029
0,056
0,049
0,068
0,066
0,064
0,062

0.453
0.450
4.879
2.326

2.615
5.660
2.156
2.380
4.312

4.2.1. 1h stimulation by BDNF
Volcano plots
Volcano Plots deriving from the analysis of the microfluidic card arrays by Expression Suite
software showing the miRNAs modulated by BDNF after 1h of treatment.

Volcano Plot – cochlea_BDNF1h vs CTRL Set A. miRNA’s nomenclature refers to miRBase

Volcano Plot – cochlea_BDNF1h vs CTRL Set B. miRNA’s nomenclature refers to miRBase
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Target Pathways
Target pathways of the miRNAs modulated by BDNF after 1h of treatment identified by Diana
mirpath v3.0.
miRNAs
mmu-miR-196b-5p

Target genes
Igfbp1

Target pathway
microRNA in cancer

P value
0.0174918223646

mmu-miR-696

Setd2, Whsc1l1, Ehmt1

Lysine degradation

0.00605800896603

Alg14,Man1a2, Mgat3

N-glycan biosynthesis

0.00605800896603

Cds2, Plcg1,
Plcb1, Pik3c2a
Plcg1, Sos1,
Pik3cb, Pdgfb

Pik3cb, Phosphatidylinositol
signalling system
Camk2a, Glioma

0.0100035403622
0.00605800896603

Tsc2,
Pfkfb2,
Dio2, Thyroid hormone
Med13l, Plcg1, Pik3cb, signalling pathway
Plcb1, Bmp4

0.0100035403622

Ptpn11, Sos1,
Pik3cb, Pdgfb

0.0229833695166

Tgfb3, Renal cell carcinoma
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4.2.2. 6h stimulation by BDNF
Volcano plots
Volcano Plots deriving from the analysis of the microfluidic card arrays by Expression Suite
software showing the miRNAs modulated by BDNF after 6h of treatment.

Volcano Plot – cochlea_BDNF6h vs CTRL Set A. miRNA’s nomenclature refers to miRBase

Volcano Plot – cochlea_BDNF6h vs CTRL Set B. miRNA’s nomenclature refers to miRBase
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Target Pathways
Target pathways of the miRNAs modulated by BDNF after 6h of treatment identified by Diana
mirpath v3.0.
miRNAs
mmu-miR-146b-5p

Target genes
Pank1, Pank3
Suv39h1, Setd1b,
Suv420h1
Id1, Smurf2, Smad4,
Sp1, Rbl1
Pikfyve, Itpk1, Inpp4b

mmu-miR-27a-5p

Tars
Epn2

Target pathway
Pantothenate and CoA
biosynthesis
Lysine degradation

P value
0.000245175351205

TGF-beta signaling
pathway
Inositol phosphate
metabolism
Aminoacyl-tRNA
biosynthesis
Endocytosis

0.00562877215941
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0.00142669971241

0.0275663704754
0.00797573251436
0.0147483273009

4.2.3. 24h stimulation by BDNF
Volcano plots
Volcano Plots deriving from the analysis of the microfluidic card arrays by Expression Suite
software showing the miRNAs modulated by BDNF after 24h of treatment.

Volcano Plot – cochlea_BDNF24h vs CTRL Set A. miRNA’s nomenclature refers to miRBase

Volcano Plot – cochlea_BDNF24h vs CTRL Set B. miRNA’s nomenclature refers to miRBase
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Target Pathways
Target pathways of the miRNAs modulated by BDNF after 24h of treatment identified by
Diana mirpath v3.0.
miRNAs
mmu-miR-466k,
mmu-miR-696,
mmu-miR-206-3p

Target genes
Fasn, Acadsb, Ptplb, Mcat, Acsl1, Cpt2,
Acox3
Vav2, Cbl, Pik3r3, Tlr4, Cblb, Tlr2, Flnb,
Igf1, Itgb3, Timp3, Itga5, Actb, Arhgef12,
Egfr, Ptpn11, Mapk3, Fzd7, Rdx, Ccnd1,
Plcg1, Ank3, Nras, Erbb3, Sos1, Esr1,
Camk2a, Pik3cb, Elk1, Frs2, Fzd5, Cd44,
Sdc2, Prkacb, Met, Cdc42, Sdc4, Cav2

Target pathway
Fatty acid
metabolism
Proteoglycans in
cancer

P value
1.387333645
74e-08
8.515093967
63e-07

Prkag3, Prkaa2, G6pc, Pik3r3, Plk2,
FoxO signalling
Foxo1, Igf1, Skp2,Irs1,Nlk,Homer3, Cat, pathway
Egfr, Mapk3, Gabarapl1, Ccnd1, Nras,
Sos1, Tgfb3, Pik3cb, Ccnd2, Stk4, Bcl2l11,
Homer1, Mapk8, Crebbp

0.006255647
77652

Tram1, Ern1, Os9, Sec63, Eif2ak1, Stt3a, Protein processing
Ssr3, Xbp1, Edem3, Hspa4l, Pdia3, Atf6, in endoplasmic
Dnajc3, Man1a2, Man1a, Ube2g2, reticulum
Sec61a1, Atxn3, Ube2g1, Uggt1, Sec24c,
March6, Mapk8, Ubqln1, Dnajb12, Dnajb2

0.009736431
96725

Aldh2, Kmt2c, Nsd1, Setd2, Colgalt1, Lysine degradation
Whsc1, Hykk, Whsc1l1, Ehmt1, Dot1l

0.001580483
27665

Rasa2, Map4k3, Max, Flnb, Ppm1a, MAPK signalling
Map3k1, Gna12, Il1r1, Fgf11, Rps6ka3, pathway
Fgfr4, Nfatc3, Rapgef2, Nlk, Nf1, Ppp3cb,
Egfr, Mapk3, Mecom, Nras, Sos1, Map4k2,
Dusp3, Tgfb3, Pdgfb, Dusp10, Elk1, Stk4,
Prkacb, Pla2g4a, Atf2, Map3k7, Cdc42,
Map3k2, Mapk8, Zak

0.043271153
4982

Prkaa2, Pik3r3, Ulk2, Igf1, Rps6ka3, Irs1, mTOR signalling
Tsc2, Rictor, Mapk3, Rragd, Rragc, Pik3cb, pathway
Cab39l

0.047152816
7276

Cbl,
Arf6, Pld1, Pld2, Cblb, Arap2, Endocytosis
Stambp, Fgfr4, Chmp3, Vps37a, Arf3,
Agap1, Ehd3, Cxcr4, Egfr, Pard6g, Acap2,
Zfyve9, Iqsec1, Prkci, Erbb3, Tgfb3, Git1,
Vps4b, Pdcd6ip, Ap2a2, Met, Cdc42, Tfrc,
Cav2, Rab5c, Dab2

0.001580483
27665

Ptpn1, Wasf2, Lef1, Ptprb, Nlk, Actb, Egfr, Adherens junctions
Mapk3, Mllt4, Pvrl3, Baiap2, Fer, Map3k7,

0.017801962
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mmu-miR-206-3p

Met, Cdc42, Snai2, Crebbp

2572

Sptlc1, Pik3r3, Sgms2, Pld1, Pld2, Cers2, Sphingolipid
Ppp2r3a, Ppp2r2a, Gna12, Ctsd, Ppp2r5e, signalling pathway
Smpd1, Gnaq, Mapk3, Nras, Pik3cb,
Ppp2r5a, Plcb1, Mapk8, Adora1, Bid

0.024129743
699

Cbl, Pik3r3, Cblb, Nck2, Egfr, Mapk3, ErbB signalling
Plcg1, Nras, Erbb3, Sos1, Camk2a, pathway
Pik3cb, Elk1, Mapk8

0.026811969
2163

Lpar1, Egfr, Gnaq, Mapk3, Nras, Sos1, Gap junction
Adcy3, Pdgfb, Plcb1, Prkacb, Map3k2, Gja1

0.026811969
2163

Vav2, Apc, Pik3r3, Mylk2, Wasf2, Gna12, Regulation of actin
Arhgap35, Itgb3, Fgf11, Fgfr4, Itga5, Actb, cytoskeleton
Arhgef12, Egfr, Mapk3, Rdx, Nras, Sos1,
Pik3cb, Pdgfb, Mylk, Pikfyve, Git1, Tmsb4x,
Diap2, Abi2, Arhgef7, Ssh2, Itga3, Baiap2,
Enah, Mylk4, Cdc42

0.026811969
2163

Pik3r3, Igf1, Egfr, Mapk3, Ccnd1, Plcg1, Glioma
Nras, Sos1, Camk2a, Pik3cb, Pdgfb, Rb1,
Calm2, E2f3

0.000920358
458548

Med13, Pik3r3, Ncoa3, Foxo1, Itgb3, Tsc2, Thyroid hormone
Actb, Pfkfb2, Mapk3, Dio2, Med13l, Ccnd1, signalling pathway
Plcg1, Nras, Esr1, Pik3cb, Slc16a2, Notch3,
Plcb1, Prkacb, Ncoa1, Bmp4, Med1, Ncoa2,
Crebbp

0.002834717
1187

Pld1, Pld2, Map3k1, Egfr, Gnaq, Mapk3, GnRH signalling
Nras, Mmp14, Sos1, Adcy3, Camk2a, pathway
Calm2, Elk1, Plcb1, Prkacb, Pla2g4a,
Cdc42, Map3k2, Mapk8

0.005170258
42918

Ppap2b, Pik3r3, Slc44a1, Pld1, Pld2, Choline metabolism
Wasf2, Tsc2, Egfr, Mapk3, Plcg1, Nras, in cancer
Sos1, Pik3cb, Pdgfb, Sp1, Dgkg, Pla2g4a,
Dgke, Mapk8

0.007130440
74477

Pik3r3, Eml4, Egfr, Mapk3, Ccnd1, Plcg1, Non-small cell lung
Nras, Sos1, Pik3cb, Rb1, Stk4, E2f3
cancer

0.024771114
4295

Prkag3, Prkaa2, Pik3r3, Mylk2, Ryr3, Oxytocin signalling
Nfatc3, Actb, Ppp3cb, Egfr, Gnaq, Gnaq, pathway
Mapk3, Ccnd1, Nras, Adcy3, Camk2a,
Pik3cb, Mylk, Kcnj2, Calm2, Elk1, Plcb1,
Prkacb, Pla2g4a, Mylk4

0.043271153
4982

Pik3r3, Ptpn11, Mapk3, Nras, Sos1, Tgfb3, Renal cell
Pik3cb, Pdgfb, Epas1, Ets1, Met, Cdc42, carcinoma
Crebbp

0.043271153
4982

Fasn, Mcat, Acsl1

8.614589082

Fatty acid
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mmu-miR-466k

biosynthesis
Pantothenate and
CoA biosynthesis

34e-20
0.002834717
1187

Alg14, Mgat5, Stt3a, Man1a2, Man2a1,
Man1a, Mgat3, Glt28d2, Dpm1
Pik3r3, Synj2, Cds2, Plcg1, Impad1, Pik3cb,
Pikfyve, Calm2, Dgkg, Plcb1, Pik3c2a,
Pi4k2b, Dgke, Inpp4b

N-glycan
biosynthesis
Phosphatidylinosito
l signalling system

0.005604351
47903
0.012110228
9793

Chsy1, Ust, Chst3, Chst11, Chst14

Glycosaminoglycan
biosynthesis –
chondroitin
sulfate/dermatan
sulfate

0.026811969
2163

Pank1, Bcat1, Pank2, Pank3
mmu-miR-206-3p
mmu-miR-696
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4.2.4. Summary of the most relevant target pathways of BDNF within 24h of
treatment
The following table shows a summary of the pathways, that are relevant to the present study,
identified within 24h of BDNF treatment.
Time of
treatment
by BDNF
1h

Modulated
miRNAs

Target genes

Predicted
Pathways

p value

mmu-miR696

Setd2,
Ehmt1

Whsc1l1, Lysine degradation

0.00605800896603

1h

mmu-miR696

Alg14,
Mgat3

Man1a2, N-glycan
biosynthesis

0.00605800896603

1h

mmu-miR696

Cds2, Plcg1, Pik3cb, Phosphatidylinositol 0.0100035403622
Plcb1, Pik3c2a
signalling system

6h

mmu-miR146b-5p

Pank1, Pank3

6h

mmu-miR146b-5p

Id1, Smurf2, Smad4, TGF-beta
Sp1, Rbl1
pathway

6h

mmu-miR146b-5p

Suv39h1,Setd1b,
Suv420h1

6h

mmu-miR146b-5p

Pikfyve, Itpk1, Inpp4b Inositol phosphate 0.0275663704754
metabolism

6h

mmu-miR27a-5p

Pantothenate
and 0.000245175351205
CoA biosynthesis
signaling 0.00562877215941

Lysine degradation

Epn2

Endocytosis

0.0147483273009

Aminoacyl-tRNA
biosynthesis

0.00797573251436

6h

mmu-miR27a-5p

Tars

24h

mmu-miR466k, mmumiR-696,
mmu-miR206-3p
mmu-miR466k, mmumiR-696,
mmu-miR206-3p

Fasn, Acadsb, Ptplb, Fatty
Mcat, Acsl1, Cpt2, metabolism
Acox3

24h

0.00142669971241

Vav2, Cbl, Pik3r3, Proteoglycans
Tlr4, Cblb, Tlr2, Flnb, cancer
Igf1, Itgb3, Timp3,
Itga5, Actb, Arhgef12,
Egfr, Ptpn11, Mapk3,
Fzd7, Rdx, Ccnd1,
Plcg1, Ank3, Nras,
Erbb3, Sos1, Esr1,
Camk2a,
Pik3cb,
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acid 1.38733364574e-08

in 8.51509396763e-07

Elk1, Frs2, Fzd5,
Cd44, Sdc2, Prkacb,
Met, Cdc42, Sdc4,
Cav2
24h

mmu-miR466k, mmumiR-206-3p
mmu-miR466k,
mmu-miR696
mmu-miR206-3p

Fasn, Mcat, Acsl1

24h

mmu-miR466k
mmu-miR696
mmu-miR206-3p

Tram1, Ern1, Os9, Protein processing 0.00973643196725
Sec63, Eif2ak1, Stt3a, in
endoplasmic
Ssr3, Xbp1, Edem3, reticulum
Hspa4l, Pdia3, Atf6,
Dnajc3,
Man1a2,
Man1a,
Ube2g2,
Sec61a1,
Atxn3,
Ube2g1,
Uggt1,
Sec24c,
March6,
Mapk8,
Ubqln1,
Dnajb12, Dnajb2

24h

mmu-miR466k mmumiR-696
mmu-miR206-3p

24h

mmu-miR466k
mmu-miR696
mmu-miR-

Rasa2, Map4k3, Max,
Flnb,
Ppm1a,
Map3k1,
Gna12,
Il1r1, Fgf11, Rps6ka3,
Fgfr4,
Nfatc3,
Rapgef2, Nlk, Nf1,
Ppp3cb, Egfr, Mapk3,
Mecom, Nras, Sos1,
Map4k2,
Dusp3,
Tgfb3, Pdgfb, Dusp10,
Elk1, Stk4, Prkacb,
Pla2g4a,
Atf2,
Map3k7, Cdc42,
Map3k2, Mapk8, Zak
Prkaa2, Pik3r3, Ulk2,
Igf1, Rps6ka3, Irs1,
Tsc2, Rictor, Mapk3,
Rragd, Rragc, Pik3cb,
Cab39l

24h

Fatty
biosynthesis

Prkag3,
Prkaa2, FoxO
G6pc, Pik3r3, Plk2,
pathway
Foxo1, Igf1, Skp2,
Irs1,Nlk,Home
r3, Cat, Egfr, Mapk3,
Gabarapl1,
Ccnd1,
Nras, Sos1, Tgfb3,
Pik3cb, Ccnd2, Stk4,
Bcl2l11,
Homer1,
Mapk8, Crebbp
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acid 8.61458908234e-20

signalling 0.00625564777652

MAPK
pathway

signalling

0.0432711534982

mTOR
pathway

signalling 0.0471528167276

206-3p
24h

mmu-miR466k
mmu-miR696
mmu-miR206-3p
mmu-miR466k
mmu-miR696
mmu-miR206-3p

Aldh2, Kmt2c, Nsd1, Lysine degradation
Setd2,
Colgalt1,
Whsc1,
Hykk,
Whsc1l1,
Ehmt1,
Dot1l

24h

mmu-miR466k
mmu-miR696
mmu-miR206-3p

Lpar1, Egfr, Gnaq, Gap junction
Mapk3, Nras, Sos1,
Adcy3, Pdgfb, Plcb1,
Prkacb, Map3k2, Gja1

24h

mmu-miR466k
mmu-miR696
mmu-miR206-3p

Cbl, Pik3r3, Cblb, ErbB
Nck2, Egfr, Mapk3, pathway
Plcg1,
Nras,
Erbb3,Sos1, Camk2a,
Pik3cb, Elk1, Mapk8

24h

mmu-miR466k
mmu-miR696
mmu-miR206-3p

24h

mmu-miR466k
mmu-miR696
mmu-miR206-3p

Sptlc1,
Pik3r3, Sphingolipid
Sgms2, Pld1, Pld2, signalling pathway
Cers2,
Ppp2r3a,
Ppp2r2a,
Gna12,
Ctsd,
Ppp2r5e,
Smpd1, Gnaq, Mapk3,
Nras,
Pik3cb,
Ppp2r5a,
Plcb1,
Mapk8, Adora1, Bid
Ptpn1, Wasf2, Lef1, Adherens junctions
Ptprb, Nlk, Actb, Egfr,
Mapk3, Mllt4, Pvrl3,
Baiap2, Fer, Map3k7,
Met, Cdc42, Snai2,
Crebbp

24h

0.00158048327665

Vav2, Apc, Pik3r3, Regulation of actin 0.0268119692163
Mylk2, Wasf2, Gna12, cytoskeleton
Arhgap35,
Itgb3,
Fgf11, Fgfr4, Itga5,
Actb, Arhgef12, Egfr,
Mapk3, Rdx, Nras,
Sos1, Pik3cb, Pdgfb,
Mylk, Pikfyve, Git1,
Tmsb4x, Diap2, Abi2,
Arhgef7, Ssh2, Itga3,
Baiap2, Enah, Mylk4,
Cdc42
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0.0268119692163

signalling 0.0268119692163

0.024129743699

0.0178019622572

24h

mmu-miR466k
mmu-miR696
mmu-miR206-3p

24h

mmu-miR206-3p
mmu-miR466k
mmu-miR206-3p
mmu-miR696

24h

24h

mmu-miR206-3p
mmu-miR696

Cbl, Arf6, Pld1,
Endocytosis
0.00158048327665
Pld2, Cblb, Arap2,
Stambp,
Fgfr4,
Chmp3, Vps37a, Arf3,
Agap1, Ehd3, Cxcr4,
Egfr, Pard6g, Acap2,
Zfyve9, Iqsec1, Prkci,
Erbb3, Tgfb3, Git1,
Vps4b,
Pdcd6ip,
Ap2a2, Met, Cdc42,
Tfrc, Cav2, Rab5c,
Dab2
Pank1, Bcat1, Pank2, Pantothenate
and 0.0028347171187
Pank3
CoA biosynthesis
Alg14, Mgat5, Stt3a, N-glycan
Man1a2,
Man2a1, biosynthesis
Man1a,
Mgat3,
Glt28d2, Dpm1

0.00560435147903

Pik3r3, Synj2, Cds2, Phosphatidylinositol 0.0121102289793
Plcg1,
Impad1, signalling system
Pik3cb,
Pikfyve,
Calm2, Dgkg, Plcb1,
Pik3c2a,
Pi4k2b,
Dgke, Inpp4b
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4.2.5. Target pathways of the overall miRNA profile induced by BDNF
The following table shows the target pathways identified by Diana mirpath v3.0. for all the
miRNAs modulated by BDNF within 24h of treatment. The most relevant pathways for this
study are highlighted in the red frames.
Pathway

P
value

microRNA

<0,001
<0,001
<0,001
<0,001
<0,001
<0,001
<0,001

Tar
get
gen
es
3
8
13
42
16
38
29

Fatty acid biosynthesis
Fatty acid metabolism
Lysine degradation
Proteoglycans in cancer
Glioma
Endocytosis
Thyroide hormone signalling
pathway
FoxO signalling pathway
Choline metabolism in cancer
Renal cell carcinoma
Adherens junction
Chronic myeloid leukemia
Pantothenate and CoA
biosynthesis
Protein processing in endoplasmic
reticulum
GnRH signalling pathway
Regulation of actin cytoskeleton
Hippo signalling pathway
ErbB signalling pathway
Dorso-ventral axis formation
Non-small cell lung cancer
N-Glycan biosynthesis
Endometrial cancer
Phosphatydilinositol signalling
system
Thyroid cancer
mTOR signalling pathway
Bacterial invasion of epithelial
cells
Estrogen signalling pathway
Prostate cancer
Focal adhesion
Gap junction
Huntington’s disease

<0,001
0.0032
0.0037
0.0039
0.0045
0.0049

30
22
17
20
18
4

466k, 206-3p, 696, 146b-5p
466k, 206-3p, 696, 146b-5p
466k, 206-3p, 696, 146b-5p
466k, 206-3p, 696, 146b-5p
206-3p, 696, 146b-5p
206-3p, 146b-5p, 466k

0.0058

30

466k, 206-3p, 696, 146b-5p

0.0058
0.0080
0.0092
0.0093
0.0093
0.0096
0.0152
0.0184
0.0184

20
39
29
17
9
14
9
14
15

466k, 206-3p, 696, 146b-5p
466k, 206-3p, 696, 146b-5p
466k, 206-3p, 696, 146b-5p
466k, 206-3p, 696, 146b-5p
466k, 206-3p, 696, 146b-5p
466k, 206-3p, 696, 146b-5p
206-3p, 696
466k, 206-3p, 696, 146b-5p
206-3p, 696, 146b-5p

0.0185
0.0190
0.0234

7
15
15

206-3p, 146b-5p
466k, 206-3p, 696, 146b
206-3p, 696, 146b

0.0246
0.0271
0.0297
0.0297
0.0324

16
19
35
13
22

466k, 206-3p, 696, 146b
466k, 206-3p, 696, 146b
466k, 206-3p, 696, 146b
466k, 206-3p, 696, 146b
466k, 206-3p, 696, 146b
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206-3p, 466k
206-3p, 466k, 696, 146b-5p
206-3p, 466k, 696, 146b-5p
206-3p, 466k, 696, 146b-5p
206-3p, 466k, 696, 146b-5p
206-3p, 466k, 696, 146b-5p, 27a-5p
206-3p, 696, 146b-5p, 466k

Sphigolipid signalling pathway
Colorectal cancer
Melanoma
Glycosaminoglycan biosynthesis chondroitin sulfate / dermatan
sulfate
MAPK signalling pathway
Viral carcinogenesis

0.0330
0.0339
0.0431
0.0461

22
13
13
5

466k, 206-3p, 696, 146b
206-3p, 696, 146b
466k, 206-3p, 696, 146b
206-3p, 696

0.0472
0.0472

39
29

466k, 206-3p, 696, 146b
466k, 206-3p, 696, 146b

4.2.6. Network analysis of target genes involved in the mTOR signalling
We selected the mTOR signalling for network analysis through GeneMANIA server. The mTOR
signalling is indeed of particular interest because of its role in cell survival, growth,
proliferation and differentiation. A crass-talk between the MAPK, that is the primary
signalling activated by neurotrophins, and mTOR pathways has already been highlighted [9].
Moreover, an important role of this signalling has been highligheted in differentiation
processes of sensory cells from non-sensory cells in the organ of Corti [10].
The following figure shows two interaction network diagrams of genes after inputting in
GeneMANIA the 15 screened target genes involved in the mTOR signalling, as reported in the
table of paragraph 4.2.5. Genes interactions are marked with different colours, reported in the
figure legend. The middle circles of the second diagram represent the target genes. As
expected, function analysis correlated the target genes to the mTOR signalling, comprising
11/111 genes with an FDR of 3.26e-11.
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4.2.7. Analysis of selected miRNAs for each time point
For each time point the following table shows the relative quantification (RQ) (with respect
to the CTRL) of the miRNAs found to be significantly modulated - or close to the statistical
significance - by BDNF, together with the p values. The data showing a statistical significance
(or close to 0,05) are reported in bold. Non significant data are reported as “n.s.”
1h
pvalue
vs
CTRL
rno-miR-196c-5p 0.411
0.006
mmu-miR-196b5p
0.325
0.082
mmu-miR-1839- 4.257
0.077
3p
mmu-miR-696
2.882
0,089
mmu-miR-27a5p
1.353
n.s.
mmu-miR-146b5p
0.826
n.s.
mmu-miR-196an.s.
5p
0.791
mmu-miR-206n.s.
3p
0.626
mmu-miR-466k
2.843
n.s.
miRNA

RQ

6h
RQ
0.74
0.642
0.792
1.277
4.879

24h
pvalue
vs CTRL

pvalue
vs
CTRL
n.s.

RQ
0.886

n.s.

n.s.
n.s.

1.597
5.660

n.s.

n.s.

2.156

0,029

0.743

0,056
n.s.

0.778
2.615

0,068
0,066
n.s.

2.326
1.526
1.498
2.485

n.s.
n.s.

2.380
4.312

n.s.
0,049
0,064
0,062

Comparison between groups
The following tables show the p values deriving from the comparison of the expression levels
of the miRNAs resulted to be significantly modulated - or close to the statistical significance by BDNF between the different time points. The data with p<0,05 are highlighted in green; the
data close to 0,05 are highlighted in yellow. Non significant data are reported as “n.s.”
rno-miR-196c-5p
1h
1h
6h

0.006

24h

0.077

mmu-miR-196b-5p
1h

6h

24h

0.006

0.077

1h

n.s.

6h

n.s.

24h

0.013

n.s.
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6h

24h

n.s.

0.013
n.s.

n.s.

mmu-miR-1839-3p
1h
1h
6h

0.073

24h

n.s.

mmu-miR-27a-5p
1h
1h
6h

mmu-miR-696
6h

24h

0.073

n.s.

1h

n.s.

6h

n.s.

24h

n.s.

n.s.

1h
1h
6h

n.s.

24h

0.034

mmu-miR-146b-5p
1h

6h

24h

0.028

n.s.

1h

n.s.

6h

0.028

24h
n.s.
mmu-miR-196a-5p

1h

n.s.
6h

24h

1h

n.s.

0.034

1h

n.s.

6h

0.002

24h

0.013

mmu-miR-466k
1h
1h
6h

n.s.

24h

n.s.

6h

24h

n.s.

n.s.
n.s.

n.s.
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24h

n.s.

n.s.
n.s.

n.s.

6h

24h

0.044

n.s.

0.044

24h
n.s.
mmu-miR-206-3p

n.s.

6h

n.s.
n.s.
6h

24h

0.002

0.013
n.s.

n.s.

4.3.

Comparison of the miRNA profiles between rhNGF and BDNF

miRNAs analysis between BDNF and NGF performed by Expression Suite software. The
following table shows the miRNAs modulated by BDNF up to 24h of treatment in murine
cochlear cells resulted to be significantly – or close to the statistical significance - compared to
the miRNA profile induced by rhNGF.
Time of
treatment

Set

miRNA Thermo

code

miRBase

p value

1h

A

-

-

-

-

1h

B

mmu-miR-183#

002270

mmu-miR-183-3p

0,066

6h

A

-

-

-

-

6h

B

-

-

-

-

24h

A

-

-

-

-

24h

B

hsa-miR-206

000510

0,032

Mmu-miR-1839-3p

121203_mat
downregulated

mmu-miR-206-3p
mmu-miR-18393p

LEGEND

up-regulated

4.3.1. Comparison after 1h of treatment

Venn diagram showing the number of miRNAs expressed by
cochlear cells after 1h of NGF and BDNF treatment.
NGF
BDNF
SHARED
mmu-miR-183-3p
mmu-miR-1274-121150_mat mmu-miR-196b-5p
mmu-miR-421-3p
mmu-miR-1839-3p
rno-miR-196c-5p
mmu-miR-206-3p
mmu-miR-696
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0,053

4.3.2. Comparison after 6h of treatment

Venn diagram showing the number of miRNAs expressed by
cochlear cells after 6h of NGF and BDNF treatment.
NGF
BDNF
SHARED
mmu-miR-99b-3p
mmu-miR-1937c-241011_mat
mmu-miR-1937b-241023_mat
mmu-miR-27a-5p
mmu-miR-146b-5p

4.3.3. Comparison after 24h of treatment

Venn diagram showing the numbers of miRNA expressed by
cochlear cells after 24h of NGF and BDNF treatment
NGF
mmu-miR-34c-3p
mmu-miR-146b-5p
mmu-miR-27a-5p

BDNF
mmu-miR-196a-5p
mmu-miR-1839-3p
mmu-miR-696
mmu-miR-206-3p
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SHARED
mmu-miR-466k

4.3.4. Overall miRNA profile

Venn diagram showing the overall number of miRNAs
expressed by cochlear cells after NGF and BDNF treatment
within 24h of treatment.
NGF
mmu-miR-183-3p
mmu-miR-421-3p
mmu-miR-99b-3p
rno-miR-196c-5p
mmu-miR-34c-3p

BDNF
mmu-miR-1274a
mmu-miR-1839-3p
mmu-miR-696
mmu-miR-1937c
mmu-miR-1937b
mmu-miR-196a-5p
mmu-miR-1839-3p

SHARED
mmu-miR-196b-5p
rno-miR-196c-5p
mmu-miR-206-3p
mmu-miR-466k
mmu-miR-146b-5p
mmu-miR-27a-5p

4.3.5. Target pathways of the miRNAs exclusively modulated by rhNGF
The following table shows the target pathways identified by Diana mirpath v3.0. for the
miRNAs modulated exclusively by rhNGF within 24h of treatment (Paragraph 4.4.).
KEGG pathway
Glycosaminoglycan biosynthesis - heparan sulfate
/ heparin
Fat digestion and absorption
Glycosaminoglycan biosynthesis - keratan sulfate
Estrogen signaling pathway

p-value
genes miRNAs
0.013141064 1
34c-3p

Retinol metabolism

0.017533978 4
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0.013141064 2
0.015357693 1
0.015357693 4

421-3p
421-3p
99b-3p, 4213p
421-3p

4.3.6. Target pathways of the miRNAs exclusively modulated by BDNF
The following table shows the target pathways identified by Diana mirpath v3.0. for the
miRNAs modulated exclusively by BDNF within 24h of treatment (Paragraph 4.4.).
KEGG pathway
Lysine degradation
N-Glycan biosynthesis
Glioma
Phosphatidylinositol signaling system
Thyroid hormone signaling pathway
Renal cell carcinoma

p-value
0.006058009
0.006058009
0.006058009
0.01000354
0.01000354
0.02298337

#genes
3
3
5
5
8
5

#miRNAs
696
696
696
696
696
696

4.3.7. Target pathways of the shared miRNAs
The following table shows the target pathways identified by Diana mirpath v3.0. for the
miRNAs modulated by both rhNGF and BDNF within 24h of treatment (Paragraph 4.4.). The
most relevant pathways for this study are highlighted in the red frames.
KEGG Pathway
Fatty acid biosynthesis
Proteoglycans in cancer
Lysine degradation
Fatty acid metabolism
Endocytosis
Adherens junction
Pantothenate and CoA
biosynthesis
FoxO signalling pathway
Thyroide hormone signalling
pathway
Glioma
Dorso-ventral axis formation
Choline metabolism in cancer
Chronic myeloid leukemia
GnRH signalling pathway
Thyroid cancer
ErbB signalling pathway
Huntington's disease
Regulation of actin cytoskeleton
Bacterial invasion of epithelial
cells
Endometrial cancer
Non-small cell lung cancer
Protein processing in
endoplasmic reticulum

pvalue
<0,001
<0,001
<0,001
<0,001
<0,001
0.0022
0.0025

gene
s
3
39
12
7
35
19
4

miRNAs

0.0025
0.0025

26
24

206-3p, 466k,146b-5p
206-3p, 466k,146b-5p

0.0025
0.0056
0.0063
0.0066
0.0086
0.0098
0.0121
0.0121
0.0136
0.0165

13
9
19
16
18
7
15
21
34
14

206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 146b-5p
206-3p, 466k,146b-5p
206-3p, 146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 146b-5p

0.0182
0.0185
0.0194

13
13
26

206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
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206-3p, 466k
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p,27a-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p

Estrogen signalling pathway
Hippo signalling pathway
Renal cell carcinoma
Prostate cancer
Gap junction

0.0310
0.0344
0.0371
0.0401
0.0403

14
24
14
17
11

57

206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p
206-3p, 466k,146b-5p

5. Discussion
Pathways related to neuronal differentiation
 Synaptic vesicles cycle
The synaptic vescicles cycle signaling was associated with mmu-miR-183-3p. mmu-miR-1833p resulted to be specifically modulated by rhNGF. Particularly, it was down regulated soon
after stimulation (1h) compared to the control (p=0.025) and compared to BDNF (p=0.66),
and it was progressively up-regulated up to 24h of treatment. One of the target gene of mmumiR-183-3p is Cltc (Clathrin heavy chain 1).
miRNAs significantly
different from CTRL
NGF
1h

BDNF

✔

6h
24h
all

Clathrin is known to be a key component involved in the endocytosis pathway. Since its
discovery, several studies have unveiled the multiple roles of chlatrin-mediated traffiking
such as signaling, development, neuronal transmission, infection, immunity and genetic
disorders [11]. Clathrin is also important for the synaptic vesicles cycle. Indeed,
neurotransmitter release is mediated by exocytosis of synaptic vesicles at the presynaptic
active zone. To support rapid and repeated rounds of release, synaptic vesicles undergo a
trafficking cycle involving clathrin. It is known that NGF binding to TrkA enhances
neurotransmitter release by increasing the number of Ca(2+)-responsive secretory vesicles
[12]. The endocytic retrieval from the plasma membrane occurs by clathrin‐dependent
mechanisms and results in the formation of clathrin‐coated vesicles [13]. Therefore, the
down-regulation of mmu-miR-183-3p suggests that there is an increase in the expression of
Cltc due to NGF stimulation.
Lysosome
The “lysosome” pathway was identified for mmu-miR-183-3p due to its target gene Cltc as
fully described in the “synaptic vescicles cycle” section.
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miRNAs significantly
different from CTRL
NGF
1h

BDNF

✔

6h
24h
all

In addition to the synaptic vescicle cycle and endocytosis, clathrin-based endocytosis is
involved in lysosomal degradation and/or recycling to the plasma membrane [14]. A previous
study on PC12 cells demonstrated that lysosome-mediated degradation of caspase 3 is a
protective effect carried out by NGF to inhibit apoptosis and promote cell survival [15].
Pathways stimulating cell proliferation
 Cell cycle
The “cell cycle” pathway was associated with

mmu-miR-183-3p, whose modulation is

described in the “synaptic vesicles cycle” section. In fact, another target gene of mmu-miR183-3p is Bdf4, which encodes for the Dbf4 zinc finger protein.
miRNAs significantly
different from CTRL
NGF
1h

BDNF

✔

6h
24h
all

Dbf4 zinc finger protein is a fundamental regulator of the cell cycle. Specifically, it is an
activator of Cell division cycle 7-related protein kinase (CDC7). The Cdc7/Dbf4 complex
allows the initiation of DNA replication in mitosis (phase S) [16]. Cell cycle and its control is
essential for the proper development of organs, including the nervous system [17] and the
cochlea [18]. It is known that NGF promotes cell proliferation [19][20] and its arrest [21][22],
and is necessary in a variety of cell types. Hence, NGF plays a key role in the control of the cell
cycle. On this basis, the down-regulation of mmu-miR-183-3p by NGF treatment could lead to
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an increase in Dbf4 protein and, consequently, to an increase in cell proliferation. This is in
accordance with the well known effects of NGF in promoting cell survival [23].
 ErbB signaling pathway
The “ErbB signaling pathway” was identified for rhNGF and BDNF after 24h of stimulation.
miRNAs significantly
different from CTRL
NGF

BDNF

24h

✔

✔

all

✔

✔

1h
6h

The ErbB family contains four receptor tyrosine kinases (RTKs) related to the epidermal
growth factor receptor (EGFR). As the other RTKs, ErbB receptors play an important role in
the control of most fundamental cellular processes including the cell cycle, cell migration, cell
metabolism and survival, as well as cell proliferation and differentiation [24]. Moreover, it
was suggested that EGF receptors can be activated by a “lateral propagation” initiated by local
receptor activation or by cell adhesion [25]. An in vivo study demonstrated that the
supporting cells of the vestibular sensory epithelium contribute to vestibular synapse
formation and that this is mediated by reciprocal signals between sensory neurons and
supporting cells involving ErbB and BDNF [26]. Even more interesting, NGF induced the
down-regulation of EGFR in PC12 cells and this event could be a way to desensitize the cells
from proliferative stimuli, while promoting NGF-induced neuronal differentiation [27],[28].
 Hippo signaling pathway
The “hippo signalling” was identified for the overall miRNA profile of both rhNGF and BDNF.
miRNAs significantly
different from CTRL
NGF

BDNF

✔

✔

1h
6h
24h
all
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The Hippo pathway drives gene expression programs that control cell proliferation, cell
migration and invasion. The Hippo signaling also controls cell growth, organ size,
proliferation and death. Moreover, several data indicate that the actin cytoskeleton [29] and
cell junctions [30] are key mediators of the regulation of the Hippo signaling, in accordance
with the other KEGG pathways resulted to be modulated by NGF and BDNF in this study.
Recently, Xinyuan Yang and co-workers have identified a crosstalk between the NGF-TrkA and
the Hippo signalling pathway. Although this study was focused on cancer, it showed that the
suppression of TrkA inhibited the Hippo-mediated proliferation and migration of distinct
cancer cell lines, indicating that the activation of NGF-TrkA signalling is involved in hippoinduced cell proliferation and migration [31]. A crosstalk between BDNF-TrkB and the Hippo
signaling was also shown. In particular, aged cardiac microvascular endothelial cells were
prompted to migrate through the activation of Hippo signaling due to TrkB stimulation by
BDNF [32].
 Multiple cancer pathways
e.g. miRNAs in cancer
Several cancer pathways were associated with the miRNA profiles deriving from NGF and
BDNF treatment in cochlear cells. The shared feature of those pathways was the induction of
cell proliferation mainly through the MAPK signaling. An example of these pathways is the
“miRNAs in cancer” pathway, that is related to a single miRNA that was found down-regulated
by both treatments: mmu-miR-196b-5p. Mmu-miR-196b-5p resulted to be down-regulated
after 1h by both rhNGF and BDNF. Thereafter mmu-miR-196b-5p was progressively upregulated by both treatments up to 24h. mmu-miR-196b-5p was related to “microRNAs in
cancer” pathway by Diana mirpath v.3. due to its target gene “Igf2bp1”. Igf2bp1 encodes for
the β-actin mRNA zipcode binding protein 1 (ZBP1).
Igf2bp1 is associated with epithelial ovarian cancer and it is generally considered an
oncogene, due to its role in promoting cell proliferation [33]. Although Igfbp1 was associated
with the epithelial ovarian cancer by Diana mirpath, the down-regulation of mmu-miR-196b5p suggests an up-regulation of Igfbp1 soon after BDNF or NGF treatment in cochlear cells,
possibly promoting cell growth and differentiation. In fact, in neuronal development, Igfbp1
regulates the neurite outgrowth, neuronal cell migration, and axonal guidance, by controlling
the spatiotemporal activation of protein synthesis [34]. It is also involved in controlling
neuronal differentiation and matured neuronal system during regeneration [35][36]. There
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are no published studies which elucidate the role of Igf2bp1 specifically in the cochlea. Sasaki
and co-workers demonstrated that brain-derived neurotrophic factor (BDNF) signals the Srcdependent phosphorylation of Igf2bp1, which is necessary for β-actin synthesis and growth
cone turning in developing neurons [37]. There are no published studies which correlate NGF
with Igf2bp1.
Mineral absorption
The “mineral absorption” pathway was associated with mmu-miR-183-3p, whose modulation
is described in the “synaptic vesicles cycle” section. In fact, another target gene of mmu-miR183-3p is Mt2, which encodes for the Metallothionein-2.
miRNAs significantly
different from CTRL
NGF
1h

BDNF

✔

6h
24h
all

A previous role of metallothioneins was associated with the zinc metabolism. Today, it is
known that metallothioneins cover a wide range of functions, including biological processes
such as apoptosis and the regulation of neuronal outgrowth [38]. Even if there are no specific
studies about the role of Mt2 in the cochlea, it was demonstrated that metallothionein-1a is
overexpressed in cochlear cells of newborn rats following oxidative stress [39], suggesting
that metallothioneins could have a role in the response to ototoxicity.
Fatty acids signalings
 Fatty acid metabolism
 Fatty acids biosynthesis
The “fatty acid metabolism” resulted to be a recurrent pathway associated with the miRNAs
modulated both by rhNGF and BDNF, always with a p-value<0.001. The fatty acid biosynthesis
was also identified for the miRNAs modulated by rhNGF and BDNF after 1h and 24h
respectively. Moreover, fatty acids metabolism and synthesis are the most probable KEGG
pathways identified by Diana mirpath for the overall microRNA profile induced by BDNF.
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miRNAs significantly
different from CTRL
NGF
1h

BDNF

✔

6h
24h
all

✔
✔

✔

Fatty acids have been shown to be fundamental for growth of neurite processes from the cell
body in nervous cells [40]. Moreover, it was shown that brain's energy is provided by
mitochondrial oxidation of fatty acids and it was suggested that under conditions of neuronal
excitation, both fatty acid and glucose (considered the first source of energy in the nervous
system) metabolic pathways may exist simultaneously [41]. NGF was shown to be an effective
regulator of fatty acid metabolism in PC12 cells [42]. In schizophrenic patients fatty acids
levels have significant associations with BDNF levels [43]. It has also been suggested that
decreased BDNF and altered metabolism of polyunsatured fatty acids could be associated
with autism [44]. Based on the importance that fatty acids have in the nervous system in
promoting neurite outgrowth [40,41,43], it is possible that the modulation of the miRNAs,
involved in those pathways, could be related to cellular differentiation induced by rhNGF and
BDNF.
Amino-acids signalings
 Lysine degradation pathway
 Valine, leucine and isoleucine degradation
The “lysine degradation” pathway resulted to be a recurrent pathway for the miRNAs
modulated both by rhNGF and BDNF, always with a p-value<0.001. The “valine, leucine and
isoleucine degradation” pathway was identified for the miRNAs modulated by BDNF after 1h
and 24h of stimulation.
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miRNAs significantly
different from CTRL
NGF

BDNF

1h

✔

✔

6h

✔

✔

24h

✔

✔

all

✔

✔

Lysine is an essential amino acid in humans. It is catabolized through the saccharopine
pathway in liver mitochondria, leading to the production of acetyl-CoA. Defects involved in
the lysine degradation pathway are associated with a neuro-metabolic pathology known as
hyperlysinemia [45]. Leucine plays multiple functions in the nervous system. It is a metabolic
precursor of fuel molecules, alpha-ketoisocaproate and ketone bodies. Leucine also
participates in the maintenance of the nitrogen balance in the glutamate/glutamine cycle
pertinent to the neurotransmitter glutamate and it is a major regulator of the activity of some
enzymes important for brain energy metabolism [46]. Valine, leucine and isoleucine,
constitute the group of branched-chain amino acids and are rapidly taken up into the brain
parenchyma, where they serve several distinct functions including brain energy metabolism.
In general, the amino acids play a critical role in neural function, including neurotransmission,
neuromodulation, cellular metabolism, and protein construction.
FoxO signaling pathway
The “FoxO signaling pathway” was identified as target of both rhNGF and BDNF at multiple
time points.
miRNAs significantly
different from CTRL
NGF
1h

BDNF

✔

6h
24h

✔

✔

all

✔

✔
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Foxo signaling exerts a wide number of effects in cellular processes. In recent years
mammalian FoxO transcription factors have arisen as crucial regulators of cell fate and
function in the nervous system. FoxOs can trigger either neuronal apoptosis or survival in
response to several type of stress. For example, Foxo proteins are effectors in mediating TGFβ signaling, leading to cell cycle arrest [47]. On the other side, it was demonstrated that FoxO
signaling mediates neuronal plasticity [48]. The relevance of this signaling pathway was first
shown in PC12-derived cells and in primary cultured sympathetic spinal cord neurons, in
which the overexpression of FoxO signaling was associated with cell death [49]. It is well
known that, in response to neurotrophic factors, AKT is activated and it phosphorylates FoxOs
[50]. Recently, it has been demonstrated that NGF deprivation induces the up-regulation of
the FoxO–related proteins, which in turn induce cell death in sympathetic neurons [51]. On
this basis, we can conclude that the modulation of the FoxO signaling occurs also through
several miRNAs as shown in this study.
Pathways invoving the cytoskeleton and cell junctions
 Adherens junctions
The “Adherens junctions” signaling was identified for both rhNGF and BDNF after 1h and 24h
of treatment respectively.
miRNAs significantly
different from CTRL
NGF
1h

BDNF

✔

6h
24h
all

✔
✔

✔

Adherens junctions are protein complexes that constitute cell–cell junctions in epithelial and
endothelial tissues linked to the actin cytoskeleton. They are fundamental regulators of
cortical development [52]. Moreover, together with the tight junctions, they are essential in
maintaining the correct structure of the blood brain barrier (BBB) [53], as well as of the
blood-labyrinth barrier (BLB) [54]. Adherens junctions also contribute to the control of cell
polarity, neuronal morphogenesis, growth cone guidance and migration during development
[55]. It was previously demonstrated that in PC12 cells cultured on 3-dimensional substrata,
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NGF supplementation induced the formation of networks of small aggregates interconnected
by process-bearing cells [56].
 Regulation of actin cytoskeleton
The “regulation of actin cytoskeleton” pathway was associated with the overall miRNA profile
induced by rhNGF and BDNF (5 miRNAs) and after 24h of stimulation by BDNF.
miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h
24h
all

✔
✔

✔

Actin is a cytoskeletal protein that plays a key role in both the guidance and the maintenance
of neuronal polarity. Actin structures spread along neuronal axons, dendrites and dendritic
spines [57]. Reorganization of actin cytoskeleton is also a fundamental event occurring during
cell proliferation as well as during differentiation, synaptogenesis and neuronal plasticity
[58]. Moreover, cochlear hair cells present actin-based microvilli on the apical membrane,
referred to as stereocilia, which allow to convert the sound-induced vibrations to electrical
signals through mechanic-transduction. In fact, the deflection of the stereocilia leads to the
mechanical opening of ion channels and cell depolarization. Actin stereocilia are structured as
actin-bundling and can be classified in three major classes: villin, fimbrins/plastins and
espins. Due to their fundamental role in cochlear hair cells, mutations in genes that encode
for actin proteins lead to deafness [59]. The regulation of actin cytoskeleton is one of the
pathways known to be regulated by Trk activation. Moreover, phosphorylation of synapsins
by MAP kinase has been shown to regulate their interactions with the actin cytoskeleton, so
that the MAP kinase cascade may potentiate synaptic transmission by releasing synaptic
vesicles from the cytoskeleton [60]. Moreover, it has been demonstrated that NGF promotes
collateral branching along sensory axons by increasing the emergence of axonal filopodia
through the formation of filopodial precursors termed axonal actin patches. During branch
formation, NGF regulates both the actin and microtubule cytoskeleton [61][62].
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 Gap junction
The “gap junction” signaling is a target pathway of BDNF after 24h of stimulation.
miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h
24h

✔

all

✔

The mammalian cochlea is a highly organized sensory organ for hearing composed of auditory
hair cells and supporting cells. Cochlear supporting cells are electrically and metabolically
coupled by gap junction channels. In contrast, gap junctions are not found between the
sensory cells (inner and outer hair cells), or between sensory and non-sensory cells in
mammals [63].
 Focal adhesion
The “focal adhesion” was predicted for the overall miRNA profile induced by BDNF.
miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h
24h
all

✔

Proper focal adhesion regulation is fundamental in order to allow a variety of cellular
activities, including cell motility, proliferation, and differentiation. In fact, focal adhesion
kinase, which is a key regulator of this process, has been found to be also involved in the
effects due to BDNF stimulation [64],[65].
Endocytosis
The “endocytosis” pathway was identified for both rhNGF and BDNF treatments. Specifically,
7/9 of the microRNAs significantly modulated by rhNGF and 5/11 microRNAs significantly
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modulated by rhBDNF were associated with endocytosis pathway, targeting 36 and 38 genes
respectively. The pvalue for the endocytosis pathway was <0.001 for both neurotrophins.
miRNAs significantly
different from CTRL
NGF
1h

BDNF

✔

6h

✔

24h

✔

all

✔

✔

Endocytosis is a cellular process which mediates material internalization by the formation of
a vesicle containing the ingested material. It is essential in a variety of cellular processes [66].
A previous study demonstrated that in PC12 cells, NGF signaling through TrkA induced a
general increase in clathrin-mediated membrane trafficking [67].

Moreover, after NGF

treatment, NGF was bound to TrkA in endocytic organelles, and TrkA was tyrosinephosphorylated and bound to PLC-gamma1, suggesting that these receptors were competent
to initiate signal transduction [68]. Previous studies also demonstrated an increased
endocytosis due to TrkA activation by NGF [68]. Moreover, a specialized NGF signaling system
is initiated in distal axons and is axonally propagated back to the soma through a vesicular
mechanism mediated by endosomal vesicle containing NGF, its receptor and associated
signaling effectors [69]. Endocytosis is a also a process triggered by BDNF in order to induce
TrkB internalization but also to regulate synaptic plasticity [70].
Neurotrophin signaling pathway and MAPK signalling
The correlation with the neurotrophin signaling pathway was identified for rhNGF after 6h of
stimulation due to the down-regulation of mmu-miR-99b-3p, whose modulation was close to
the statistical significance (p=0.062). The MAPK signaling, that is activated after Trk binding
by NGF and BDNF, resulted to be modulated by BDNF after 24h of treatmentAlso the MAPK
signaling alone was predicted for both treatments.
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KEGG pathway related to mmu-miR-99b-3p
miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h

✔

24h

✔

all

The signaling mediated by rhNGF and BDNF plays a fundamental role in the nervous system
as well as in the cochlea.
BDNF is an essential neurotrophic factor during development in the ear, as the knock down of
its receptor resulted in alterations of ear maturation in mice. In the cochlea BDNF is
physiologically expressed by the mechanosensory hair cells and by the surrounding
supporting cells. The expression of BDNF by these cell types has been demonstrated to be
fundamental both for the development and maintenance of the spiral ganglion neurons
(SGNs). In fact, the degeneration of hair cells is inexorably associated with BDNF reduction,
leading to subsequent SGNs degeneration. Therefore, the main studies involving the use of
BDNF for the treatment of sensorineural hearing loss focus on the neuroprotection of SGNs as
a strategy to improve the performance of cochlear implantations [71]. For these reasons
BDNF is considered a major possible therapeutic approach to counteract sensorineural
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hearing loss. Several experimental studies have been conducted to evaluate the
neuroprotective effects of BDNF in cochlear neurodegenerative diseases.
Unlike BDNF, NGF is not required for the development of the inner ear. In fact, several studies
have demonstrated that TrkA is not expressed in the ear during the development, suggesting
that NGF is not necessary. This was confirmed by the development of transgenic animals,
lacking the expression of NGF, which correctly developed the inner ear [72]. Conversely, NGF
has been demonstrated to be a key player in the maintenance and survival of the post-natal
ear. Accordingly, the immunolocalization of the TrkA receptor in the mouse inner ear revealed
that there is not TrkA immunoreactivity during gestation, while TrkA immunolabeling
progressively increases starting from post-natal day 12 up to adulthood in mice [73]. NGF
could be involved in efferent cochlear innervations in post-natal ear [74]. All these findings
suggest a major role of NGF in promoting cell survival and neuroprotection in the ear once it
has matured, rather than promoting its development.
TGF- β signaling pathway
The TGF-beta signaling pathway was identified for rhNGF and BDNF after 24h and 6h of
stimulation respectively.
miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h
24h

✔
✔

all

The “TGF-β signaling” is necessary for several important functions of the nervous system,
such as differentiation and survival [75]. One of the well-studied functions of TGF-β is its
cytostatic effect. The growth inhibitory effect of TGF-β is related to the cell-cycle arrest in a
variety of cultured cell types. TGF-β suppresses the expression of several key transcription
factors regulating growth control including the growth-promoting transcription factor c-Myc
and cell differentiation inhibitor Id1 [47]. Among the target genes, RBI1 and Sp1 are key
regulators of the cell cycle arrest also involved in TGF-β signalling. Another target gene,
Smad4, encodes for a key protein of the TGF-β signalling. In particular it interacts with other
SMAD proteins and forms a protein complex, which then moves to the cell nucleus, where
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controls the activity of particular genes and regulates cell growth and division [76]. In the
cochlea, TGF- β expression is finely regulated in order to allow proper development [77]. It
was demonstrated that neurotrophic factors and TGF- β act in synergy to promote cell
survival of spiral ganglion cells in the cochlea [78].
Metabolic pathways
 Pantothenate and CoA biosynthesis
The “Pantothenate and CoA biosynthesis” signaling was identified for rhNGF after 24h of
treatment and for BDNF after 6h and 24h of stimulation.

miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h
24h

✔
✔

✔

all

✔

BDNF and NGF could mediate the modulation of metabolic signalings in order to regulate
energy metabolism to promote cell growth and survival. Not surprisingly, several data
indicate that NGF and BDNF can modulate energy metabolism [79]. Pantothenate is vitamin B5
and is the key precursor for the biosynthesis of coenzyme A (CoA). CoA is an essential cofactor
for cell growth and is involved in many metabolic reactions, including the synthesis of
phospholipids, synthesis and degradation of fatty acids, and the operation of the tricarboxylic
acid cycle [80]. Acetyl-CoA also allows to obtain ATP through the citrate cycle, being therefore
fundamental for the energy metabolism [81]. Moreover, a previous study demonstrated that
Panthothenate and CoA protect the cochlea from cysplantin-induced ototoxicity in guinea pigs
[82]. A previous study showed that cytoplasmic acetyl-CoA levels were increased by NGF in
cholinergic neuroblastoma cells [83].
Protein processing in endoplasmic reticulum (ER)
The “protein processing in endoplasmic reticulum” pathway was identified for the overall
miRNA profile induced by rhNGF and BDNF and after 24h of stimulation by BDNF.
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miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h
24h
all

✔
✔

✔

ER stress-induced neuronal death plays a pivotal role in several neurodegenerative diseases.
The final step of ER stress-induced neuronal death is the activation of C/EBP homologous
protein (CHOP), which leads to apoptosis in several neurodegenerative disorders. For
example, the CHOP gene is induced by parkinsonism-inducing neurotoxins [84]. Another
study also showed that CHOP is a critical mediator of apoptotic death in the substantia nigra
dopamine neurons in an animal model of parkinsonism [85]. The transcriptional upregulation program in response to ER stress is conducted by three distinct types of ER stress
transducers localized on the ER membrane, namely, PERK, ATF6 and IRE1. The role of NGF in
inhibiting ER stress is widely documented in the literature. Remarkably, it has been
demonstrated that NGF attenuates high glucose-induced ER Stress, preventing Schwann cell
apoptosis through the activation of the PI3K/Akt/GSK3β and ERK1/2 Pathways [86]. Another
study showed that NGF improved functional recovery by inhibiting endoplasmic reticulum
stress-induced neuronal apoptosis in rats with spinal cord injury [87]. Several data indicate
that also BDNF prevents ER stress [72],[73]. Remarkably, an in vitro study on cerebral
cortical neurons showed that BDNF treatment was able to prevent ER stress-induced cell
death through the PI3-K signaling and suppressing the activation of caspase-12 [89].
Huntington's disease
The Hungtington’s disease pathway was predicted for the overall miRNA profile of both
rhNGF and BDNF.
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miRNAs significantly
different from CTRL
NGF

BDNF

✔

✔

1h
6h
24h
all

Huntington’s disease (HD) is a neurodegenerative disorder due to an abnormal expansion of
polyglutamine repeats in the first exon of huntingtin gene, leading to deleterious effects in
nervous cells [90]. Patients can also undergo hearing impairment mainly due to elevated
levels of ROS

[91]. A previous study showed that BDNF-TrkB interaction induces the

regulation of Huntingtin-associated protein 1 (HAP1), which is a key protein involved in the
Huntington’s disease. In particular, HAP1 is involved in trafficking of vesicles intracellularly
and also interacts with several membrane proteins including TrkB. This important evidence
suggests that HAP1 may play a key role in BDNF signaling and its receptor endocytosis and
may promote neuronal survival and proliferation [92]. Moreover, BDNF has been shown to be
effective in ameliorating symptoms in several studies in preclinical models of Huntington’s
disease [93]. Some data indicate that also NGF could be effective in the management of HD
patients. A previous study showed that NGF might protect against neuronal death by
inhibiting the production of nitric oxide and decreasing the levels of superoxide radicals [94].
More recently, it was demonstrated that intracerebral injections of NGF rescued hippocampal
cholinergic neuronal markers, restored neurogenesis, and improved spatial working memory
in a mouse model of HD [95].
Glycans signalings
 N-glycans biosynthesis
 Glycosaminoglycan biosynthesis – chondroitin sulfate/dermatan sulphate
 Proteoglycans in cancer
The “N-glycan biosynthesis” signaling was identified for BDNF after 1h and 24h of stimulation.
“Glycosaminoglycan biosynthesis – chondroitin sulfate/dermatan sulphate” signaling was
predicted for BDNF after 24h of stimulation. The pathway “proteoglycans in cancer” was
predicted for the miRNAs modulated by rhNGF after 1h of stimulation, and for the miRNAs
modulated by BDNF after 24h of treatment. Among the shared miRNAs of the two treatments,
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mmu-miR-206-3p,mmu-miR-466k,mmu-miR-146b-5p were associated with the pathway
proteoglycans in cancer, involving 39 genes and with a pvalue<0,001.
miRNAs significantly
different from CTRL

1h

NGF

BDNF

✔

✔

6h
24h
all

✔
✔

✔

N-glycans are critical for proper protein folding and quality control by chaperones in the
endoplasmic reticulum (ER). More recently, N-glycans have been shown to modulate the
function of many cell surface proteins involved in migration, adhesion and myelination [96].
N-glycans are also critical for the proportion of receptors expressed on the cell surface or for
the retrograde transport of protein complexes between ligand and receptor. However, it has
been demonstrated that N-glycans can also modulate the exocytotic transport and secretion of
proteins with pathological effects such as amyloid or prion proteins [97]. On this basis, Nglycan-related pathways are studied as possible target for different pathological conditions of
the nervous system [96]. Moreover, Glycosaminoglycans, have been shown to modulate
axonal outgrowth in neural tissue [98]. Ihara and co-workers demonstrated that increased
levels of N-glycans in PC12 cells correlate with inefficient neurite outgrowth following NGF
treatment. In particular, the authors overexpressed N-acetylglucosaminyltransferase III, that
is a fundamental enzyme involved in N-glycan biosynthesis. Its up-regulation increased Nglycans levels and impaired neurite outgrowth when PC12 cells were treated with NGF [99].
On the other hand, the immature BDNF form (proBDNF) carries an unusual type of N-glycans
important for its processing and secretion [100]. Finally, proteoglycans control numerous
normal and pathological processes, such as morphogenesis, tissue repair, inflammation,
vascularization and cancer metastasis. Altered expression of proteoglycans on tumor and
stromal cell membranes affects cancer cell signaling, growth and survival, cell adhesion,
migration and angiogenesis [101].

Regardless of their role in cancer pathogenesis,

proteoglycans cover important roles in the nervous system too. For example, proteoglycans
have a pivoltal role in determining neuronal migration in the cerebral cortex during
development [102]. They are also actively involved in axon guidance through the interaction
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between signaling molecules and glycosaminoglycan chains [103]. Keratan sulfate
(KS)‐proteoglycans form perineuronal nets, that are dynamic neuroprotective structures with
anti‐oxidant properties, and are involved in neural differentiation, development and synaptic
plasticity [104]. Proteoglycans are also important regulators of development and maturation
of the cochlea [105]. Chondroitin sulfate proteoglycans (CSPGs) are required for proper
maturation of axonal connections in the cochlea [106]. NGF induces hypersecretion and
hypersulfation of neuroblastoma proteoglycans [107]. Another study highlighted structural
changes in proteoglycans during the neuritogenesis of PC12 cells following NGF stimulation
[108]. Interestingly, it was demonstrated that CSPGs dephosphorylate the BDNF high affinity
receptor TrkB in embryonic cortical neurons in vitro. As a consequence, CSPGs inhibited the
effects of BDNF, specifically by eliminating existing dendritic spines [109].
Inositol signalings
 Phosphatidylinositol signaling system
 Inositol phosphate metabolism
The inositol-related signalings resulted to be the target KEGG pathways of the miRNAs
modulated by BDNF at each time point of stimulation.
miRNAs significantly
different from CTRL
NGF

BDNF

1h

✔

6h

✔

24h

✔

all

✔

After TrkB and TrkA binding by BDNF and rhNGF respectively, different signaling cascades
can be activated. Among these, phosphatidylinositol trisphosphate (IP3) plays a crucial role in
driving some cellular responses, such as activation of several enzymes. IP3 can be generated
by Phosphoinositide phospholipase C (PLCγ), which hydrolyses PIP2 to IP3 and diacylglycerol
(DAG),or by PI3-kinases (PI3K) [70]. In particular, mmu-miR-696 is associated with the
phosphatidylinositol signaling system and it resulted to be up-regulated after 1h of BDNF
treatment. In particular, the target genes of mmu-miR-696 are specifically involved in the
generation of IP3.

For example Cds2 encodes for Phosphatidate cytidylyltransferase 2

enzyme, which regulates the amount of phosphatidylinositol available for signalling; Plcg1
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and Plcb1 encode for Phospholipase C gamma 1 and 1-Phosphatidylinositol-4,5-bisphosphate
phosphodiesterase beta-1 respectively; Pik3cb and Pik3c2a encode for hosphatidylinositol4,5-bisphosphate 3-kinase and Phosphatidylinositol-4-phosphate 3-kinase C2 domaincontaining alpha polypeptide respectively, belonging to the PI3K family .
Pathways involving RNAs
 Aminoacyl-tRNA biosynthesis
The “Aminoacyl-tRNA biosynthesis” pathway was identified for BDNF after 6h of treatment.
Particularly, this is a target KEGG pathway of mmu-miR-27a-5p through the Tars gene.
miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h

✔

24h
all

Aminoacyl-tRNAs are essential substrates which determine the translation of the genetic code
in amino acids. Indeed, they match amino acids with tRNAs containing the corresponding
anticodon [110]. The Tars gene (involved in the aminoacyl-tRNA biosynthesis signaling)
encodes for the Threonyl-tRNA synthetase, the enzyme that catalyzes aminoacylation of tRNA
with the threonin amino acid. RNA transport from the nucleus to the cytoplasm is a
fundamental process in order to allow proper gene expression and the different RNA species
are exported from the nucleous to the cytoplasm through the nuclear pore complexes [111].
Due to the role of BDNF and NGF in triggering neuronal development, synaptic plasticity and
neuronal survival, changes in protein synthesis are required to allow accomplishment of
these functions. It was demonstrated that several proteins, identified to be modulated by
BDNF, are actually involved in the translation activity [112]. Moreover, it has been
demonstrated that BDNF mediates mRNA transport along dendrites to allow their translation
at the synapses. As a consequence, this induces changes in the synaptic proteome [113]. On
this basis, it is plausible that the modulation of tRNA biosynthesis and RNA transport
pathways through selected miRNAs underlie an increased demand of protein synthesis due to
neurotrophin-induced cellular differentiation and/or proliferation, also according to the
literature [114][115]. On the other hand, sustained gene expression and protein synthesis
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also need effective quality control of the abnormal mRNA. Not surprisingly, the RNA
surveillance pathway was found to be modulated by neurotrophins as well.
mTOR signalling pathway
The mTOR signaling was associated with the miRNAs modulated by BDNF after 24h of
stimulation.
miRNAs significantly
different from CTRL
NGF

BDNF

1h
6h
24h

✔

all

✔

The serine/threonine protein kinase mechanistic target of rapamycin (mTOR) is
evolutionarily conserved and modulates protein synthesis, cell growth, and cellular
autophagy in response to distinct intracellular and extracellular cues. A cross-talk between
Ras-MAPK and mTOR has been established [9]. Moreover, mTOR-mediated autophagy was
related to cell death during cisplatin-induced ototoxicity in cochlear hair cells. On this basis,
the targeting of this pathway has been proposed as a neuroprotective strategy for cochlear
hair cells [116]. Moreover, it was demonstrated that suppression of autophagy is required for
BDNF-induced synaptic plasticity [117]. Moreover, several studies indicate that also NGF
modulates the mTOR signaling in a variety of tissues [118],[119],[120].
Other pathways
In addition to the pathways described above, the Diana mirpath v.3.0 database also identified
other signalings for the miRNA profilie deriving from NGF and BDNF treatments. Those
signalings are not fully described here since they do not specifically match with the present
study. However, they always involved downstream pathways, mainly MAPK and PIRK/AKT,
that are described alongside this report. Examples of those pathways are: bacterial invasion
of epithelial cells, oxytocin signaling pathway, GnRH signaling.
Conclusion
The present study investigated whether two major neurotrophic factors, NGF and BDNF, have
the ability to modify the miRNA profiling in cochlear cells. The results of this study show that
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both neurotrophic factors induce substantial changes of the miRNA profile, that also differs
depending on the treatment duration. Through bioinformatics tools, it was possible to identify
the target genes of those miRNAs and the relative target pathways. According to the well
known effects that NGF and BDNF carry out in neuronal cells, pathways associated with cell
cycle, differentiation, metabolism and others were predicted for the modulated miRNAs. Many
of these have never been investigated in the cochlea in relationship with the neurotrophic
factors. Moreover, the effects of NGF in the cochlea are poorly reported in the literature, since
its role in promoting cochlear survival is only a recent outcome. On this basis, the present
study demonstrates that NGF and BDNF target several signalings, that were already known to
be modulated by NGF and BDNF, and that this is mediated by a wide range of miRNAs.
Moreover, the results of this project also show new potential pathways that, through selective
miRNAs, are likely to be modulated by NGF and BDNF in the cochlea.
Future studies will allow to deepen our understanding of the mechanisms underlying these
processes and unveil the NGF- and BDNF-related signalings in cochlear cells.
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CHAPTER 3
Limited effects of rhNGF and rhBDNF on Hair Cells and
Supporting Cells of the Organ of Corti in an animal model
of sensorineural hearing loss
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1. Abstract
The administration of neurotrophic factors (NFs) represents a new promising therapeutic
approach for sensorineural hearing loss and several in vivo studies already showed that NFs
are effective in the neuroprotection of spiral ganglion cells (SGCs) of the cochlea. However,
little is known about the protection of the organ of Corti by NFs. Here, we investigated the
effects of recombinant human nerve growth factor NGF (rhNGF) and recombinant human
brain-derived neurotrophic factor BDNF (rhBDNF) on hair cells (HCs) and supporting cells
(SCs) of the organ of Corti in a model of sensorineural hearing loss. Adult albino guinea pigs
were ototoxically deafened by furosemide- kanamycin administration, and two weeks after
deafening the right cochleas of the animals were treated with gelatin sponge (gelfoam) soaked
in rhNGF or rhBDNF, while the left cochleas were used as internal negative control. Four
weeks after treatment, animals were euthanized and the cochleas processed for histological
analysis. The HCs and the SCs of the organ of Corti were counted on all cochlear locations,
from base to apex, of midmodiolar sections. The number of HCs and SCs was similar between
treated and untreated ears. However, the rhBDNF-treated cochleas showed a small decrease
in the number of outer hair cells (OHCs). Moreover, the survival of SGCs was not correlated
with SC counts.

which was similar between rhNGF treated and contralateral ears, but

significantly higher in the basal turns of rhBDNF-treated ears compared to the untreated
contralateral ears. Taken together, the data of this study show that rhNGF and rhBDNF did not
improve the survival of SCs after cochlear ototoxic damage. Moreover, the number of SCs did
not represent a determinant factor for SGC survival, and therefore the positive effects on the
SGC packing density by rhBDNF administration leads one to consider a direct targeting of
SGCs by the neurotrophin. However, additional studies on the molecular and functional
aspects of the remaining supporting cells, as well as a more detailed time course analysis,
could allow to better understand the most specific mechanisms underlying the crosstalk
between the sensory epithelium, the SGCs and neurotrophic factors.
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2. Introduction
The organ of Corti is the organ responsible for the auditory function and it is a complex
epithelium constituted by several cell types located in the scala media of the cochlea. The
mechanosensory hair cells (HCs) of the Organ of Corti allow the conversion of sound-induced
vibrations into electrochemical signals [1]. They are organized in three rows of outer HCs
(OHCs) and one row of inner HCs (IHCs), surrounded by non-sensory supporting cells (SCs),
that have a major role in the maintenance of structural and functional properties of the
sensory epithelium [1–3]. Five different types of SCs, organized in rows along the Organ of
Corti, have been identified based on morphological, functional and expression patterns
differences: (1) Hensen’s cells, (2) Deiters’ cells, (3) pillar cells, (4) inner phalangeal cells,
and (5) border cells [2]. The structure and function of HCs and SCs vary significantly from
base to apex in the cochlea [4], in accordance with the tonotopic organization of the cochlea,
with the base responsible for transduction of high frequencies and the apex for that of low
frequencies [5].
Unfortunately, the exposure to several damaging stimuli, such as ototoxic drugs, noise,
genetic predisposition and aging, can induce degeneration of the Organ of Corti, leading to
irreversible deafness [6]. Hearing loss represents the fourth cause of disability in the world
according to the Global Burden of Disease Study, and the number of affected patients is
expected to increase in the next years [7,8]. In particular, in sensorineural hearing loss the
mechanosensory HCs are often the primary cells to degenerate, and their death is followed by
progressive degeneration of afferent spiral ganglion cells (SGCs), a potential problem for the
beneficial outcome of cochlear implants [9–11]. For instance, a significant correlation
between the SGCs survival and the performance of cochlear implants has been previously
demonstrated [12]. Recently, more attention has also been placed on the role of SCs in the
Organ of Corti in pathological conditions, since the death of HCs is also accompanied by
prominent structural alterations of the Organ of Corti involving the SCs, and resulting in their
degeneration as well [13–15]. In the most advanced stages of the degeneration process, the
Organ of Corti is then replaced by squamous and cuboidal cells, which constitute a “flat
epithelium” [14]. It has been suggested that the remaining non-sensory cells in the deaf
cochleas could be used for enhancing nerve survival and function, improving the beneficial
effects of cochlear implants. For instance, these cells may be engineered in order to express
survival and growth factors to prevent SGCs death [16,17] or to induce the regeneration of
hair cells, as occurs in some animal species [18]. On this basis, the protection of the SCs in
addition to that of the sensory cells, represents a challenging objective to be achieved for
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therapeutic purposes. Nevertheless, to date effective treatments to prevent Organ of Corti’s
cell death or to restore its cells after degeneration, are not available and there is an increasing
interest in the development of new therapies. Among these, the administration of
neurotrophic factors (NFs) represents a new promising therapeutic approach and several in
vivo studies already showed that the nerve growth factor (NGF) and the brain-derived
neurotrophic factor (BDNF) are effective in the neuroprotection of SGCs [19]. Conversely,
little is known about the protection of the Organ of Corti by neurotrophins, and the
identification of NF receptors in both HCs and SCs [20,21] supports the possibility to develop
targeted NFs-based therapies for the Organ of Corti.
On this basis, here we investigated the effects of recombinant human NGF (rhNGF) and
recombinant human BDNF (rhBDNF) on HCs and SCs of the Organ of Corti in a model of
kanamycin- and furosemide-induced severe hearing loss. We also compared the number of
SCs with the survival of SGCs, in order to understand whether SCs protect SGCs even in
absence of HCs.
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3. Methods
3.1.

Animals and Experimental Design

The present study was conducted on cochleas derived from previous studies conducted in the
UMC Utrecht, including one published [22]. Young adult albino guinea pigs (Dunkin Hartley;
Envigo, Horst, the Netherlands) were kept under standard housing conditions throughout the
experiment (food and water ad libitum; lights on between 7:00 a.m. and 7:00 p.m.;
temperature 21°C; humidity 60%). Animals were ototoxically deafened

and two weeks

thereafter the right cochleas were treated with gelatin sponge (gelfoam) soaked in rhNGF or
rhBDNF, while the left cochleas were used as internal negative control. Four weeks after
treatment, animals were euthanized and the cochleas processed for histological analysis.
Normal-hearing (NH) animals were used as reference of number of SCs. An overview of the
timeline and experimental groups involved in the study is reported in Figure 1.

Figure 1. Schematic illustration of the experimental groups. The study was conducted on 3 groups
of guinea pigs: (1) rhBDNF-treated and (2) rhNGF-treated animals, who received the treatment in the
right ears, while the contralateral left ear was used as internal negative control; (3) normal hearing
(NH) animals who did not receive any deafening or treatment procedure were used as baseline.

3.2.

Deafening procedure and treatment administration

Surgical techniques and experimental procedures for both deafening and treatment
administration were conducted according to previously published protocols [22]. In short,
anesthesia for both procedures was induced with 40 mg/kg ketamine i.m. (Narketan;
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Vetoquinol B.V., Breda, the Netherlands) and 0.25 mg/kg dexmedetomidine i.m. (Dexdomitor;
Vetoquinol B.V.). Prior to the deafening procedure, normal hearing was verified with clickevoked auditory brainstem responses (ABRs). When normal hearing was confirmed,
deafening was performed by systemic delivery of 400 mg/kg kanamycin subcutaneously
(Sigma-Aldrich, St. Louis, MO, USA) and 100 mg/kg furosemide i.v. (Centrafarm, Etten-Leur,
the Netherlands). Two weeks after deafening the animals were again anesthetized in order to
confirm successful deafening through ABR recordings, and for the administration of the NFs
to the right cochleas. The right bulla was exposed via retro-auricular approach. A small hole
was drilled into the bulla to visualize the cochlear basal turn and round window niche. A ~1
mm3 piece of gelatin sponge (Spongostan Dental; Ethicon, Somerville, NJ, USA) soaked in
rhNGF (0.86 mg/ml; Dompé Pharmaceutici, Milan, Italy) or rhBDNF (6.67 mg/ml; PeproTech,
Rocky Hill, NJ, USA) was placed into the round window niche, touching the perforated roundwindow membrane. The animals received non-ototoxic antibiotic enrofloxacin (Baytril; Bayer
AG, Leverkusen, Germany; 5 mg/kg) and carprofen (Carporal; AST Farma, Oudewater, the
Netherlands; 4 mg/kg) at the end of each surgery. Four weeks after treatment administration
the animals were euthanized and the cochleas collected for subsequent analysis.
3.3.

Tissue processing and histology

For histological analysis, the cochleas were fixed by an intra-labyrinthine infusion with a
fixative solution containing 3% glutaraldehyde, 2% formaldehyde, 1% acrolein and 2.5%
dimethyl sulfoxide (DMSO) in a 0.08 M sodium cacodylate buffer. The cochleas were then
decalcified, post-fixated and embedded in Spurr’s low-viscosity resin. Staining was performed
using 1% methylene blue, 1% azur B and 1% borax in distilled water. The cochleas were
subsequently divided into two halves along a standardized midmodiolar plane, then reembedded in fresh resin, and cut to obtain semithin (1 μm) sections. More details about this
procedure are reported in Kroon et al., 2017 [23]. The images were acquired by using a Leica
DC300F digital camera mounted on a Leica DMRA light microscope with a 40x oil immersion
objective (Leica Microsystems GmbH, Wetzlar, Germany).
3.4.

Cell count analysis

Assessment of cell survival was conducted on the acquired images of the Organ of Corti from
basal to apical turns and in the helicotrema (H): B1, B2, M1, M2, A1, A2, A3, H (Figure 2). B2
was excluded from statistical analysis because the organ of Corti was often missing due to
technical processing of the cochlear sections. In addition to HCs, five types of supporting cells
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were counted: Hensen’s, Deiters’, border, pillar, and inner phalangeal. In order to create a
standardized method for cell counting, specific criteria, based on morphological aspects of the
cells, were set up and used to include or exclude the cells from the analysis, as reported in
Table 1. The average number of cells for each cytotype determined in NH guinea pigs was
used to normalize the cell count, and data were therefore expressed as % of NH. Specific SC
number of NH animals for each cochlear location is reported in paragraph 3.5.
Cell count results of SCs were correlated with SGC packing density of the same animal for each
turn. SGC data were obtained from previous analysis [22].

Figure 2. Representative cochlear cross-section. The image is representative of a cochlear
midmodiolar section in which all the cochlear locations have been indicated by appropriate lettering:
B1, B2, M1, M2, A1, A2, A3, H. The image has been modified from Vink et al., 2020 [22].
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Cytotype

Criteria for counting

Inclusion criteria

IHC

1)
Presence of the cuticular plate;
2)
Nucleus at appropriate position;
3)
Evident IHC cell edges at the expected
position.

Cells included as IHC
comply with point 1
and at least one of
point 2 and 3.

OHC

1)
Presence of the cuticular plate;
2)
Nucleus at appropriate position;
3)
Evident OHC cell edges at the expected
OHC position.

Cells included as OHC
comply with point 1
and at least one of
point 2 and 3.

Deiters’

1)
2)
3)

Pillar

Evident cell edges;
Contact with the basilar membrane;
If visible, appropriate nucleus position

Cells included as
Deiters’ cells comply
at least with points 1
and 2.
1)
Presence of a triangular cell shape in Cells included as
contact with the basilar membrane;
Pillar comply with
2)
Presence of extensions that widen in one of the counting
the superior part of the Organ of Corti.
criteria.

Phalangeal

1)
Evident morphological cell edges;
2)
Position immediately under the IHC or
along the IHC side close to Pillar cells;
3)
Presence of peculiar white spots;
4)
If visible, appropriate nucleus position.

Cells included as
Phalangeal
comply
with at least point 1
and 2.

Border

1)
Evident morphological cell edges;
2)
Cell counting starts from cells in contact
with IHC to the inner sulcus cells (identified as
bigger, cuboid and often white cells);
3)
If visible, appropriate nucleus position.

Cells included as
Border cells comply
with at least point 1
and 2.

Hensen’s

1)
2)
3)

Cells included as
Hensen’s comply with
at least point 1 or 2.

Evident morphological cell edges;
Presence of a nucleus;
If visible, presence of vacuoles.

Table 1. Criteria for the identification of specific sensory and non-sensory cells of the Organ of
Corti. For each cell type, morphological aspects for their identification were determined and used to
perform the cell count along the cochlear turns.

3.5.

Determination of normalization factors

As a first step of the study, we focused on NH guinea pig cochleas and analyzed the number of
SCs for each cochlear turn in order to set up the normalization numbers to be used for the
other analysis. To better identify the cell types present in the Organ of Corti, a color coding
cell signature was performed on the images to highlight the cell edges (Figure 3A,B,C). HCs
were included in the analysis. SCs number did not differ between the cochlear turns for pillar,
Deiters’ and phalangeal cells. Small differences were found in the number of border cells that
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did not vary between the cochlear locations (not shown). On this basis, the normalization
values were the same for each cochlear turn: pillar (2 cells/turn=100%), Deiters’ (3
cells/turn=100%), phalangeal (1 cell/turn=100%), border (3 cells/turn=100%). Conversely,
Hensen’s cell number increased from base to apex (Figure 3D). On this basis, different
normalization factors were set up for Hensen’s cells depending on the turn considered based
on the average number obtained from NH cochleas: B1,B2:3cells/turn=100%; M1,M2:4
cells/turn=100%; A1:5 cells/turn=100%; A2,A3,H:6 cells/turn=100%. The increase of
Hensen’s cell number towards the apex was accompanied by a change in morphology, with
the apical Hensen’s cells rich in lipid droplets (Figure 3 C, black arrows), as also reported in
the literature [24].
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Figure 3. The Organ of Corti in Normal Hearing guinea pigs. Representative images of a (A) B2, (B)
M1 and (C) A2 turn from a NH guinea pig cochlea. Hair cells and supporting cells were identified by
using the color coding reported in the black frame: Inner Hair Cells (red), Outer Hair Cells (blue),
Deiters’ (green), pillar (yellow), phalangeal (black), border (orange) and Hensen’s (pink). The black
arrows indicate the vacuoles present in the hensen’s cells of the apical turn. (D) Hensen’s cell count
along the cochlear turns of NH guinea pigs shows an increase from base to apex.
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3.6.

Statistical analysis

For statistical analysis of cell count in the Organ of Corti, non-parametric statistical tests were
applied, that are the Mann Whitney and Wilcoxon tests. The Student’s t-test was performed
for the analysis of SGC packing density. The statistical analysis was conducted by using the
SigmaPlot 12.0 software. Data are shown as mean ± SE.

98

4. Results
4.1.

Analysis of rhNGF-treated animals

We proceeded by analyzing the rhNGF-treated animals. At 6 weeks after deafening, the organ
of Corti appeared clearly damaged in both treated and untreated animals (Figure 4). A more
severe degeneration was observed in the basal turns compared to the apical ones, which is in
agreement with the literature [9].
A first analysis on the sensory hair cells (Figure 5) revealed that the number of cells was not
different between treated and untreated ears in each turn for both OHC (Figure 5A) and IHC
(Figure 5C). We also analyzed the total number of HCs over all cochlear locations for
individual animals (Figure 5B,D). The data distribution observed in the scatter plot graphs
shows that no differences in the number of OHC (Figure 5B) and IHC (Figure 5D) existed
between treated right ear and untreated left ear within individual animals. Figure 4E shows
representative images of the organ of Corti of treated and untreated ears, in which OHC and
IHC were highlighted in blue and red respectively.
Also the number of SCs did not differ between treated and untreated ears in each cochlear
turn for Deiters’ (Figure 6A), phalangeal (Figure 6C), pillar (Figure 6E), border (Figure 6G)
and Hensen’s cells (Figure 6I). The same trend was confirmed when comparing the total
number of each SC type for individual animals (Figure 6B, D, F, H, L).
As observed for the degree of damage observed in the Organ of Corti, the SGC packing density
was similar between treated and untreated ears in basal, middle and apical turns. SGC packing
density plotted against the total number of SCs (Figure 7), showed no correlation between the
two parameters either considering the average number of the experimental groups (Figure
7A) and the cochleas of individual animals (Figure 7B, C, D, E).
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Figure 4. Representative images of the Organ of Corti from rhNGF-treated animals. Microscope
picture are representative of the Organ of Corti of untreated (left) and rhNGF-treated cochleas (right)
over all cochlear locations: B1, B2, M1, M2, A1, A2, A3, H. Hair cells and supporting cells were
identified by using the color coding reported in the black frame: Inner Hair Cells (red), Outer Hair Cells
(blue), Deiters’ (green), pillar (yellow), phalangeal (black), border (orange) and Hensen’s (pink).
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Figure 5. Cell count of sensory cells in the Organ of Corti of rhNGF-treated animals. (A,B) Cell
count of Outer Hair cells (OHC) and (C,D) Inner Hair cells (IHC). (A, C) Cell count of OHC and IHC
respectively for each cochlear turn of rhNGF-treated and untreated ears; graphs are shown as mean ±
SE (rhNGF: B1:n=8, B2:n=2, M1-H:n=9; UNTREATED: B1, M1-H:n=10, B2:n=3). (B, D) Scatter plot
showing the number of OHC and IHC respectively of untreated versus treated cochleas of individual
animals (n=8). Data are expressed as % of NH (100%). (E) Representative images of the Organ of Corti
of A1 location in treated and untreated cochleas; OHC and IHC are highlighted in blue and red
respectively.
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Figure 6. Cell count of non-sensory cells in the Organ of Corti of rhNGF-treated animals. Cell
count of (A,B) deiters’, (C,D) phalangeal, (E,F) pillar, (G,H) border, and (I,L) hensen’s cells. (A, C, E, G, I)
Cell count of each SC type for each cochlear turn of rhNGF-treated and untreated ears; graphs are
shown as mean ± SE (rhNGF: B1:n=8, B2:n=3, M1-H:n=9; UNTREATED: B1, M1-H:n=10, B2:n=3-5).
Statistical analysis: Mann-Whitney test. (B, D, F, H, I) Scatter plot showing the total number of SCs of
untreated versus treated cochleas of individual animals (n=8). Data are expressed as % of NH (100%).
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Figure 7. Correlation between SGC packing density and SCs number of rhNGF-treated animals.
(A) Correlation between the Spiral Ganglion cells (SGC) packing density and the total number of
Supporting Cells in basal, middle and apical turns of rhNGF-treated and untreated cochleas averaged
by treatment group. The graph is expressed as mean ± SE. (B,C,D,E) Scatter plot correlating SGC
packing density and SCs number for individual animals comparing the treated and untreated ears.
(SGC packing density rhNGF and UNTREATED n=10; Supporting cells 6WD n=10 (B and M), n=9 (A and
all turns); Supporting cells rhNGF n=8). Basal turn: B1 (B2 was excluded because the Organ of Corti of
that location was often missing); Middle turns: M1, M2; Apical turns: A1, A2, A3; Total: B1, M1, M2, A1,
A2, A3.
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4.2.

Analysis of rhBDNF-treated animals

As observed in rhNGF-treated animals, also the rhBDNF-treated ones displayed evident signs
of degeneration in both treated and untreated cochleas. Figure 7 shows some representative
images of the Organ of Corti from treated and untreated ears for each cochlear location.
Cell count of OHC revealed that the rhBDNF-treated group presented fewer cells at A3
location compared to the untreated one, with a statistically significant difference (p=0.041)
(Figure 8A). The difference in OHC number was even more evident in the scatter plot obtained
comparing the total number of OHC over all cochlear locations for individual animals (Figure
8B). Accordingly, the overall difference of OHC number between treated and untreated ears
of individual animals was statistically significant (p=0.019). Conversely, the IHC number
averaged by experimental group did not vary between treated and untreated ears for each
cochlear turn (Figure 8C). Similarly, no differences were found between treated and untreated
cochleas of individual animals considering the total number of IHC over all cochlear locations
(Figure 8D).
The analysis of SCs (Figure 9) demonstrated very similar cell numbers for each supporting
cell type for all the cochlear turns (Figure 9A, C, E, G, I). Similarly, the comparison of total cell
number between treated and untreated cochleas of individual animals was not different for all
the supporting cell types, except for the Hensen’s cells, which resulted to be increased in the
untreated ears compared to the contralateral treated ones (Figure 9B, D, F, H, L).
Finally, we correlated the SGC packing density with the total number of SCs, considering the
total amount derived from the sum of all the SC types (Figure 10). The rhBDNF-treated group
showed a significantly increased SGC packing density in the basal turns compared to the
untreated group (p<0.001) (Figure 10 A) as previously reported [22]. Conversely, the SGC
packing density was similar between treated and untreated ears in the middle and apical
turns (Figure 10 A). Moreover, this data was not associated with any differences in the total
SC number, that instead was similar between treated and untreated ears in the basal, middle
and apical turns (Figure 10 A). Likewise, SGC packing density plotted against the total number
of SCs of individual animals, showed no correlation between the two parameters (Figure 10 B,
C, D, E).
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Figure 7. Representative images of the Organ of Corti from rhBDNF-treated animals. Microscope
picture are representative of the Organ of Corti of untreated (left) and rhBDNF-treated cochleas (right)
of all cochlear locations: B1, B2, M1, M2, A1, A2, A3, H. Hair cells and supporting cells were identified
by using the color coding reported in the black frame: Inner Hair Cells (red), Outer Hair Cells (blue),
Deiters’ (green), pillar (yellow), phalangeal (black), border (orange) and Hensen’s (pink).
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Figure 8. Cell count of sensory cells in the Organ of Corti of rhBDNF-treated animals. (A,B) Cell
count of Outer Hair cells (OHC) and (C,D) Inner Hair cells (IHC). (A, C) Cell count of OHC and IHC
respectively for each cochlear turn of rhBDNF-treated and untreated ears; graphs are shown as mean
± SE (n=11). (B, D) Scatter plot showing the number of OHC and IHC respectively of untreated versus
treated cochleas of individual animals; statistical analysis: Wilcoxon test (n=11). Data are expressed as
% of NH (100%). (E) Representative images of the Organ of Corti of A3 location in treated and
untreated cochleas; OHC and IHC are highlighted in blue and red respectively.
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Figure 9. Cell count of non-sensory cells in the Organ of Corti of rhBDNF-treated animals. Cell
count of (A,B) deiters’, (C,D) phalangeal, (E,F) pillar, (G,H) border, and (I,L) hensen’s cells. (A, C, E, G, I)
Cell count of each SC type for each cochlear turn of rhBDNF-treated and untreated ears; graphs are
shown as mean ± SE (n=11). (B, D, F, H, I) Scatter plot showing the total number of SCs of untreated
versus treated cochleas of individual animals (n=11). Data are expressed as % of NH (100%).
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Figure 10. Correlation between SGC packing density and SCs number of rhBDNF-treated
animals. (A) Correlation between the Spiral Ganglion cells (SGC) packing density and the total number
of Supporting Cells in basal, middle and apical turns of rhBDNF-treated and untreated cochleas
averaged by treatment group. The graph is expressed as mean ± SE (SGC packing density: n=12; Total
number of supporting cells: n=11). Statistical analysis refers to SGC packing density; statistical test:
Student’s t-test, *** p<0.001. (B,C,D,E) Scatter plot correlating SGC packing density and SCs number for
individual animals comparing the treated and untreated ears (n=11). Basal turn: B1 (B2 was excluded
because the Organ of Corti of that location was often missing); Middle turns: M1, M2; Apical turns: A1, A2,
A3; Total: B1, M1, M2, A1, A2, A3.
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5. Discussion
Neurotrophic factors (NFs) are a family of proteins, which have been demonstrated to have an
essential role in the development, survival, plasticity and protection of the peripheral and
central nervous system [25]. Among these, the neurotrophins form a subclass of NFs and
include: nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin3 (NT-3) and neurotrophin-4/5 (NT-4/5; also called neurotrophin-4 or NT-4) [26]. BDNF is
the most abundant neurotrophin of the brain and is essential for ear development and
survival [27,28]. Conversely, NGF is not required for the development of the inner ear, but
plays a major role in the mature cochlea [29–31]. BDNF administration resulted to be effective
in preventing SGCs death following hair cells degeneration in vivo [32–36]. Conversely, the
therapeutic efficacy of NGF in the treatment of hearing loss has been only sparsely
investigated compared to BDNF [37,38].
In the present study, we investigated the effects of rhNGF and rhBDNF on the different
cytotypes of the organ of Corti in ototoxically deafened guinea pigs. Our analysis was mainly
focused on the cell number of both sensory and non-sensory cells and did not take into
account any functional aspects of those cells. The findings of our study seem to indicate that
rhNGF and rhBDNF do not protect the HCs and SCs from degeneration after ototoxic trauma.
However, some considerations regarding this result are in order. First, the treatment was
administered two weeks after damage induction. In principle, the experiment was designed
with the aim of investigating the protective effects of the neurotrophic factors on SGCs [20],
which degenerate as a consequence of HCs death. For this reason, the treatment was
administered when a high degree of damage had already occurred in the organ of Corti. It is
therefore possible that the effects of the treatments may not be appreciable in these
experimental conditions, although the organ of Corti was not completely degenerated and a
sufficient number of HCs and SCs was still detectable. Nonetheless, a previous study from
Shoji and colleagues demonstrated that BDNF administered through osmotic pump was not
able to prevent OHC degeneration in noise-induced deafened guinea pigs even when the
treatment started 4 days before damage and continued until one week after [39]. Likewise,
BDNF administered through osmotic pump was not effective in protecting HCs in guinea pigs
deafened by kenamycin [40]. Our data, together with the literature, suggest that BDNF is likely
not effective in protecting the organ of Corti. However, in our experimental design we did not
consider any other intermediate time points that would allow to have a wider overview of
degeneration processes and the possible protective effects by both NFs.
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An interesting result is related to the small decrease of OHC number in the BDNF-treated ears.
This data could be associated with surgical trauma due to BDNF administration and/or
electrode array insertion [22], however there is apparently no clear explanation for this
evidence since the same interventions were performed in the NGF experiments. Nevertheless,
the SGC packing density was significantly increased in the basal turns of BDNF-treated ears.
Note that OHCs are unlikely to protect SGCs which for about 95% innervate IHCs, and
therefore SGC survival is not related to OHC survival [23,41]. Unlike BDNF, NGF did not
enable a preservation of the SGC packing density. A direct comparison with the BDNF-treated
animals cannot be made due to the different concentrations used for NGF (0.86 mg/ml) and
BDNF (6.67 mg/ml), that could importantly affect the result of the study. Nevertheless, for
both treatments the number of SCs did not represent a determinant factor for SGC survival.
Therefore, the positive effects on the SGC packing density associated with rhBDNF
administration leads one to consider a direct targeting of SGCs by the neurotrophin. Another
hypothesis is that the treatment could allow a preservation of the function of surviving
supporting cells, for instance promoting the secretion of additional growth and survival
factors, that in turn could influence the health of SGCs. Additional studies on the molecular
and functional aspects of the remaining supporting cells, as well as a more detailed time
course analysis, could allow a deeper understanding of the most specific mechanisms
underlying the crosstalk between the sensory epithelium, the SGCs and neurotrophic factors.
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CHAPTER 4
BDNF-induced mTOR modifications in the organ of Corti
of ototoxically deafened guinea pigs
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1. Abstract
The mammalian target of rapamycin (mTOR) signaling plays a critical role in cell homeostasis,
and is implicated in cell growth and survival. In the present study, we investigated whether a
modulation of the mTOR signaling was induced by brain-derived neurotrophic factor (BDNF)
in the organ of Corti of guinea pigs undergoing ototoxic deafening procedure. Animals were
ototoxically deafened by systemic administration of furosemide-kanamycin, and one week
after deafening the right cochleas of the animals were treated with gelatin sponge (gelfoam)
soaked in rhBDNF, while the left cochleas were used as negative control. Twenty-four hours
after treatment, animals were euthanized and the cochleas processed for subsequent analysis.
Western blot technique was used to quantify the protein levels of AKT, pAKT (Thr308),
mTOR, pmTOR and PTEN, and the same markers were localized through immunofluorescence
on cochlear cryosections and acquired through confocal microscopy. We did not find a
modulation of AKT, pAKT and PTEN protein levels, suggesting that the mTORC1 is not
involved. Conversely, mTOR and pmTOR showed a general increase in the BDNF-treated
Organs of Corti as shown by immunofluorescence and western blot techniques respectively.
These findings suggest that a brief exposure to BDNF is able to modulate the mTOR signaling
in the organ of Corti of deaf animals, and could potentially act to induce cell survival and
synaptic plasticity.
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2. Introduction
Brain-derived neurotrophic factor (BDNF) is a neurotrophin, which plays a pivotal role in the
development of the cochlea [1] and its maintenance in the post-natal ear [2]. BDNF binds to
the p75 neurotrophin receptor (p75NTR), that is the receptor shared between all
neurotrophins, but also has a second more specific receptor belonging to the tropomyosinrelated kinase (Trk) family, that is the TrkB [3,4]. In the cochlea, the BDNF receptors are
expressed on sensory and non-sensory cells of the organ of Corti, as well as on the spiral
ganglion cells (SGCs)[4,5]. It has been demonstrated that BDNF is particularly important for
the survival of SGCs, and accordingly several in vivo studies demonstrated that BDNF
administration positively prevented SGCs from degeneration following that of the sensory
hair cells (HCs) located in the organ of Corti [6–11]. Conversely, few studies focused on the
effects of BDNF in the protection of the Organ of Corti [12,13].
In recent years, particular attention has also been placed on the molecular mechanisms
underlying sound perception and degenerative diseases of the cochlea [14–16]. Important
findings deriving from those studies highlight the possibility to develop targeted therapies,
based on selective gene regulatory networks. Additionally, the investigation of the molecular
basis underlying the diseases and treatments could allow to have a wider overview of the
degenerative/protective mechanisms.
Likewise, more attention has also been placed on the downstream signalings occurring upon
BDNF interaction with TrkB. The results derived from those studies identified interesting
pathways that may serve as therapeutic targets in several diseases of the nervous system in
the years to come. Among these, it has been demonstrated that BDNF may activate the
mammalian target of rapamycin (mTOR), thereby preventing neuronal death [17].
mTOR is a protein kinase, which is involved in the activation or repression of multiple cell
functions, including cell growth, survival, synaptic plasticity, autophagy. [18]. Specifically,
mTOR is the central component of two major protein complexes, mTORC1 and mTORC2
[19,20]. The major function of mTORC1 is the regulation of translation, but it is also involved
in the regulation of the activity of phosphatases, such as the protein phosphatase 2A (PP2A),
[20] and of the autophagic flux [21]. mTORC2, instead, has different targets compared to
mTORC1, and is involved in several functions including cytoskeleton remodeling, cell survival
and migration [19]. Compared to mTORC2, the mTORC1 upstream pathway has been better
characterized. Specifically, upon different kinds of stimuli, including the exposure to growth
factors, the phosphatidylinositide 3 kinase (PI3K) is activated and initiates a phosphorylation
cascade which involves the AKT protein, also known as Protein Kinase B. AKT
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phosphorylation at Threonine 308 in turn induces the activation of the mTORC1 complex. The
cascade may be inhibited by the Phosphatase And Tensin Homolog (PTEN), that acts as a
phosphatase and blocks the PI3K/AKT activation axis [20].
Contradicting data indicate that either activation or inhibition of the mTOR signaling could be
involved in the degeneration or protection of the Organ of Corti [22–24]. Intriguingly, a recent
study also showed that the mTOR signaling could play a major role in the regeneration of the
hair cells in the mammalian cochlea [25]. Therefore, the mTOR signaling represents an
interesting target for therapeutic purposes, but its specific role in physiological and
pathological conditions of the cochlea still needs to be elucidated. In this context, to date the
mTOR signaling has never been investigated in the cochlea in relationship to stimulation with
exogenous BDNF.
In order to increase the knowledge in the field, in the present study we investigated whether a
modulation of the mTOR signaling occurred in ototoxically deafened and BDNF-treated
cochleas in vivo.

118

3. Methods
3.1.

Animals and experimental design

Eighteen young adult female albino guinea pigs (Dunkin Hartley; Envigo, Horst, the
Netherlands) were kept under standard housing conditions throughout the experiment (food
and water ad libitum; lights on between 7:00 a.m. and 7:00 p.m.; temperature 21°C; humidity
60%). All experimental procedures were approved by the Dutch Central Authority for
Scientific Procedures on Animals (CCD: 1150020174315).
Six normal-hearing (NH) guinea pigs without any deafening or treatment procedure were
used as healthy control group. Twelve guinea pigs underwent deafening procedure and in
each of these animals the right ear was treated with rhBDNF 7 days after the damage
induction, while the other ear was used as internal negative control without receiving any
treatments. One day thereafter, i.e., eight days after deafening, the animals were euthanized
and the cochleas collected for subsequent molecular (10 animals for the deafened group; 5
animals for the NH group) and morphological analysis (2 animals for the deafened group 1; 1
animal for the NH group).
A schematic illustration of the experimental conditions is shown in Figure 1.

Figure 1. Schematic Illustration of the experimental design. Group 1 of young adult female albino
guinea pigs underwent deafening procedure; the right ear was treated after 7 days from the injury,
while the left ear was left untreated; the animals were euthanized 8 days from deafening induction.
Group 2 is formed by Normal Hearing (NH) young adult female albino guinea pigs.

3.2.

Deafening procedure, BDNF administration and extraction of the cochlea
Surgical techniques and experimental procedures for both deafening and BDNF

administration were identical to previously reported procedures [26]. In short, anesthesia for
both procedures was induced with 40 mg/kg ketamine i.m. (Narketan; Vetoquinol B.V., Breda,
the Netherlands) and 0.25 mg/kg dexmedetomidine i.m. (Dexdomitor; Vetoquinol B.V.). Prior
to the deafening surgery, normal hearing was verified with click-evoked auditory brainstem
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responses (ABRs). When normal hearing was confirmed, deafening was performed by
systemic delivery of 400 mg/kg kanamycin subcutaneously (Sigma-Aldrich, St. Louis, MO,
USA) and 100 mg/kg furosemide i.v. (Centrafarm, Etten-Leur, the Netherlands). One week
after deafening the animals were again anesthetized. Successful deafening was confirmed
with ABR recordings (ABR threshold shifts for all animals was ≥57 dB), after which the right
bulla was exposed via retro-auricular approach. A small hole was drilled into the bulla to
visualize the cochlear basal turn and round window niche. A ~1 mm3 piece of gelatin sponge
(Spongostan Dental; Ethicon, Somerville, NJ, USA) soaked in 3 µL BDNF solution (PeproTech,
London, UK; 3.33 µg/µL) was placed into the round window niche, touching the perforated
round-window membrane. The animals received non-ototoxic antibiotic enrofloxacin (Baytril;
Bayer AG, Leverkusen, Germany; 5 mg/kg) and carprofen (Carporal; AST Farma, Oudewater,
the Netherlands; 4 mg/kg) at the end of each surgery.
Approximately 24 hours after the placement of the BDNF-soaked gelatin sponge, the
animals were sacrificed by intraperitoneal injection of an overdose of pentobarbital
(Euthanimal 20%; Alfasan B.V., Woerden, the Netherlands). Both cochleas were harvested and
stored at -80 °C.
3.3.

Protein extraction

After thawing, the bony wall of the cochlea was removed and the basilar membrane,
containing the Organ of Corti, and the modiolus dissected out. The basilar membrane was cut
into separate turns, the modiolus was removed and the remaining parts of the turns of the
basilar membrane were collected and stored at -80ºC.
Each sample was obtained from a pool of two Organs of Corti in order to have enough protein
quantity for subsequent analysis. Samples were homogenized on ice in a lysis buffer
composed as follows: 50 mM Tris.Cl pH 7.8, 1% Triton X100, 0.1% SDS, 250 mM NaCl, 5 mM
EDTA, Inhibitors of proteases and phosphatases inhibitor 100X (Thermo Fisher Scientific,
Waltham, MA, USA, #1861281). After homogenization the samples were kept in ice for 20
minutes and then centrifuged at 14000 rpm in a refrigerated centrifuge (4°C). The soluble
phase containing the proteins was recovered and stored at -80°C for the subsequent analysis.
Protein concentration was quantified by using the Bradford assay (Bio-Rad Laboratories,
Milan, Italy).
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3.4.

Western Blot

33 μg of total protein extracts were run on a Bolt 4–12% Bis-Tris Plus (Thermo Fisher
Scientific, Waltham, MA, USA) at 200 V for 20 min. The proteins were transferred to a
Polyvinylidene fluoride (PVDF) membrane (Millipore, Milan, Italy) through the iBlot 2 Dry
Blotting System (Invitrogen IB21001). Membranes were blocked with 5% of blotting grade
milk in Tris-Buffered Saline containing 0.1% Tween20 (TBST) for 1h at room temperature
(R.T.). Specific proteins were detected with primary antibodies (Table 1) diluted in 5% nonfat dry milk in TBST or in 5% Bovine Serum Albumine (BSA) in TBST (for detection of
phosphorylated proteins). Secondary antibodies were anti-rabbit or anti-mouse (depending
on the primary antibody) Horseradish Peroxidase (HRP)-conjugated mixture (Bio-Rad
Laboratories, Milan, Italy) diluted 1:2000 in TBST containing 5% non-fat milk or 5% BSA. The
membranes were developed with SuperSignal West Pico chemiluminescent substrate
(Thermo Fisher Scientific Inc., Rockford, IL, USA). The protein bands were detected using a
BioRad ChemiDoc XRS-plus imaging system (Bio-Rad Laboratories, Milan, Italy).
Densitometric analysis was conducted by using the ImageJ software (U.S. National Institutes
of Health, Bethesda, MD, USA) and the amount of proteins was normalized versus the
housekeeping protein (GAPDH). Data are reported as relative fold change with samples
normalized to control (NH group), which was set to 1.
Antibody

Company

Catalogue

MW(kDa)

number
anti-mTOR

Rockland

#600-401-897

250

anti-pmTOR

Rockland

#600-401-422

250

anti-AKT

Cell Signaling

#9272S

60

anti-pAKT (Thr 308)

Cell Signaling

#2965S

60

anti-PTEN

Cell Signaling

#9552S

54

anti-GAPDH

Thermo Fisher

#AM4300

37

Table 1. Primary antibodies used in the study.

3.5.

Cryosections

After euthanizing by intraperitoneal injection of sodium pentobarbital, the cochleas were
removed and the bulla opened. Intralabyrinthine fixation with 2% paraformaldehyde (Merck:
1.04005.1000) in 0.1M cacodylate (Sigma: C0250) buffer of the cochlea was performed
through an opening in the apex and puncture of the round and oval window. Prolonged
storage was in the same fixative at 4ºC. Next, the cochleas were decalcified with 10% EDTA
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(Sigma: ED2SS) in aqua dest for at least 7 days at room temperature under constant agitation.
After decalcification, cochleas were infiltrated with graded sucrose (Merck: 1.07653.1000)
solutions in PBS till 30% sucrose, followed by embedding in OCT compound (Sakura Finetek
Europe B.V. Alphen aan den Rijn, the Netherlands) and storage at -80ºC. O.C.T. embedded
cochleas were cryosectioned using a Leica CM1850 cryostat. 14-µm thick midmodiolar
cryosections were collected on Superfrost PLUS coated slides (Thermo Fisher Scientific,
Waltham, MA, USA) for subsequent analysis. Sections containing all the cochlear turns (from
base to helicotrema) were selected to perform immunofluorescence staining.
3.6.

Immunofluorescence staining

Immunofluorescence staining was performed on cochlear cryosections in order to identify the
localization of the factors investigated through western blot technique in the different
cochlear regions and at the cellular level. Specifically, non-specific bindings were blocked with
5% BSA (bovine serum albumin) and 0.1% Triton-x-100 for 1h R.T. Primary antibodies (Table
1) were diluted 1:200 in 1% BSA and 0.1% Triton-X-100 and incubated overnight at 4 °C.
Secondary antibody was anti-rabbit IgG conjugated to green fluorescent dye (Alexa Fluor 488,
Molecular Probes, Invitrogen, Carlsbad, CA, USA) diluted 1:1000 in phosphate buffered saline
(PBS 1X) and incubated at 37°C for 2 h.
All sections were counterstained with nuclear staining Bisbenzimide (Hoechst) and confocal
images were acquired in all cochlear locations (B1, B2, M1, M2, A1, A2, A3, H:helicotrema)
(Figure 2) by setting up the same parameters, using a Leica TCS SP5 confocal microscope. ~22
planes at a distance of 0.5 µm were acquired for the final images. The fluorescence intensity of
all markers was quantified for each cochlear location through ImageJ software, by selecting
the organ of Corti and normalizing the values to the field area.
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Figure 2. Cochlear cryosection and locations. The image is representetative of a midmodiolar
cochlear cryosection stained with bisbenzimide nuclear dye. Each cochlear location is signed by a
different lettering: basal turns (B1, B2), middle turns (M1, M2), apical turns (A1, A2, A3) and
helicotrema (H). The white frame borders the area of the Organ of Corti for B1 turn and is an example
showing the localization of the Organ of Corti in the cochlear turns.

3.7.

Statistical analysis

For western blot, statistical analysis was performed by one-way ANOVA test followed by
Tukey test. First type error was set at 5%. The statistical analysis was conducted using the
SigmaPlot 12.0 software.
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4. Results
4.1.

AKT and pAKT analysis

As a first step of the study, we performed molecular investigations in order to evaluate a
possible modulation of the mTOR signaling in the organ of Corti of the experimental groups
through protein quantification. We focused on AKT, mTOR and PTEN proteins. Importantly,
we also considered the phosphorylated forms of AKT (Thr 308) and mTOR (Ser2448), which
provide more information about the activation state of the signaling.
The first marker that was analyzed was AKT and its phosphorylated form at Threonine 308
(pAKT). We did not find significant differences between the experimental groups considering
the ratio between pAKT and its basal form (pAKT/AKT) (Figure 3A), pAKT and the
housekeeping protein (pAKT/GAPDH) (Figure 3B) and the ratio between AKT and the
housekeeping (AKT/GAPDH) (Figure 3C). The BDNF treated organs of Corti showed a more
similar trend to the NH ones as for AKT/GAPDH expression than the untreated ones (Figure
3C), but the variability between samples did not lead to statistically significant differences.
Figure 3D shows representative western blot bands of pAKT and AKT from the three
experimental groups.
In addition, we analyzed the immunolocalization of AKT and pAKT on cochlear cryosections,
focusing on the organ of Corti. AKT was homogeneously expressed in the organ of Corti of all
cochlear locations in all the experimental groups (Figure 4A). No differences in the signal
intensity were identified between samples, as clearly visible looking at the green signal of the
confocal images (Figure 4A) and confirmed by fluorescence intensity analysis of each cochlear
location for individual samples (Figure 4B).
Localization of pAKT varied in the organ of Corti (Figure 5). The signal was observed in all cell
types of the organ of Corti, but was particularly highly expressed in the apex of pillar cells
(Figure 5 A, B, C). In Figure 5C pillar cells have been highlighted by a yellow outline in order to
show the localization and the expression of pAKT signal in those cells. Intriguingly, during the
scanning of the cryosections, we noticed that the pAKT signal was localized distally to the
apical part of the cell body rather than in the centre, a detail that was often not appreciable
looking at the final confocal acquisition. Therefore, in Figure 5 D we reported the single
acquisitions (every 0.5 µm) of an organ of Corti of a NH cochlea, showing the localization of
the pAKT signal across the cryosection thickness. The same specific localization was observed
in all cochlear locations of all the experimental groups (Figure 6 A). Additionally, we did not
find any differences in the fluorescence intensity of pAKT for all cochlear locations between
groups (Figure 6B).
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Figure 3. Protein quantification of AKT and pAKT (Thr 308). Western blot analysis of pAKT/AKT
(A), pAKT/GAPDH (B) and AKT/GAPDH (C) on Organ of Corti samples of all the experimental groups.
Graphs show the densitometric values for individual samples; each sample is a pool of two organs of
Corti (n=5). (D) Representative western blot bands.
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Figure 4. Immunolocalization and fluorescence intensity of AKT. (A) Representative confocal
images showing the organ of Corti immunolabelled with anti-AKT (green) and counterstained with
bisbenzimide nuclear dye (blue) of all experimental groups and for each cochlear location (from B1 to
H). Scale bar: 50 µm. L: lateral, M: medial. (B) Fluorescence intensity analysis of AKT immunostaining
for 6 cochleas (2 NH, 2 untreated, 2 BDNF treated). The graph shows the signal intensity of each
sample for all cochlear locations (black: NH, red: untreated, green: BDNF-treated). The same symbol
was used to identify the BDNF-treated and contralateral untreated ears within individual animals.
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Figure 5. pAKT immunolocalization in Pillar cells. (A) Representative confocal image of a NH organ
of Corti (A1 location) immunolabeled with anti-pAKT (blue) and counterstained with bisbenzimide
nuclear dye (blue) (L: lateral, M: medial); (B) the same image was acquired with anti-pAKT signal
(green) on a bright-field background to show the structure of the organ of Corti, and (C) the Pillar cells
were delineated in yellow. (D) Serial confocal microscopy images of figure A, showing pAKT signal
(green) every 0.5 µm. Scale bars: 50 µm.
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Figure 6. Immunostaining and fluorescence intensity of pAKT. (A) Representative confocal
images showing the Organ of Corti immunolabelled with anti-pAKT (green) and counterstained with
bisbenzimide nuclear dye (blue) of all experimental groups and for each cochlear location (from B1 to
H). Scale bar: 50 µm. L: lateral, M: medial. (B) Fluorescence intensity analysis of pAKT immunostaining.
The graph shows the signal intensity of each sample for all cochlear locations (black: NH, red:
untreated, green: BDNF-treated). The same symbol was used to identify the BDNF-treated and
untreated ears of individual animals.
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4.2.

mTOR and pmTOR analysis

Subsequently, we quantified the protein amount of pmTOR and mTOR proteins (Figure 7). We
did not find any statistically significant differences between the experimental groups in all the
conditions considered: pmTOR/mTOR (Figure 7 A) (p=0.228), mTOR/GAPDH (Figure 7 B)
(p=0.748) and pmTOR/GAPDH (Figure 7 C) (p=0.336). Nevertheless, the deaf Organs of Corti
of both treated and untreated ears showed an increasing trend of pmTOR levels compared to
the NH group (Figure 7A, C), suggesting a higher activation of the signaling. Figure 7D shows
representative western blot bands of pmTOR and mTOR from the three experimental groups.
Anti-mTOR immunostaining revealed that mTOR was localized in the whole organ of Corti,
and a higher expression was observed in phalangeal, pillar and Deiters’ cells than other
supporting cells or hair cells (Figure 8). The same localization was observed in all the
experimental groups at all the cochlear locations (Figure 9A). In addition, the BDNF-treated
group showed a general increase of the mTOR signal across all cochlear turns, and this was
particularly evident in the apex and helicotrema, where also the Hensen’s cells displayed a
high intensity signal. This observation was confirmed by fluorescence intensity quantification,
which showed increased mTOR levels in the BDNF-treated samples compared to the
untreated and NH ones (Figure 9B). In addition, the fluorescence intensity showed an
increasing trend in the cochlea from base to apex.
Anti-pmTOR immunostaining showed a different localization (Figure 10 A). In addition to a
diffuse signal in the whole organ of Corti, pmTOR was highly expressed in outer HCs (OHCs)
and inner HCs (IHCs) (Figure 10 A). In deaf animals, the signal from HCs was fainter. However,
the overall fluorescence intensity of the organ of Corti did not differ between the three groups
for any of the cochlear locations (Figure 10B).
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Figure 7. Protein quantification of pmTOR and mTOR. Western blot analysis of pmTOR/mTOR
(A), mTOR/GAPDH (B) and pmTOR/GAPDH (C) on organ of Corti samples of all the experimental
groups. Graphs show the densitometric values for individual samples; each sample is a pool of two
organs of Corti (n=5). (D) Representative western blot bands.
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Figure 8. Immunolocalization of mTOR protein. Top: The figure shows a representative confocal
image of the Organ of Corti of a NH cochlea (A1 location) immunolabelled with anti-mTOR (green) and
counterstained with bisbenzimide nuclear dye (blue). Bottom: The same image was acquired with
bright-field background to visualize the structure of the Organ of Corti; the different cell types were
signed with a color coding (pillar: yellow, IHC: red, phalangeal: black, deiters’: white, border: orange,
OHC: blue, Hensen’s: pink). L: lateral, M: medial.
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Figure 9. Immunolocalization and fluorescence intensity of mTOR. (A) Representative confocal
images showing the organ of Corti immunolabelled with anti-mTOR (green) and counterstained with
bisbenzimide nuclear dye (blue) of all experimental groups and for each cochlear location (from B1 to
H). Scale bar: 50 µm. L: lateral, M: medial. (B) Fluorescence intensity analysis of mTOR
immunostaining. The graph shows the signal intensity of each sample for all cochlear locations (black:
NH, red: untreated, green: BDNF-treated). The same symbol was used to identify the BDNF-treated and
untreated ears of individual animals.
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Figure 10. Immunolocalization and fluorescence intensity of pmTOR. (A) Representative confocal
images showing the organ of Corti immunolabelled with anti-pmTOR (green) and counterstained with
bisbenzimide nuclear dye (blue) of all experimental groups and for each cochlear location (from B1 to
H). Scale bar: 50 µm. L: lateral, M: medial. (B) Fluorescence intensity analysis of pmTOR
immunostaining. The graph shows the signal intensity of each sample for all cochlear locations (black:
NH, red: untreated, green: BDNF-treated). The same symbol was used to identify the BDNF-treated and
untreated ears of individual animals.
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4.3.

PTEN analysis

Finally, we investigated the expression of PTEN (Figure 11), which acts as an inhibitor of the
mTOR signaling. PTEN protein levels were not different between the groups, and a high
variability was found between the NH samples (Figure 11A). Figure 11B shows representative
western blot bands of PTEN from the three experimental groups.
Anti-PTEN immunofluorescence staining showed a clear signal in the form of green puncta
(Figure 12A). The signal was present in the whole organ of Corti in each of the cochlear
locations of all three groups. Moreover, the fluorescence intensity of the immunostaining was
not different between groups, as shown in Figure 12B.

Figure 11. Protein quantification of PTEN. (A) Western blot analysis of PTEN/GAPDH on organ of
Corti samples of all the experimental groups. Graph shows the densitometric values for individual
samples; each sample is a pool of two organs of Corti (n=5). (B) Representative western blot bands.
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Figure 12. Immunolocalization and fluorescence intensity of PTEN. (A) Representative confocal
images showing the Organ of Corti immunolabelled with anti-PTEN (green) and counterstained with
bisbenzimide nuclear dye (blue) of all experimental groups and for each cochlear location (from B1 to
H). Scale bar: 50 µm. L: lateral, M: medial. (B) Fluorescence intensity analysis of PTEN
immunostaining. The graph shows the signal intensity of each sample for all cochlear locations (black:
NH, red: untreated, green: BDNF-treated). The same symbol was used to identify the BDNF-treated and
untreated ears of individual animals.
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5. Discussion
In the present study we investigated the protein levels of AKT and mTOR (and their
phosphorylated forms), and PTEN through a molecular approach based on western blot
technique. We found no statistically significant differences in the protein levels, although an
increasing trend of pmTOR was observed in the deaf animals, both treated and untreated,
suggesting the activation of the signaling. We also took into account the localization of those
proteins through immunofluorescence and confocal microscopy, which allowed us to identify
an increased fluorescence intensity of mTOR in the organ of Corti of BDNF-treated cochleas.
Below, we discuss the results obtained for all the markers in detail.
Taken together, the western blot analysis and immunofluorescence staining demonstrated
that the protein levels and localization of AKT and pAKT were modulated neither by the
deafening procedure nor by the treatment in our experimental conditions. This finding
suggests that the PI3K/AKT cascade was not activated [20]. Indeed, we analyzed AKT
phosphorylation at Thr 308, that is the one involved in the upstream cascade of the mTORC1
complex activation [20].

Interestingly, through the immunofluorescence staining, we

identified for the first time the localization of those proteins in the Organ of Corti. Particularly
interesting was the peculiar localization of pAKT in the apical region of pillar cells and
marginally to the cell body. According to pillar cell structure, the apical region contains dense
actin meshes [27], that could probably prevent the localization of pAKT in that region. Also,
we did not observe any differences in the PTEN protein levels between the three groups. This
is in agreement with the AKT and pAKT results, since PTEN is an upstream protein, the
modulation of which affects the phosphorylation of AKT [20].
A more interesting result is related to the analysis of mTOR and pmTOR. The western blot
technique showed an increasing trend of pmTOR protein levels in deaf animals, both treated
and untreated, compared to the NH (Figure 7), suggesting the activation of mTOR signaling.
Instead, no differences were found in the total mTOR content. Conversely, the
immunofluorescence analysis revealed that pmTOR was similarly expressed in the three
groups in the organ of Corti, while mTOR was markedly increased in the BDNF-treated
samples.

To

explain

the

discrepancy

between

western

blot

(Figure

7)

and

immunofluorescence data (Figure 9), it is important to consider the following. (1) The
western blot technique was performed on samples of Organ of Corti containing also other
cochlear tissues like the basilar membrane, the tectorial membrane, stria vascularis, the bone.
This probably could create a dilution of the proteins contained exclusively in the organ of
Corti, and could hide any small modulation of the studied proteins. Complete isolation of the
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organ of Corti was not possible due to technical problems related to the dimension and
accessibility of the tissue, which make it very difficult to be studied. (2) The anti-mTOR
antibody used in this study identifies all mTOR forms, including the phosphorylated mTOR.
The result derived from cryosections analysis shows that there is an increase in the mTOR
content, that is not observed when looking at pmTOR selectively. It is possible that the
modulation of the mTOR signal therefore occurs at the transcriptional level, and BDNF could
induce a higher expression of the mTOR protein. Alternatively, the pmTOR modulation
observed in the western blot technique possibly did not occur in the organ of Corti itself but in
the neighboring tissues and cells.
Taken together, the findings of our study suggest that BDNF induces a modulation of the
mTOR protein in the organ of Corti of ototoxically deafened guinea pigs. This modulation is
probably not associated with the activation of the mTORC1 complex, since we did not find any
differences in the pAKT and PTEN protein levels [20]. Further studies would be needed to
confirm the higher expression of mTOR also at the transcriptional level, and additional studies
on the mTORC2 and mTORC1 complex proteins could allow to clarify the functional effects of
this modulation. Nevertheless, this is the first evidence of mTOR modulation by BDNF in the
(degenerating)organ of Corti. Given the relevant role of mTOR signaling in cell survival and
synaptic plasticity [28,29], BDNF could potentially lead to a protective effect of the organ of
Corti through the modulation of the mTOR signaling.
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Concluding remarks
The organ of Corti is a complex sensory epithelium, that can be subjected to damaging stimuli
and therefore degenerate leading to irreversible hearing loss. To date, there are no effective
treatments to prevent its degeneration or to induce its regeneration. Moreover, spiral
ganglion cells (SGCs) degenerate as a consequence of damage to the organ of Corti, resulting
in reduced performance of cochlear implants. All these issues call for an urgent need of new
therapeutic approaches. Moreover, due to its cellular heterogeneity and difficult accessibility,
the few studies on the organ of Corti have been challenging and many efforts are needed to
make improvements in the field. Neurotrophic factors have been shown to have a protective
effect on cochlear cells, and represent an interesting research field for the development of
new therapies.
On this basis, in this dissertation, we investigated the effects of recombinant human nerve
growth factor (rhNGF) and recombinant human brain derived neurotrophic factor (rhBDNF)
on sensory and non-sensory cells of the organ of Corti with multiple experimental approaches.
As a first step of the project, an in vitro study based on immortalized cells derived from the
organ of Corti of mice was performed in order to analyze the miRNome induced by rhNGF and
rhBDNF at different time points. Data are reported in Chapter 2. For the first time, it was
demonstrated that both neurotrophins are able to induce substantial changes in the miRNome
of cochlear cells. Interestingly, many of the modulated miRNAs were shared between rhNGF
and rhBDNF, while others were different. This result suggests that the two neurotrophins
follow a similar miRNAs expression pattern, although maintaining peculiar differences. The
subsequent in silico analysis allowed us to identify a wide spectrum of target genes and
signallings by the modulated miRNAs. Importantly, many of the target pathways by both
neurotrophins involved cell survival, proliferation, neuronal differentiation and metabolic
pathways. On one side, this data confirms the literature about the modulation of selected
pathways by rhNGF or rhBDNF in cochlear cells, showing for the first time that they are
modulated through a specific miRNA expression pattern, and paving the way for new miRNAbased therapeutic targets. For instance, once clarified the implications of selected miRNAs and
their target genes and pathways, the miRNAs themselves could be used as potential new
therapies, or could be the target of other compounds. On the other side the in silico analysis
allowed the identification of new molecular signallings, that were never investigated until
now in the cochlea, and that are potentially modulated by the neurotrophins. The results of
the in vitro and in silico studies represented the basis for the following experiments. In fact,
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the main limitation of the in silico study is that it is a bioinformatics prediction. It is therefore
a first step necessary to identify potential genes and design focused experiments. Nonetheless,
the in silico approach allows one to analyze all the identified miRNAs as a group, providing a
wide overview of the biological pathways involved and an integrated representation of the
possible function of those miRNAs. From this analysis, it is not possible to determine whether
a treatment could be better than another due to the lack of information about the specific
mechanism of action over the determined signaling (i.e. inhibition or activation). Nonetheless,
from a translational point of view, a better knowledge of NGF and BDNF mechanisms of
action, will allow one to improve the development of NGF- and BDNF-based therapies for the
treatment of sensorineural hearing loss.
The next step of the project involved in vivo studies and the details of the experiments and the
results obtained are reported in Chapter 3 and Chapter 4.
First, we investigated the effects of rhNGF and rhBDNF on cell survival of the organ of Corti of
ototoxically deafened guinea pigs (Chapter 3). The number of sensory and non-sensory cells
were counted through a histological approach. We found limited effects by both
neurotrophins, that could be explained by several considerations: (1) the treatment was
administered when a high degree of damage had already occurred in the organ of Corti (i.e.,
severe hair cell loss), (2) we considered only one time point (treatment 2 weeks after
deafening, analysis 4 weeks thereafter) and (3) one concentration for treatment, and (4) we
used a gelfoam soaked in rhBDNF as drug delivery system. For instance, an earlier treatment
administration after deafening, a higher dosage and a different route of administration (such
as based on osmotic pumps) could result in a more effective protective outcome. In fact,
although the gelfoam is a feasible and easy method to be applied also in clinics, some issues
could affect the outcome of the treatment, such as the uncontrolled drug release. This could be
overcome by other approaches, that however are less feasible from a translational point of
view. Nevertheless, in our experimental conditions the rhBDNF treatment showed a great
efficacy in preventing SGCs cell death without any correlation with the number of hair cells
(HCs) and supporting cells (SCs) in the organ of Corti, suggesting that rhBDNF directly targets
SGCs. It is important to note that we conducted only a morphological evaluation of the organ
of Corti, and did not take into account any other aspects, such as the molecular events
underlying the activity of those cells, that could affect their function. Crucially, although the
number of cells did not differ between treated and untreated ears, the function and activity of
those remaining cells may be different.
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In Chapter 4 we therefore performed molecular investigations in the organ of Corti of
deafened guinea pigs undergoing rhBDNF treatment. Based on the results described in
Chapter 2, we selected the mTOR signaling, which resulted to be modulated predominantly by
rhBDNF. The mTOR signaling is particularly interesting because of its multiple functions
involved especially in cell survival, synaptic plasticity and cell growth. However its precise
role in the cochlea is still an issue of debate. Interestingly, we found that rhBDNF increased
the expression of mTOR compared to normal hearing (NH) and untreated deafened cochleas;
while the protein levels of pmTOR were higher in deafened ears, both treated and untreated,
compared to NH. However, we did not find any differences in the amount of the proteins
involved in the mTORC1 complex. We therefore hypothesize a different mTOR activation
mechanism, that may be investigated in future studies, possibly involving the mTORC2
complex. Nevertheless, this was the first study to demonstrate an effect on the mTOR
signaling by rhBDNF in the organ of Corti of deafened animals. Moreover, the higher
expression of mTOR was detected in all the cell types, including the SCs of the organ of Corti of
treated ears. This data suggests a different activity of the SCs and HCs of the treated cochleas
compared to the untreated ones in deafened animals. Based on the absence of differences in
the number of surviving cells between treated and untreated ears in the organ of Corti, as
observed in Chapter 3, it is possible to speculate that rhBDNF may have a protective effect on
the organ of Corti that is mainly associated with the molecular function of those cells and not
appreciable in terms of cell number. This could imply the maintenance of healthier cells,
which in turn would influence their secretory activity and cellular crosstalk. Further studies,
involving mTOR inhibitors or inductors, together with additional studies on cell survival,
growth and synaptic plasticity are needed. This would allow one to clarify the function of
mTOR upregulation in the organ of Corti upon rhBDNF administration and to which extent
those molecular modifications are implicated in the protection of the organ of Corti.
Moreover, additional molecular studies would be useful to confirm the modulation of the
mTOR signaling in our experimental conditions through a selective pool of miRNAs, as found
in Chapter 2.
In conclusion, this dissertation provides a comprehensive overview over the effects of rhNGF
and rhBDNF in the organ of Corti, and lies the foundation for the identification of new
therapeutic targets. Particularly (1) it was described for the first time the miRNome induced
by the two neurotrophins in the organ of Corti through in vitro assays; (2) it was performed a
comprehensive in silico analysis, which enabled the identification of new potentially
modulated molecular signalings by rhNGF and rhBDNF; (3) it was investigated for the first
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time the cell survival in the organ of Corti of rhNGF- and rhBDNF-treated ears in vivo; and (4)
it was confirmed the modulation of the mTOR signaling by rhBDNF, as resulted in the in silico
analysis, in an animal model of sensorineural hearing loss.
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