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Abstract
To study key proteins associated with changes in synaptic transmission in the spiral ganglion in tinnitus, we build three gene 
lists from the GeneCard database: 1. Perception of sound (PoS), 2. Acoustic stimulation (AcouStim), and 3. Tinnitus (Tin). 
Enrichment analysis by the DAVID database resulted in similar Gene Ontology (GO) terms for cellular components in all 
gene lists, reflecting synaptic structures known to be involved in auditory processing. The STRING protein–protein interac-
tion (PPI) network and the Cytoscape data analyzer were used to identify the top two high-degree proteins (HDPs) and their 
high-score interaction proteins (HSIPs) identified by the combined score (CS) of the corresponding edges. The top two protein 
pairs (key proteins) for the PoS are BDNF-GDNF and OTOF-CACNA1D and for the AcouStim process BDNF-NTRK2 and 
TH-CALB1. The Tin process showed BDNF and NGF as HDPs, with high-score interactions with NTRK1 and NGFR at a 
comparable level. Compared to the PoS and AcouStim process, the number of HSIPs of key proteins (CS > 90. percentile) 
increases strongly in Tin. In the PoS and AcouStim networks, BDNF receptor signaling is the dominant pathway, and in the 
Tin network, the NGF-signaling pathway is of similar importance. Key proteins and their HSIPs are good indicators of bio-
logical processes and of signaling pathways characteristic for the normal hearing on the one hand and tinnitus on the other.
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Introduction

Tinnitus is the subjective perception of sounds when 
objectively no physical stimuli are present. The word 
derives from the Latin verb tinnire (to ring); this phenom-
enon affects about 15% of the population. Depending on 
the severity, tinnitus can be a very large psychological 
and disease burden on the afflicted individual and result in 
enormous health care costs (Baguley et al. 2013; Tziridis 
et al. 2022).

Common causes for tinnitus are hearing loss, noise 
damage, toxic substances, such as aminoglycoside antibi-
otics or cisplatin, infections, genetic reasons, aging pro-
cesses, and neurological, cardiovascular, metabolic, and 
psychological diseases (Baguley et al. 2013; Zhang et al. 
2021). The most common risk factor is hearing loss due 
to damage to hair cells in the cochlea, leading to adap-
tive changes in the activity of neurons along the neural 
auditory axis. The causes of tinnitus induce changes in 
activity-dependent synaptic plasticity of the neural net-
work due to homeostatic regulation (Turrigiano 2012). As 
a consequence of permanent hearing loss or auditory fiber 
loss, the imbalance between excitation and inhibition leads 
to changes in neurotransmission and of neuronal regula-
tion in the auditory cortex. This involves changes in the 
metabolic pathways, protein synthesis, and protein–protein 
interactions.

Different mechanisms underlying the development of 
tinnitus have been discussed (Eggermont and Roberts 
2015; Sun et al. 2018; Knipper et al. 2020; Rupert and 
Shea 2022; Isler et al. 2022): (1) Tinnitus is the result 
of altered compensatory hyperexcitability in the central 
nervous system (CNS). It is assumed that in response to 
deafferentation of inner hair cells changed synapse for-
mation between parvalbumin-positive interneurons and 
projecting neurons in the ascending auditory pathway 
are the basis for hyperexcitability. Parvalbumin-positive 
neurons belong to the class of GABA-ergic inhibitory 
neurons of the CNS with high nerve conduction veloc-
ity. (2) Tinnitus is the result of deficits in homeostatic 
increases in central neural gain due to a disturbance of 
neural synchrony. Neural synchrony is essential for audi-
tory processing under difficult listening conditions. (3) A 
reduced firing rate due to defective hair cells leads to an 
increased spontaneous activity in the auditory centers of 
the CNS. This imbalance, when a reduced signal leads to 
an increased spontaneous response, is linked to deficits 
in central gain resulting in central noise, a feature that is 
interpreted in the context of a reduced tonic inhibition in 
the central neurons (Zeng 2020; Knipper et al. 2020). All 
three theories have in common that tinnitus causes struc-
tural and functional remodeling in the auditory nuclei of 

the CNS. These changes begin with damage to the inner 
hair cells and processing changes or degeneration of the 
spiral ganglion neurons (SGNs), which induces changes 
in central synaptic transmission and plasticity in all audi-
tory centers. Here, particular activity-driven proteins as, 
e.g., brain-derived nerve growth factor (BDNF) have been 
suggested to display a fundamental role for altered excit-
ability in the ascending peripheral auditory systems and 
central auditory signal processing in auditory centers dur-
ing pathologies as tinnitus (Knipper et al. 2020, 2022).

Spiral ganglion neurons (SGN) are the first neurons 
that process acoustic signals from hair cells through 
action potentials. Neurons of the spiral ganglion (SG) are 
bipolar; their dendrite innervates a hair cell of the organ 
of Corti and their axon projects to the ventral and dorsal 
cochlear nuclei (Nayagam et al. 2011; Pavlinkova 2020). 
The neurons of the SG show a high diversity (Sun et al. 
2018), including type I SGN and type II SGN, and diverse 
subtypes. The SGN are organized according to frequency, 
reflecting the tonotopic organization. Damage to hair cells 
leads to functional and structural changes in SG neural 
activity (Lefebvre et al. 2002; Zhang et al. 2021). With 
acoustic overload, hair cell damage is detectable within 
minutes to hours or days. By contrast, SGN degeneration 
occurs very slowly, over months and years (Hickman et al. 
2021). The temporal differences in the degeneration time 
of inner hair cells on the one hand and SGN on the other 
indicate that the cell death of SGN is a secondary and 
long-lasting event. Most transmission of afferent signals 
from inner hair cells to postsynaptic neurons in the brain-
stem is carried out by type I SGNs. These cells are also 
the most sensitive to noise and to damaging processes due 
to aging or drugs (Resnik and Polley 2021). In humans, 
about 40% of these neurons show degeneration after the 
age of 50 (Wu et al. 2019).

Synaptic transmission is a fundamental process in nor-
mal hearing and tinnitus and describes communication 
between neurons based on synapses; it can be chemical or 
electrical. Chemical transmission occurs via the presyn-
aptic release of neurotransmitters and their postsynaptic 
binding to receptors. Electrical synaptic transmission 
occurs via gap junctions and ion channels. These biologi-
cal processes are made possible by the precisely regulated 
interaction of numerous proteins, described as the pro-
tein–protein interaction (PPI) network. So far, too little is 
known about which proteins play a key role in these pro-
cesses. The identification of candidate key proteins and the 
analysis of molecular networks has become increasingly 
possible through the methods of bioinformatics and exten-
sive freely accessible databases. The aim of the present 
study was to identify key proteins in SG, the first complex 
of neurons that process disturbances in hair cell signaling 
that can lead to tinnitus.
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Materials and Methods

To assess the differences in synaptic transmission in tinnitus 
and normal perception of sounds at the molecular level, we 
chose the following approach: 1. Three gene lists were com-
piled from the GeneCard database (GC; https:// www. genec 
ards. org/; Stelzer et al. 2016) for the following keywords: (a.) 
“perception of sound”; (b.) “Acoustic stimulation”; and (c.) 
Tinnitus; in addition the key words “synaptic transmission” 
AND “spiral ganglion” were used (13 June 2023). 2. The gene 
lists “Perception of sound” (PoS, Appendix 1), “Acoustic stim-
ulation” (AcouStim, Appendix 2), and tinnitus (Tin, Appen-
dix 3) were characterized by analyses of gene overlap using 
Venn diagrams (http:// bioin forma tics. psb. ugent. be/ webto ols/ 
Venn/) and identification of Gene Ontology (GO) terms using 
the Database for Annotation, Visualization, and Integrated 
Discovery (DAVID; https:// david. ncifc rf. gov/; Sherman et al. 
2007). 3. The construction of PPI networks was performed 
using the STRING database (Search Tool for the Retrieval 
of Interacting Genes; https:// string- db. org/; Szklarczyk et al. 
2019). For both the DAVID and STRING database analyses, 
Homo sapiens was used as the species. 4. The Cytoscape 
data analyzer was used in the PPI network to identify the top 
two proteins (nodes) with the highest degree and the corre-
sponding proteins characterized by high-score interactions 
(Shannon et al. 2003; Ashtiani et al. 2018; https:// cytos cape. 
org/). Because of different biases within the lists of genes and 
proteins, the top two protein pairs were selected for analysis. 
As criteria for key proteins, the degree of nodes (HDPs-high-
degree proteins), the Betweenness Centrality and the Close-
ness Centrality were used. As a guide to the corresponding 
high-score interaction proteins (HSIP), we used the Combined 
Score (CS) of the corresponding edges. This score includes, 
among others, the coexpression, the experimentally deter-
mined interaction, and the automated text mining. The top two 
HDPs and HSIPs are subsequently referred to as key proteins. 
We hypothesized that these protein pairs play an important role 
in the activity of pathways associated with the perception of 
sound or tinnitus. 5. The KEGG database was used to identify 
the molecular pathways in which key proteins and their HSIP 
act together (https:// www. genome. jp/ kegg/ pathw ay. html). The 
following databases were used to define or briefly character-
ize proteins or genes: https:// www. ncbi. nlm. nih. gov/ genba nk/; 
https:// www. genen ames. org/; https:// www. unipr ot. org/ unipr 
otkb/; https:// syngo portal. org; and https:// thebi ogrid. org/.

Results

Characterization of Gene Lists

The number of genes identified as relevant for the selected 
terms differed between the lists: 36 genes for PoS, 34 for 
AcouStim, and 61 for Tin (Appendices 1–3). There are 

apparently more genetic studies of the SG with regard to 
tinnitus as a disease than for PoS or AcouStim as physiologi-
cal auditory functions. The numerical value of the score as 
an indicator of the relevance of the gene for the indicated 
processes is similar for all gene lists and ranged from 0.8 
to 30.9.

To characterize the three gene lists PoS, AcouStim, 
and Tin, the analyses of overlap in the Venn diagram and 
enrichment of GO terms were used. The overall number 
of unique genes of all lists in the Venn diagram was nine 
(Fig. 1). The distribution of genes among the different 
groups of the Venn diagram is summarized in Table 1. 
The nine genes detectable in PoS, AcouStim, and Tin 
group included seven genes that can be assigned to the 
GO term “sensory perception of sound.” The number of 
genes unique to Tin is nearly twice as large as the number 
of genes detectable in PoS or AcouStim.

For the DAVID enrichment analysis, the top five GO 
terms “cellular components” (CC) and “biological pro-
cesses” (BP) were selected (Table 2). The number of sig-
nificant charts in the PoS gene set was 40, in the AcouStim 
gene set 63, and in the Tin gene set 109 (at a p value 
of < 0.01). To limit the analysis, only the top five GO 
terms with the highest significance will be mentioned 
and discussed below. The top five CC-GO terms of the 
PoS, AcouStim, and Tin gene lists reflect neural structures 
known for auditory processing, with only small differences 
between the gene lists. The top five BP-GO terms of the 
PoS gene list reflect terms that are characteristic for the 
normal hearing process. The top five BP-GO terms for 
the AcouStim gene list are indicative of the normal hear-
ing process, but also of the activation of acoustic pro-
cesses (e.g., response to lipopolysaccharide, response to 
hypoxia). The top five BP-GO terms for the Tin gene list 
are indicative of changes in regulation of gene expression 
and growth processes. In general, there is some overlap 
and missing specificity in the GO terms.

Fig. 1  Venn diagram of three gene lists. Overall number of unique 
elements: 81. The overlapping genes see Table 1

https://www.genecards.org/
https://www.genecards.org/
http://bioinformatics.psb.ugent.be/webtools/Venn/
http://bioinformatics.psb.ugent.be/webtools/Venn/
https://david.ncifcrf.gov/
https://string-db.org/
https://cytoscape.org/
https://cytoscape.org/
https://www.genome.jp/kegg/pathway.html
https://www.ncbi.nlm.nih.gov/genbank/
https://www.genenames.org/
https://www.uniprot.org/uniprotkb/
https://www.uniprot.org/uniprotkb/
https://syngoportal.org
https://thebiogrid.org/
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Table 1  Distribution of genes 
of the three gene lists among 
the different groups of the Venn 
diagram

AcouS-
tim + PoS + Tin 
(9)

PoS + Tin (18) AcouStim + Tin (12) PoS (9) AcouStim (12) Tin (21)

BDNF CA2 CALB2 CPA6 CERNA3 MIR210
CACNA1D MBP MAP2 MPDZ NTRK2 GPHN
P2RX2 GDNF NOS2 GRM8 NOS1 NTF3
RET TBC1D24 MALAT1 CHAT CYP19A1 PCAT1
OTOF WHRN EGF ASIC2 CNTF PANX1
TH SLC17A8 NTS MT-CO3 SOD2-OT1 HIF1A
CDH23 MAP1B JUN LMNB1 TMX2-CTNND1 NTRK1
SLC26A5 GRM7 NRG1 NOG PVALB FGF2
KCNQ4 MYO7A SYP DES SMAD5-AS1 ID1

KCNJ10 NR3C1 CALB1 CAMK2G
PTPN11 CREB1 MAPK10 ANXA5
SNAP25 GFAP OPRM1 VEGFA
SETD2 CACNA1G
NRTN NGFR
MAP2K1 GFRA1
BTD USF1
MAFB NGF
GJA1 NTRK3

VIM
NUDT6
S100B

Table 2  Top five Cellular components (CC) and Biological Processes (BP) GO Terms in the spiral ganglion for PoS, AcouStim, and Tin

In brackets: Numbers of genes per GO terms (absolute and in %). Order of the GO terms according to the p values

PoS (40 charts) AcouStim (63 charts) Tin (109 charts)

CC (p = 3.5E-4 to 1.5 E-3; fold enrichment 
2–51)

CC p = 2.9E-8 to 1.1 E-3; fold enrichment 
17–60)

CC p = 7.1E-7 to 1.1 E-3; fold enrichment 
8–12)

 Axon (6, 16%)  Axon (9, 27%)  Axon (9, 20%)
 Neuron cell body (6, 16%)  Terminal bouton (5, 15%)  Dendrite (7/15%)
 Plasma membrane (20, 54%)  Dendrite (8, 24%)  Presynapse (5/11%)
 Dendrite (6, 16%)  Neuron projection (6, 18%)  Gap junction (3/7%)
 Stereocilium (3, 8%)  Stereocilium (3, 9%)  Neuron cell body (6/13%)

BP (p = 7.0E-17 to 2.0E-3; fold enrichment 
16–83)

BP (p = 1.8E-7 to 1.2 E-3); fold enrichment 
7–27)

BP (p = 1.6E-6 to 2.5E-5; fold enrichment 
20–30)

 Sensory perception of sound (13, 35%)  Sensory perception of sound (7, 21%)  Positive regulation of gene expression 
(13/28%)

 Auditory receptor cell stereocilial organiza-
tion (3, 8%)

 Response to hypoxia (5, 15%)  Sensory perception of sound (7/15%)

 Peripheral nervous system development (3, 
8%)

 Cochlear development (3, 9%)  Bergmann glial cell differentiation (4/9%)

 Neuron projection development (4, 11%)  Positive regulation of protein kinase B sign-
aling (4, 12%)

 Neuron projection development (6/13%)

 Regulation of transmembrane ion transport 
(4, 11%)

 Positive regulation of gene expression (6, 
18%)

 Positive regulation of ERK1 and ERK2 cas-
cade (7/15%)
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Key Proteins and Their High‑Score Interaction 
Proteins of the Pos, AcouStim, and Tin Network

Network analysis is suited to identify influential candidate 
proteins using topological criteria of nodes and their interac-
tions by edges. With the exception of Brain-Derived Neu-
rotrophic Factor (BDNF), which is present in all analyzed 
terms, key proteins clearly differed between PoS, AcouS-
tim, and Tin processes (Table 3). Key proteins for the PoS 
term were BDNF, Glial Cell-Derived Neurotrophic Factor 
(GDNF), Otoferlin (OTOF), and Calcium Voltage-Gated 
Channel Subunit Alpha1 D (CACNA1D), for the term 
AcouStim were BDNF, Neurotrophic Receptor Tyrosine 
Kinase 2 (NTRK2), Tyrosine Hydroxylase (TH), and Cal-
bindin 1 (CALB1, and for Tin term BDNF, Neurotrophic 

Receptor Tyrosine Kinase 1 (NTRK1), Nerve Growth Fac-
tor (NGF), and Nerve Growth Factor Receptor (NGFR). It 
is important to note that in the tinnitus group there were 
also close associations of BDNF to NGFR and of NGF to 
NTRK1 (Table 3).

Networks of the PoS, AcouStim, and Tin Processes

Figure 2 illustrates the structure of the PoS, AcouStim, and 
Tin networks and the localization of the top two HDPs and 
HSIPs in the networks. The number of proteins for each 
network is smaller than the number of genes (Appendices 
1–3); this is caused by the lack of interaction of the cor-
responding proteins in the PPI network or the presence of 
genes that encode transcripts. In the Tin list, this concerns 

Table 3  Key proteins in the 
networks of spiral ganglion in 
the PoS, AcouStim, and Tin 
groups

Close closeness centrality, Betw betweenness centrality, HDP high-degree protein, HSIP high-score inter-
action protein, Coexp coexpression, Exp experimentally determined interaction, Text automated text min-
ing, CS combined score
a HSIs with a CS = 999 also with NGFR
b HSIs with a CS = 999 also with NTRK1

HDP Degree Close Betw HSIP Coexp Exp Text CS

PoS
 BDNF 28 0.59 0.29 GDNF 0 0 950 950
 OTOF 22 0.54 0.22 CACNA1D 62 0 903 905

AcouStim
 BDNF 38 0.74 0.14 NTRK2 65 762 995 999
 TH 34 0.70 0.07 CALB1 62 0 810 814

Tinnitus
 BDNF 64 0.65 0.10 NTRK1a 62 76 990 999
 NGF 62 0.64 0.08 NGFRb 0 792 990 999

Fig. 2  PPI networks of the PoS, AcouStim, and tinnitus processes 
in the SG. A PoS; B AcouStim; C Tinnitus. Number of nodes (PoS/
AcouStim/Tin-28/ 27/57); number of edges-140/236/666). Top1 and 

top2 key proteins—red. Circles—HDPs, square—HSIPs. HSIPs 
according to Fig. 4 blue
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the genes BDNF Antisense RNA (BDNF-AS), Biotinidase 
(BTD), Metastasis-Associated Lung Adenocarcinoma 
Transcript 1 (MALAT1), MicroRNA 210 (MIR210), and 
Prostate Cancer-Associated Transcript 1 (PCAT1). BDNF-
AS, with a very high tinnitus score (30.9), exerts its effects 
via the regulatory mechanism of microRNA (Yuksel et al. 
2023). In general, the top1 and top2 HDPs are close 
together in their networks.

For the quantitative characterization of the networks, 
we used topological parameters and the relative fre-
quency distribution of the degrees of the nodes and of 
the combined score values of the edges. The topological 
parameters differ slightly (PoS/AcouStim/Tin): The aver-
age number of neighbors (5.0/8.7/11.7) and the network 
diameter (4/5/6) indicate that the average connectivity of 
the nodes in the Tin network is somewhat higher than in 
the PoS and AcouStim networks. The network heterogene-
ity (0.5/0.5/0.7) indicates some differences between PoS/
AcouStim on one hand and Tin on the other hand. The 
characteristic path length values (2.2/1.9/2.2) and the clus-
tering coefficient (0.6/0.7/0.6) tend to be different in the 
AcouStim network compared to the PoS and Tin networks.

For characterizing the distribution of degree values of 
the nodes and the CS of the edges in the three networks, we 
calculated the relative frequency of degree and CS values 
(Fig. 3a, b). The abundance of CS values shows a valley at 
class 4 values (760–880); that is, the abundance of protein 
pairs with class five values is significantly higher. In the PoS 

and Tin groups, the frequency of protein pairs with high CS 
values is higher than in the AcouStim group.

For further characterizing these proteins and to localize 
them into molecular pathways and biological processes, 
we searched for proteins that have close interactions 
with the key proteins. To limit the numbers of proteins, 
we used as a quantitative measure for assessing close 
interaction CS values greater than the 90th percentile 
of the CS distribution curves (CS values: PoS CS > 940, 
AcouStim CS > 909, Tin CS > 971). The key proteins of 
the three networks differ significantly in the number and 
types of proteins with which they form high-score inter-
actions (Fig. 4). In the PoS network, high-score inter-
actions are shown by GDNF with RET and CACNA1D 
with SNAP25. In the AcouStim network, top2 key protein 
CALB1 interacts closely with PVALB. In the Tin net-
work, NGFR interacts closely with NTF3, and NTRK1; 
NTRK1 interacts with six proteins, mostly growth factors 
(Fig. 4). It is noteworthy that except for BDNF, there 
is no overlap in the occurrence of these proteins in the 
PoS, AcouStim, and Tin groups. The networks of these 
proteins illustrate well the meaning of topological param-
eters (see legend of Fig. 4). The density of the AcouStim 
and Tin networks is significantly higher, and the network 
heterogeneity and centralization are significantly lower, 
than those of the PoS network.

Fig. 3  Relative frequency distribution of degrees of nodes (A) and of 
the CS of edges (B) of the PoS, AcouStim, and Tin protein–protein 
networks. Five classes of equal size were built. A Degree values were 
normalized to the highest degree (PoS/AcouStim/Tin = 28/27/57), and 
frequency values were normalized to the number of proteins in the 

network (27/26/54). B CS values are a function of the genes involved 
and were used as absolute values. Classes include CS values of 120; 
Class 5 includes CS values from 880 to 999. Frequency was normal-
ized to the number of interactions in the network (140/236/666)
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Fig. 4  Key proteins and their HSIPs. As a quantitative measure for 
assessing close interactions, CS values greater than the 90th percen-
tile of the CS corresponding distribution curves were used. Topologi-
cal parameter (Pos/AcouStim/Tin): nodes 6/5/10; degrees 6-4/8/9-8); 

edges 14/20/44; average number of neighbors 2.3/4.0/8.8; character-
istic path length 1.8/1.0/1.02; network density 0.47/1.0/0.98; network 
heterogeneity 0.20/0.0/0.05; network centralization 0.20/0.0/0.03

Table 4  Top five Cellular components (CC) and Biological Processes (BP) GO Terms in the spiral ganglion for PoS and AcouStim and Tin pro-
cesses based on key proteins and their high-score interaction proteins

PoS and AcouStim (10 proteins; 20 charts at p < 0.01) Tin (10 proteins; 75 charts at p < 0.01)

CC (p = 1.9E-7 to 3.2 E-3–3; fold enrichment 34–135) CC (p = 4.4E-6 to 1.3E-3; fold enrichment 7–48)
 Axon (BDNF, CALB1, NTRK2, PVALB, RET, TH)  Extracellular region (BDNF, EGF, FGF2, GDNF, NGFR, NGF, 

NTF3, VEGFA)
 Dendrite (BDNF, CALB1, NTRK2, RET, TH)  Extracellular space (BDNF, EGF, FGF2, GDNF, NGF, NTF3, 

VEGFA)
 Terminal bouton (CALB1, NTRK2, TH)  Axon (BDNF, NGF, NTRK1, NTF3)
 Synaptic vesicle (BDNF, SNAP25, TH)  Dendrite (BDNF, NGF, NTRK1, NTF3)
 Perinuclear region of cytoplasm (BDNF, SNAP25, NTRK2, TH)  Synaptic vesicle (BDNF, NGF, NTF3)

BP (p = 1.3E-3 to 2.3E-3; fold enrichment 36–777) BP (p = 1.5E-8 to 7.3E-7; fold enrichment 28–647)
 Positive regulation of neuron projection development (BDNF, 

NTRK2, RET)
 Nerve growth factor signaling pathway (BDNF, NGF, NTRK1, NTF3)

 Transmembrane receptor protein tyrosine kinase signaling pathway 
(BDNF, NTRK2, RET)

 Nerve development (BDNF, NGF, NGFR, NTF3)

 Negative regulation of neuron apoptotic process (BDNF, GDNF, 
NTRK2)

 Peripheral nervous system development (BDNF, GDNF, NGF, NTF3)

 Brain-derived neurotrophic factor receptor signaling pathway (BDNF, 
NTRK2)

 Negative regulation of neuron apoptotic process (BDNF, GDNF, 
NGF, NTRK1, NTF3)

 Sensory perception of sound (CACNA1D, OTOF, TH)  Nervous system development (BDNF, FGF2, GDNF, NTRK1, NTF3, 
VEGFA)
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GO Terms Associated with Key Proteins

Analysis of GO terms from the complete gene lists 
showed some overlapping CC- and BP-GO terms in the 
PoS, AcouStim, and Tin gene lists (Table 2). Assuming 
that key proteins reflect important cellular structures and 
biological processes more directly, results of the enrich-
ment analysis should be more informative than of the 
complete lists, even if the number of proteins is relatively 
small (PoS + AcouStim n = 10, Tin n = 10). Irrespective 
of the same number of proteins in the lists, the numbers 
of significant charts are clearly higher in the Tin group 
(n = 75) compared to the physiological processes PoS and 
AcouStim (n = 20). The PoS/AcouStim lists contained 6 
CC terms and 8 BP terms at a significant level of p < 0.01; 
the Tin list contained 5 CC and 43 BP terms, indicative for 
the multiple biological processes in SG in Tin compared 
to PoS/AcouStim (Table 4). The proteins in the PoS and 
AcouStim processes are related according to the cellular 
components, similar to the findings of the complete list 
for axons, dendrites, and the terminal bouton. Regarding 
the biological processes, the proteins relate to positive 
regulation of neuron projection development and negative 
regulation of neuron apoptotic process, and the “brain-
derived neurotrophic factor receptor signaling pathway.” 
The proteins in the Tin process correlate regarding the 
cellular processes with high significance and, with a high 

number of proteins, to extracellular processes. Regarding 
the biological processes, the “nerve growth factor signal-
ing pathway” and developmental processes are dominant.

Pathways of the Key Proteins and Their HSIPs

Key proteins and their closely interacting proteins with a 
CS > 90th percentile are members of three KEGG pathways: 
Neurotrophin (map 04722), RAS (map04014), and MAPK 
(map04010) signaling pathways (https:// www. genome. jp/ 
kegg/ pathw ay. html; Fig. 5). Neurotrophins bind to TRK 
tyrosine kinases (NTRK1, NTRK2, NTRK3) or to the 
NGFR receptor and act in various cellular functions, such 
as cell survival, cell proliferation, differentiation, migration, 
axon growth, gene expression, and apoptosis.

Discussion

Neurotrophins and Their Receptors in the SG

To date, 50 neuronal growth factors have been identified, 
of which BDNF and NGF are of particular importance. The 
specific roles of BDNF and NGF for some neurons are well 
known; for example, BDNF promotes the function and sur-
vival of cortical neurons, and NGF is known to activate the 
function of basal forebrain cholinergic neurons and prevents 

Fig. 5  KEGG Pathways associated with key proteins and interaction 
proteins with a CS > 90th percentile. ERK5 mitogen-activated protein 
kinase 12, PTPN11 tyrosine protein phosphatase non-receptor type 
11, also known as SH-PTP2, PI3K phosphatidylinositol 3-kinase, 

AKT RAC-gamma serine/threonine protein kinase; MEKK1 mitogen-
activated protein kinase 1, JNK mitogen-activated protein kinase 
8/9/10 (c-Jun N-terminal kinase), BAX Bax inhibitor 1, RAS GTPase 
HRas, MEK dual-specificity mitogen-activated protein kinase 1

https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/kegg/pathway.html
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cell death. NGF plays an important role in Alzheimer dis-
ease (Tuszynski et al. 2015). The present data suggest that 
BDNF is the top1 key protein in SG for the three processes 
PoS, AcouStim, and Tin; NGF has a comparable significance 
for Tin. Together with neurotrophin-3 (NT3), and neuro-
trophin-4 (NT4), BDNF and NGF belong to the group of 
important neurotrophins. Neurotrophins are soluble factors 
that play an important role in the survival and differentia-
tion of neurons, in axon and dendrite growth, in synaptogen-
esis, and in synaptic transmission. The function of neurons 
requires communication between the cell body, axon, den-
drites, and synaptic nerve terminals, some of which are spa-
tially distant and require intracellular transport processes 
to reach the appropriate site (Scott-Solomon and Kuruvilla 
2018). Neurotrophins are formed as precursors, the mature 
form is obtained by proteolytic cleavage. Release can be 
regulated constitutively and by activation (Fig. 5).

BDNF is involved in all elementary regulatory processes, 
such as survival and differentiation of neurons, axonal 
growth, dendrite growth, migration, path finding, transcrip-
tion, translation, transport, secretion, maturation, differentia-
tion, growth, regeneration or migration, synaptic transmis-
sion, and plasticity (Green et al. 2012). An important feature 
for the multiple influences of BDNF on synaptic transmis-
sion and plasticity could be the structure of the BDNF gene, 
which has eight exons and four different promoters (Reich-
ardt 2006). The expression of each exon can be regulated 
by its own promoter. Exon IV seems to have a special role; 
its expression is controlled by calcium-response elements 
(Singer et al. 2008). Recently, regulation at the microRNA 
level via BDNF-AS has become increasingly recognized as 
being important for Tin (Appendix 3; Yuksel et al. 2023). 
Also has the loss of activity-driven BDNF promotor acti-
vation following deafferentation discussed to contribute to 
central hyperexcitability during tinnitus, through the specific 
role of BDNF to stabilize inhibitory GABA-ergic circuits 
(Knipper et al. 2022; Tan et al. 2007).

NGF (Nerve growth factor, also known as NGFB; Beta-
NGF) is a member of the NGF-beta family and binds the 
NTRK1 receptor with high affinity. An important biological 
function of NGF in the inner ear is to ensure the survival of 
SGNs, including their dendrites (Dai et al. 2004; Nicoletti 
et al. 2022).

Neurotrophins exert their function as regulatory proteins 
for survival and for synaptic transmission by binding and 
activation of NTRK and NGFR receptors. The TRK family 
of receptors consists of three members: NTRK1, NTRK2, 
and NTRK3 (TRKA, TRKB, TRKC). Activation of the 
receptors by neurotrophins promotes neuronal survival, 
neuronal differentiation, axon and neurite growth, and syn-
aptic transmission and plasticity. Binding of BDNF alters 
the structure of the receptor (dimerization, mutual phos-
phorylation); the receptor thus binds a number of adaptor 

and signaling proteins and activates, among others, protein 
kinase B (AKT), mitogen-activated protein kinase (MAPK), 
and other transcriptional processes via the transcription fac-
tor CREB (Nicoletti et al. 2022). The affinity for binding of 
the different neurotrophins to the kinase receptors differs: 
BDNF binds and activates mainly NTRK2, NGF-NTRK1, 
and NT3-NTRK3. NT3 also binds NTRK2 and NTRK1 with 
weaker affinity (Fig. 6; Scott-Solomon and Kuruvilla 2018; 
Regua et al. 2019). The expression of neurotrophins and of 
the receptors influences to a considerable extent the biologi-
cal effects.

NTRK2 (Neurotrophic Receptor Tyrosine Kinase 2; also 
known as BDNF/NT3 Growth Factors Receptor, TRKB-
Tropomyosin-Related Kinase B) is a cellular component of 
the postsynaptic membrane and acts together with BDNF 
in the modulation of synaptic transmission. The BDNF-
NTRK2 axis is also involved in the formation of synaptic 
spines (Zagrebelsky et al. 2020). These are spiny extensions 
of synapses that allow more precise and spatial signal trans-
mission. They are also part of excitatory synapses in the 
auditory system and play a major role in synaptic plasticity. 
The changes in dendritic morphology and their excitability 
may be associated with the development of tinnitus (Yang 
et al. 2012). NTRK1 is not a specific component of the syn-
apse and of trans-synaptic signaling. Basically, NTRK1 
and NTRK2 activate the same metabolic pathways: PI3K, 
MAPK, and PLCy (Fig. 6; Regua et al. 2019). Upon dimeric 
NGF ligand binding, it undergoes homodimerization, 
autophosphorylation, and activation (Regua et al. 2019). 
Extracellular ligand NGF binds NTRK1 and NGFR recep-
tors and activates cellular signaling cascades to regulate 
neuronal proliferation, differentiation, and survival. SGN 
express NTRK1, NTRK2, and NTRK3 and are protected 
in vitro by BDNF and NT3 in their function and survival in 

Fig. 6  Neurotrophins and their receptors (according to Green et  al. 
2012)
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the face of damaging influences. It is known that after deaf-
ferentation of SGN, they die as a result of the loss of hair 
cells; electrical stimulation promotes survival of SGN after 
hair cell loss (Hansen et al. 2001).

NGFR (nerve growth factor receptor; also known as 
P75NTR,  p75NTR, TNFRSF16 protein tumor necrosis factor 
receptor superfamily member 16) is a low-affinity receptor 
for NGF, BDNF, NTF3, and NTF4 (Fig. 5). It is part of the 
presynaptic membrane and is involved in the modulation 
of synaptic transmission. In development, NGFR plays an 
important role in cell differentiation and cell survival and 
death. While all neurotrophins bind and activate the NGFR 
receptor only with low affinity, all pro-neurotrophins bind 
it with high affinity (Green et al. 2012). NGFR is expressed 
in glial cells as well as neurons; the special glia cell known 
as the spiral ganglion Schwann cell (SGSCs), which mye-
linate SGN, represent a source of neurotrophic factors. 
SGSCs express sortilin, a NGFR co-receptor for pro-neu-
rotrophins (Blondeau et al. 2018; Chen et al. 2005). SGSC 
cell density appears to be subject to tight regulation of pro-
liferation and cell death upon hair cell injury (Provenzano 
et al. 2011). In general, NGFR has atrophic effects in the 
CNS, promoting apoptosis, inhibiting neurite growth, and 
decreasing synaptic activity.

Key Proteins of PoS Network

Candidate key proteins of the PoS process are BDNF-GDNF 
and OTOF-CACNA1D. BDNF and GDNF are extremely 
important as modulators of synaptic transmission in mature 
cells of the CNS (Ferrini et al. 2021). Together, BDNF and 
GDNF are very effective in their actions on survival after 
ototoxic drugs or noise (Altschuler et al. 1999). GDNF (glial 
cell line-derived neurotrophic factor) is an important sur-
vival and growth factor for SGN (Green et al. 2012). The 
GDNF receptor is a complex consisting of a member of the 
GDNF receptor family (GFRa, GDNF family receptor alpha) 
and the receptor protein tyrosine kinase RET (Fig. 4). RET 
(proto-oncogene tyrosine protein kinase receptor), a high-
score interaction protein of GDNF, is a receptor for neuro-
trophic factors of the GDNF family. Binding of RET and a 
member of the GFR family activates fundamental signals for 
neuronal developmental processes, such as cell proliferation, 
neuronal navigation, cell migration, cell differentiation, and 
cell death (Hamada and Lasek 2020). Disruption of c-Ret 
phosphorylation during development can lead to congenital 
hearing loss, with degeneration of the SGN in mice (Ohgami 
et al. 2010).

OTOF (Otoferlin) is a protein that plays a key role in 
calcium-regulated synaptic transmission from cochlear syn-
apses. Otoferlin simultaneously binds multiple copies of 
the calcium voltage-gated channel subunit alpha1 D (CAC-
NA1D, also known as Cav1.3 neuronal L-type channel) of 

the calcium ion channel of neurons and arms of the SNARE 
(soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor complex) protein complex. Both are required 
in spatial proximity to allow rapid transmission of the sound 
signal (Wei et al. 2020). Sound transmission at ribbon syn-
apses between inner hair cells and type1 spiral ganglion 
neurons are strongly dependent on  Ca2+-mediated neuro-
transmitter release mediated by otoferlin and other factors 
(Takago et al. 2018). CACNA1D is a subunit of calcium 
channels that regulates the influx of calcium into neural 
excitable cells and regulates processes, such as neurotrans-
mitter release or gene expression. The alpha1 subunit largely 
determines the properties of the channel that is important for 
the translation of sound-induced depolarization into neuro-
transmitter release. Mutation of the CACNA1D is related to 
congenital deafness (Baig et al. 2011). Efficient neurotrans-
mitter release requires localization of the calcium channel 
in the presynaptic terminal near the synaptic vesicle and 
the SNAP25 release complex (Simms and Zamponi 2014). 
SNAP25 (synaptosomal-associated protein 25), a high-score 
interaction protein of CACNA1D, is involved in the molecu-
lar regulation of neurotransmitter release, in particular in 
vesicle docking and membrane fusion (Roux et al. 2006). 
SNAP25 is a component of the SNARE complex that is 
closely associated with Otoferlin. Signal transduction in spi-
ral ganglia is under the influence of BDNF and NT3 (Flores-
Otero et al. 2007). In the PoS network, SNAP25 and BDNF 
appear to have a bridging function between the top1 and top2 
key proteins (Bolat et al. 2022).

In summary, the proteins BDNF/GDNF/RET and OTOF/
CACNA1D/SNAP25 appear to be important in the process 
of sound perception under control conditions. These proteins 
represent the biological GO processes of synaptic vesicle 
priming and synaptic vesicle exocytosis (DAVID). In the 
PoS process, the protein pair BDNF-GDNF is important 
for the survival of the cells, and the protein pair OTOF-
CACNA1D is important for the fine regulation of synaptic 
transmission. The network (Fig. 4) suggests that the regula-
tion of survival processes (top1 protein pair) and signaling 
processes (top2 protein pair) occurs through the interaction 
of SNAP25 and BDNF.

Key Proteins of the AcouStim Network

Candidate key proteins of the AcouStim process are 
BDNF-NTRK2 und TH-CALB1. In comparison to PoS, 
AcouStim is an activated status of the auditory system. 
Under these conditions BDNF and its high-affinity recep-
tor NTRK2 become the important modulator of synaptic 
transmission. The top2 HSIP pair is TH (tyrosine hydroxy-
lase) and CALB1 (Calbindin 1). TH catalyzes the conver-
sion of l-tyrosine to l-dihydroxyphenylalanine (l-Dopa) 
and that is the rate-limiting step in the biosynthesis of the 
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catecholamines dopamine, noradrenaline, and adrenaline. 
Dopamine (DA) receptor expression has been demonstrated 
in the spiral ganglion (Inoue et al. 2006); all five DA recep-
tors were identified on the soma of SGN (Reijntjes and Pyott 
2016). The expression of tyrosine hydroxylase was detected 
in type II afferent neurons of mice (Vyas et al. 2017; Wu 
et al. 2018). DA is an important neurotransmitter of the lat-
eral efferent dopaminergic system that regulates the excit-
ability of the afferent dendrites of the SGN at the base of the 
IHC. Wu et al. (2020) demonstrated that DA is also involved 
in efferent neurons of the lateral olivocochlear region that 
modulate auditory nerve activity. Inhibition or modulation 
of BDNF-NTRK2 activity occurs by efferent neurons of 
the lateral olivocochlear (LOC) system via regulation of 
TH expression. DA seems to regulate the neurotransmitter 
release from hair cells and thus the firing rate of SG neurons 
and to modulate excitatory and inhibitory synaptic transmis-
sion pre and postsynaptically (Jacob and Nienborg 2018). A 
role in protecting the inner ear from excitotoxicity has been 
widely attributed to dopamine (Lamas et al. 2017).

CALB1 (Calbindin1; also known as CALB; D-28 K) 
belongs to the group of calcium-binding proteins, such as 
calmodulin and troponin C. It is involved in the regula-
tion of pre- and postsynaptic cytosolic calcium levels, and 
it acts as a buffer for calcium in the pre- and postsynaptic 
cytosol. Studies of CALB1 in the auditory system are not 
yet available. CALB1 protein regulates DA release and DA 
transport in the ventral striatum by regulating  Ca++ influx 
(Brimblecombe et al. 2019). CALB1 protein is also thought 
to regulate the activation of glutamate receptors by  Ca++ 
influx. Calb1-knockout experiments suggest that CALB1 
modifies not only DA release, but also the temporo-spatial 
coupling of  Ca++ influx and DA release. CALB1 is involved 
in the regulation of long-term synaptic potentiation. Ray-
nard et al. (2022) showed that overexpression of CALB1 
is protective against increasing levels of  Ca++ in aging 
cells. CALB1 interacts closely with PVALB (Parvalbu-
min), which belongs to the group of  Ca++-binding proteins 
that includes calbindin (CALB1) and calretinin (CALB2). 
Parvalbumin is a small cytosolic protein that binds  Ca++. 
Its physiological function is to date insufficiently studied, 
but it is assumed to be a calcium buffer. Thus, it is able to 
regulate  Ca++-dependent metabolic and electrical processes, 
particularly of gamma-aminobutyric acid (GABA) interneu-
rons (Permyakov and Uversky 2022).

Calcium-binding proteins have been detected in various 
inhibitory interneurons. The physiological function of these 
proteins is to regulate  Ca++ activity,  Ca++ transport, and the 
activity of various enzymes. There is evidence that neurons 
with high concentrations of these  Ca++ buffers are more 
resistant to degenerative processes (Idrizbegovic et al. 2006; 
Schwaller 2020; Permyakov and Uversky 2022). Parvalbu-
min-positive interneurons belong to the class of GABA-ergic 

inhibitory neurons of the CNS that have a high axonal con-
duction velocity. In the cortex, parvalbumin-positive neurons 
play a major role in plasticity (Rupert and Shea 2022). The 
expression of PVALB varies depending on the activity of the 
PVALB-producing neurons. Loss of parvalbumin-positive 
interneuron activity is involved in the development of tin-
nitus (Knipper et al. 2020).

In summary, the response of the SG cells to acoustic 
stimulation is the activation of the BDNF-NTRK2 axis. 
The activity of the BDNF-NTRK2 system is regulated by 
the DA-Calcium system. An exaggerated response with cell 
damage is apparently prevented by regulation via the cal-
cium system. PVALB seems to be of central importance, as 
it has close interactions with all members of this network 
(Fig. 4).

Key Proteins of Tinnitus

BDNF, NTRK1, NGF, and NGFR

The key proteins of tinnitus differ from those assigned to 
PoS and AcouStim not only in the proteins themselves but 
also by the observation that the HDPs BDNF and NGF show 
HSIs with NGFR and NTRK1 at approximately the same 
level of interaction. BDNF and NGF have similar high-
degree values (Table 3). In addition, the key proteins interact 
with a variety of other proteins, of which we have selected 
here those with the highest CS (Fig. 4). Thus, the key pro-
teins BDNF-NTRK1 and NGF-NGFR interact so closely 
that it is not possible to distinguish which protein pair has 
particular dominance. Probably there will be a competition 
of the receptors for the neurotrophins, thus the concentra-
tions and activities of the receptors or neurotrophins will 
determine the dominant effect.

Both BDNF and NGF play important roles in neurogen-
esis, differentiation, survival, and synaptic plasticity (Huang 
and Reichardt 2001). BDNF and NGF can have similar 
effects on neurons, but at different locations in the cell, 
depending on the localization of the receptors. However, 
NGF and BDNF can also have different effects, e.g., NGF 
can specifically promote survival of cholinergic neurons 
(Nordvall et al. 2022). This is significant, in that cholinergic 
input to the hippocampus after noise exposure is important 
for tinnitus induction (Zhang et al. 2019).

The mechanism of interactions between the four proteins 
in SG are not well known in detail. It is quite possible that 
the interaction of BDNF and NTRK1 reflects a connection 
between BDNF and NGF (1–14), a peptide of the N termi-
nus of NGF (Naletova et al. 2019). Manohar et al. (2016) 
demonstrated that noise exposure upregulates the mRNA 
expression of Ntrk1 in the cochlear nucleus as a result of 
inflammation, neuropathic pain, microglial activation, and 
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the migration of nerve fibers. The interactions of BDNF and 
NTRK1 might be related to the metabolic effects of NTRK1 
on redox status, autophagy, glucose homeostasis, energy, 
and cholesterol metabolism (Avcı 2021; Colardo et al. 2021; 
Boecking et al. 2022).

The receptors of BDNF, NTRK2, and NGFR are 
expressed in SG. The interaction of BDNF and NGFR likely 
occurs via the action of preBDNF and may lead to apoptosis 
or inhibition of neurite growth. In primary dissociated SGN, 
proBDNF has neither toxic nor protective effects. Simultane-
ous administration of BDNF and proBDNF seems rather to 
be beneficial for the positive effect of BDNF (Schulze et al. 
2022). It is known that SGN degenerate (loss of peripheral 
and central SGN synapses) without hair cells dying, e.g., in 
various forms of age-related hearing loss (neural ARHL). 
Survival of SGN depends strongly on the presence of neu-
rotrophic factors, such as BDNF, NT3, or the glial cell factor 
GDNF (Shityakov et al. 2021). Several in vitro and in vivo 
studies show that neurotrophins promote SGN survival and 
synapse formation (Schulze et al. 2022). It can be assumed 
that further genetic and environmental factors are responsi-
ble for tinnitus (Bao and Ohlemiller 2010).

During embryonic development, NGF and its receptors 
are significantly expressed in humans. After birth, expres-
sion decreases significantly and remains low in adulthood. 
NGF is involved in the protection of degenerating neurons 
and in the targeted growth of nerve fibers. Low blood NGF 
levels seem to be associated with sensorineural hearing loss 
and tinnitus (Salvinelli et al. 2015). In mouse models, NGF 
therapy was successful in preserving SGN structure and 
function (Shityakov et al. 2021). NGF is produced by vari-
ous cells in the body; it reaches a blood level that may well 
exert physiological effects.

In the CNS, NGF is present only in the form as proNGF. 
NGF and the precursor form proNGF appear to be critical 
for neuronal cell survival and cognitive function. Decreas-
ing NTRK1 expression reduces cell survival; proNGF loses 
neurotrophic function in the absence of NTRK1, and it pro-
motes apoptosis. Maintaining the balance between NTRK1 
and NGFR at axon terminals is critical for the pro-survival 
or pro-apoptosis effects of proNGF. ProNGF appears to act 
neurotrophically in the presence of NTRK1, but apoptoti-
cally in the absence of Ntrk1 (Kropf and Fahnestock 2021).

NGF is known to promote the survival of basal forebrain 
cholinergic nuclei neurons in vitro and in vivo. NGF is pro-
duced in the cortex and hippocampus and is retrogradely 
transported to cholinergic neurons of the basal forebrain. 
These neurons play a major role in cognition and attention 
and in Alzheimer’s disease (Shityakov et al. 2021). It acts 
through two cell surface receptors, NTRK1 and NGFR; 
this involves the formation of a trimeric complex and the 
activation of signaling pathways that promote cell sur-
vival. Binding of NGF to the receptors can occur at axon 

terminals. Transport into the cell body involves retrograde 
transport (Canu et al. 2017). The problem with NGF therapy 
is that NGF is a large and polar protein and cannot cross the 
blood–brain barrier when administered peripherally. NGF 
has severe negative effects on some neurons, e.g., loss of 
pain perception (Tuszynski et al. 2015). Because NGF is 
detectable in physiologically effective amounts in the blood 
and NTRK1 receptors are expressed in the spiral ganglion, 
therapeutic trials have been undertaken for sensorineural 
hearing loss and tinnitus (Zhou et al. 2009; Salvinelli et al. 
2015). Disturbances in the secretion of these neurotrophins 
lead to irreversible degeneration of the SGN. In contrast to 
mature NGF, the interaction of the precursor form (proNGF) 
and sortilin promotes neuronal apoptosis (Tauris et al. 2011; 
Vaegter et al. 2011; Carlo 2013).

High‑Score Interaction Proteins

The four key proteins (BDNF, NTRK1, NGF, NGFR) show 
high-score interactions to NTF3, to several growth factors 
(FGF2, EGF, GDNF, NTF3, VEGFA), and to regulatory 
proteins (PTPN11; Fig. 4). Neurotrophin 3 (NTF3, NT3) 
belongs to the neurotrophin family, with NTRK3 as the high-
affinity receptor (Fig. 5). NTF3 binds and activates NTRK1 
and NTRK2 with weaker affinity (Green et al. 2012). In the 
developmental phase, NTF3 is a critical factor for the sur-
vival of auditory neurons and for the formation of ribbon 
synapses on inner hair cells (Wan et al. 2014). It is known 
for its regulation of the formation of IHC-SGN synapses in 
the neonatal period (Cassinotti et al. 2022). NTF3 also plays 
a role in the recovery of synaptic connections after noise 
trauma (Wan et al. 2014). A close interaction of FGF2 and 
NTF3 was demonstrated in a hippocampal neuron culture 
(Igelhorst et al. 2015). Under the influence of NTF3, NTRK3 
over- or under-expression affected synaptic density; NTF3 is 
considered to be a key protein for the formation of synapses 
(Han et al. 2016).

Fibroblast growth factor 2 (FGF2, also FGFB) belongs to 
a large family of growth factors (23 members) with paracrine 
and endocrine effects on angiogenesis, metabolism, prolifer-
ation, survival, migration, and differentiation. Together with 
NTF3, it is involved in the proliferation of SGNs and in the 
formation of axons, nerve terminals, and synaptic vesicles 
(Hossain et al. 2008). In mouse SG, FGF2 and GDNF were 
shown to play an important role in the long-term survival of 
neurons after separation of the SG from hair cells. A com-
bination of FGF2 and GDNF could be used as a therapeutic 
measure for the secondary degeneration of SGN (Wei et al. 
2007). In the SG, FGF2 plays a major role in the survival 
and regeneration of neurons in cooperation with GDNF 
(glial cell line-derived neurotrophic factor). FGF2 has a par-
ticular importance for the regeneration of neurites (Wei et al. 
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2007). After the detection of neural stem cells in SG, there 
were attempts to induce these SGN stem cells to differentiate 
into neural and glial cells. This required the interaction of 
valproic acid and FGF2 (Moon et al. 2018). Using a guinea 
pig model, FGF2 was shown to protect against glutamate 
excitotoxicity and acoustic trauma (Zhai et al. 2004).

The protein tyrosine phosphatase non-receptor type 11 
(PTPN11) gene encodes protein tyrosine phosphatase (also 
SHP2), a member of the protein tyrosine phosphatase (PTP) 
family. It is involved in signal transduction for cell growth, 
differentiation, metabolic control, regulation of transcrip-
tion, and cell migration; the protein interacts with phospho-
lipids and phosphoproteins (Abbasi et al. 2018; Gao et al. 
2021; Wu et al. 2023). The non-receptor protein tyrosine 
phophatase PTPN11 has two catalytic domains and is ubiq-
uitously expressed (Wu et al. 2023). Patients with a patho-
genic PTPN11 mutation exhibit congenital sensorineural 
hearing loss (Gao et al. 2021). PTPN11 has been shown 
to be a critical factor in learning, memory, and plasticity 
(Zhang et al. 2017). Thus, PTPN11 may contribute signifi-
cantly to synaptic homeostasis. PTPN11 (Protein Tyrosine 
Phosphatase Non-Receptor Type 11) appears to be an impor-
tant switch point in the pathway toward cell survival and 
axonal outgrowth (Fig. 5).

Vascular endothelial growth factor A (VEGFA) is a 
growth factor active in angiogenesis, vasculogenesis, and 
endothelial cell growth. VEGF is active in angiogenesis and 
especially in endothelial cell growth. In addition to promot-
ing angiogenesis, VEGFA has growth-promoting effects on 
glial cells and neurons. In various tissues, there is a very 
close interaction between FGF2 and VEGFA to form new 
blood vessels (Idrisova et al. 2022). The interaction between 
FGF2 and VEGFA might also be related to the biological 
role of perlecan (Hayes et al. 2022; Nguyen et al. 2021). 
Perlecan protein (heparan sulfate proteoglycan 2, HSPG2) 
has five different domains and is an integral component of 
basement membranes; it serves as an attachment substrate 
for cells and plays essential roles in vascularization (Nie-
meyer et al. 2020). The effects of FGF2 and VEGFA in the 
nervous system were recently summarized in a comprehen-
sive review (Idrisova et al. 2022). Neuro- and angiotrophic 
growth factors play a key role in the regeneration of neurons 
and their processes. FGF2 and VEGFA have been implicated 
in improving cognitive performance and neurogenesis in the 
hippocampus and the frontal cortex in the rat after exercise 
(Chen et al. 2022). In an auditory PPI network of Phoenix 
sphere cells, FGF2 and VEGFA were identified as hub genes 
(Sølvsten et al. 2018; Rousset et al. 2020).

Epidermal growth factor (EGF) belongs to the EGF 
superfamily and is an important mitogenic factor important 
for growth, proliferation, and differentiation of numerous 
cell types. EGF is expressed in SG neuron cells and periph-
eral processes during development and adulthood (Hartman 

et al. 2010). It could play a role in the differentiation of 
human bone marrow-derived mesenchymal stem cells to 
auditory hair cells (Mahmoudian-Sani et al. 2017).

In summary, BDNF and NGF interact in tinnitus with 
NTRK1/NGFR in a competitive, modulatory manner influ-
encing development, degeneration, and regeneration of 
neuronal and non-neuronal tissue. In addition, a variety of 
growth factors interacting closely with the key proteins is 
involved in the modulation of the signaling system. In tin-
nitus, these changes suggest processes of degeneration and 
regeneration of neural and non-neural tissues and a reorgani-
zation of synaptic transmission processes in the SG. For a 
potential therapy, it is important to reduce or normalize the 
massive reorganization, growth, and regeneration processes 
in the SG.

Conclusion

The current study has limitations: (1) The list of genes was 
compiled on the basis of keywords that can be assigned to 
the symptom “tinnitus” (independently of whether subjec-
tive or objective) or to the processes “perception of sound” 
and “acoustic stimulation.” Overlaps or overestimates of 
specific genes cannot be excluded. (2) The precise effect 
of genes and proteins in a given disease is often tissue- and 
cell-type dependent (Greene et al. 2015). The databases 
used here contain global metabolic and molecular functions 
and do not distinguish among species, tissue, cell type, or 
pathogenesis (Wong et al. 2018). The exact effects of pro-
teins often depend on their tissue context, but direct tests for 
tissue-specific protein functions and interactions in many 
normal human tissues and cell types remain impossible. (3) 
As key proteins, we have selected only the top two proteins 
based on the degree and their high-score interacting proteins. 
It is not always possible to clearly decide which protein is 
top1 or top2. (4) The composition of the gene list is crucial 
for finding key proteins and HSIP. Our approach assumes 
that the genes of the respective list play a role in the process 
under investigation in terms of up- or down-regulation or in 
influencing the activity of other proteins. What role these 
proteins play in tinnitus requires experimental clarification.

Comparison of the key proteins of PoS, AcouStim, and 
Tin shows that analysis of the top1 and top2 HDPs and 
their HSIPs can be valuable for identifying candidate key 
proteins and basic molecular processes for clinical symp-
toms and diseases. In PoS (normal conditions), the top1 
protein pair (BDNF-GDNF) is directed toward maintaining 
cell structure and function. The top2 protein pair (OTOF-
CACNA1D) is directed to synaptic fine regulation. In 
AcouStim (activated status), the top1 protein pair (BDNF-
NTRK2) is directed to the activation of the neuronal reac-
tions; the BDNF-NTRK2 protein pair plays an important 
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role in synaptic transmission under physiological activated 
conditions. The top2 protein pair (TH-CALB1) is directed 
to the counter-reaction via DA and  Ca++ and may protect 
the system from excess workload and thus cell damage. 
The BDNF-NTRK2 interactions run in the PoS process 
in the background, without special activation or change. 
In Tin, both top1 and top2 protein pairs are targeted to 
growth and regeneration processes. The focus is on cell 
death and cell regeneration and thus constant readjustment 
of synaptic processes. This regulation takes place at cell 
and tissue level and refers to neural and non-neural cells. 
In the PoS and AcouStim networks, the BDNF receptor 
is the dominant signaling pathway; in the Tin network, 
the NGF-signaling pathway attains similar importance. 
BDNF and NGF, in their interaction with NTRK1/NGFR, 
are involved in cell growth, survival, and regeneration, 
with the consequence of the changes in synaptic transmis-
sion connected with tinnitus.

The results of the current study provide new insights 
into the molecular biology of tinnitus and could be impor-
tant for the detection of proteins with opposing or modu-
lating effects. From a clinical perspective, further improve-
ments in diagnosis and therapy of tinnitus are needed. 
Current research fields are focused on elucidation of 
molecular-biological mechanisms, biomarkers of tinnitus 
distress, psychological distress (Henry et al. 2014; Basso 
et al. 2022a, b; Boecking et al. 2022), and psychothera-
peutic treatment methods (Mazurek et al. 2022). For this, 
a unified data collection (Schlee et al. 2021) and advances 
in big-data analysis are of increasing importance, with the 
goal of paving the way toward a personalized diagnosis 
and therapy of tinnitus.

Appendix 1: Genes Identified 
by the Keywords “Perception of Sound” 
AND “Synaptic Transmission” AND “Spiral 
Ganglion” (n = 36)

Gene Score Name

BDNF 18.86 Brain-Derived Neurotrophic Factor
SNAP25 12.42 Synaptosome-Associated Protein 25
MAP1B 11.74 Microtubule-Associated Protein 1B
GDNF 10.8 Glial Cell-Derived Neurotrophic Factor
P2RX2 10.03 Purinergic Receptor P2X 2
CHAT 9.67 Choline O-Acetyltransferase
GRM7 7.04 Glutamate Metabotropic Receptor 7
TH 6.43 Tyrosine Hydroxylase
CDH23 6.1 Cadherin-Related 23

Gene Score Name

KCNQ4 6.07 Potassium Voltage-Gated Channel 
Subfamily Q Member 4

GRM8 5.84 Glutamate Metabotropic Receptor 8
MT-CO3* 5.75 Mitochondrially Encoded Cytochrome 

C Oxidase III
DES* 5.16 Desmin
CACNA1D 5.11 Calcium Voltage-Gated Channel Subu-

nit Alpha1 D
SLC17A8 4.75 Solute Carrier Family 17 Member 8
ASIC2 4.65 Acid Sensing Ion Channel Subunit 2
RET 4.57 Ret Proto-Oncogene
GJA1 4.16 Gap Junction Protein Alpha 1
MBP 4.09 Myelin Basic Protein
OTOF 3.53 Otoferlin
WHRN 3.09 Whirlin
MYO7A 2.81 Myosin VIIA
CA2 2.58 Carbonic Anhydrase 2
KCNJ10 2.55 Potassium Inwardly Rectifying Channel 

Subfamily J Member 10
CPA6* 2.53 Carboxypeptidase A6
NRTN 2.4 Neurturin
SLC26A5 2.23 Solute Carrier Family 26 Member 5
SETD2* 2.08 SET Domain Containing 2, Histone 

Lysine Methyltransferase
NOG 2.03 Noggin
TBC1D24 1.79 TBC1 Domain Family Member 24
PTPN11 1.76 Protein Tyrosine Phosphatase Non-

Receptor Type 11
LMNB1* 1.74 Lamin B1
MPDZ* 1.71 Multiple PDZ Domain Crumbs Cell 

Polarity Complex Component
MAP2K1 1.47 Mitogen-Activated Protein Kinase 

Kinase 1
BTD* 1.37 Biotinidase
MAFB* 1.09 MAF BZIP Transcription Factor B

*Not in the PPI network

Appendix 2: Genes Identified 
by the Keywords “Acoustic Stimulation” 
AND “Synaptic Transmission” AND “Spiral 
Ganglion” (n = 34)

Gene Score Name

BDNF-AS RNA RNA Gene
BDNF 20.82 Brain-Derived Neurotrophic Factor
MALAT1* 10.5 Metastasis-Associated Lung Adeno-

carcinoma Transcript 1
NTRK2 9.2 Neurotrophic Receptor Tyrosine 

Kinase 2
PVALB 9.18 Parvalbumin
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Gene Score Name

P2RX2* 9 Purinergic Receptor P2X 2
SYP 8.15 Synaptophysin
NR3C1 7.72 Nuclear Receptor Subfamily 3 

Group C Member 1
SMAD5-AS1* 6.8 SMAD5 Antisense RNA 1
CERNA3* 6.46 Competing Endogenous LncRNA 3 

For MiR-645
GFAP 6.43 Glial Fibrillary Acidic Protein
CALB1 6.36 Calbindin 1
TH 6.12 Tyrosine Hydroxylase
CREB1 5.95 CAMP-Responsive Element Binding 

Protein 1
CNTF 5.8 Ciliary Neurotrophic Factor
SOD2-OT1* 5.68 SOD2 Overlapping Transcript 1
CDH23 5.54 Cadherin-Related 23
NOS1 5.23 Nitric Oxide Synthase 1
CALB2 5.1 Calbindin 2
KCNQ4 5.04 Potassium Voltage-Gated Channel 

Subfamily Q Member 4
NRG1 4.74 Neuregulin 1
RET 4.53 Ret Proto-Oncogene
NTS 4.52 Neurotensin
MAPK10 4.29 Mitogen-Activated Protein Kinase 

10
EGF 4.11 Epidermal Growth Factor
CACNA1D 4.08 Calcium Voltage-Gated Channel 

Subunit Alpha1 D
OPRM1 4.06 Opioid Receptor Mu 1
MAP2 3.93 Microtubule-Associated Protein 2
TMX2-CTNND1* 3.46 TMX2-CTNND1 Read-through 

(NMD Candidate)
OTOF 3.4 Otoferlin
NOS2 2.95 Nitric Oxide Synthase 2
CYP19A1 1.71 Cytochrome P450 Family 19 Sub-

family A Member 1
JUN 1.28 Jun Proto-Oncogene, AP-1 Tran-

scription Factor Subunit
SLC26A5 1.04 Solute Carrier Family 26 Member 5

*Not in the PPI network

Appendix 3: Genes Identified 
by the Keywords “Tinnitus” AND “Synaptic 
Transmission” AND “Spiral Ganglion” (n = 61)

Gene Score Name

BDNF-AS* 30.86 BDNF Antisense RNA
BDNF 23.4 Brain-Derived Neurotrophic Factor
CDH23 14.91 Cadherin-Related 23
NTF3 14.62 Neurotrophin 3

Gene Score Name

MALAT1* 14.35 Metastasis-Associated Lung Adeno-
carcinoma Transcript 1

GDNF 13.86 Glial Cell-Derived Neurotrophic 
Factor

SNAP25 12.51 Synaptosome-Associated Protein 25
MAP1B 11.46 Microtubule-Associated Protein 1B
P2RX2 11.34 Purinergic Receptor P2X 2
MYO7A 10.85 Myosin VIIA
CAMK2G 10.46 Calcium/Calmodulin-Dependent 

Protein Kinase II Gamma
RET 10.44 Ret Proto-Oncogene
KCNQ4 10.37 Potassium Voltage-Gated Channel 

Subfamily Q Member 4
SYP 8.63 Synaptophysin
NR3C1 7.31 Nuclear Receptor Subfamily 3 

Group C Member 1
CACNA1D 7.28 Calcium Voltage-Gated Channel 

Subunit Alpha1 D
GFAP 6.95 Glial Fibrillary Acidic Protein
NGF 6.8 Nerve Growth Factor
TH 6.14 Tyrosine Hydroxylase
GPHN 6.05 Gephyrin
NGFR 6.04 Nerve Growth Factor Receptor
NTRK3 5.86 Neurotrophic Receptor Tyrosine 

Kinase 3
GRM7 5.77 Glutamate Metabotropic Receptor 7
CREB1 5.32 CAMP-Responsive Element Bind-

ing Protein 1
HIF1A 5.01 Hypoxia-Inducible Factor 1 Subunit 

Alpha
CALB2 4.44 Calbindin 2
FGF2 4.22 Fibroblast Growth Factor 2
MAP2 4.2 Microtubule-Associated Protein 2
SLC17A8 4.08 Solute Carrier Family 17 Member 8
EGF 4.06 Epidermal Growth Factor
NOS2 4.03 Nitric Oxide Synthase 2
MBP 3.94 Myelin Basic Protein
NRG1 3.79 Neuregulin 1
NTS 3.71 Neurotensin
GJA1 3.63 Gap Junction Protein Alpha 1
PCAT1* 3.63 Prostate Cancer-Associated Tran-

script 1
ANXA5 3.57 Annexin A5
SLC26A5 3.55 Solute Carrier Family 26 Member 5
WHRN 3.11 Whirlin
VEGFA 3.07 Vascular Endothelial Growth Factor 

A
CACNA1G 2.87 Calcium Voltage-Gated Channel 

Subunit Alpha1 G
NTRK1 2.71 Neurotrophic Receptor Tyrosine 

Kinase 1
KCNJ10 2.62 Potassium Inwardly Rectifying 

Channel Subfamily J Member 10
OTOF 2.61 Otoferlin
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Gene Score Name

MAP2K1 2.51 Mitogen-Activated Protein Kinase 1
S100B 2.35 S100 Calcium-Binding Protein B
PTPN11 2.33 Protein Tyrosine Phosphatase Non-

Receptor Type 11
CA2 2.16 Carbonic Anhydrase 2
GFRA1 2.14 GDNF Family Receptor Alpha 1
NRTN 2.13 Neurturin
MIR210* 2.12 MicroRNA 210
NUDT6 1.94 Nudix Hydrolase 6
VIM 1.88 Vimentin
SETD2 1.66 SET Domain Containing 2, Histone 

Lysine Methyltransferase
TBC1D24 1.51 TBC1 Domain Family Member 24
PANX1 1.29 Pannexin 1
ID1 1.19 Inhibitor Of DNA Binding 1
BTD* 1.09 Biotinidase
JUN 1.06 Jun Proto-Oncogene, AP-1 Tran-

scription Factor Subunit
USF1 0.94 Upstream Transcription Factor 1
MAFB 0.81 MAF BZIP Transcription Factor B

*Not in the PPI network
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