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a Departament de Ciències Fisiològiques, Universitat de Barcelona, Feixa Llarga s/n, 08907 l'Hospitalet de Llobregat, Catalunya, Spain 
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c Institut d'Investigació Biomèdica de Bellvitge (IDIBELL), 08907 l'Hospitalet de Llobregat, Catalunya, Spain 
d CNAG-CRG, Centre for Genomic Regulation, Barcelona Institute of Science and Technology (BIST), Barcelona, Spain 
e Universitat Pompeu Fabra, Barcelona, Spain   

A R T I C L E  I N F O   

Keywords: 
Chronic vestibular toxicity 
Ototoxicity 
Vestibular ganglion neurons 
Vestibular hair cells 
RNA-seq 
Synaptic uncoupling 
BDNF 
Nitrile ototoxicity 
Rat 
Mouse 

A B S T R A C T   

The vestibular ganglion contains primary sensory neurons that are postsynaptic to the transducing hair cells (HC) 
and project to the central nervous system. Understanding the response of these neurons to HC stress or loss is of 
great interest as their survival and functional competence will determine the functional outcome of any inter-
vention aiming at repair or regeneration of the HCs. We have shown that subchronic exposure to the ototoxicant 
3,3′-iminodipropionitrile (IDPN) in rats and mice causes a reversible detachment and synaptic uncoupling be-
tween the HCs and the ganglion neurons. Here, we used this paradigm to study the global changes in gene 
expression in vestibular ganglia using RNA-seq. Comparative gene ontology and pathway analyses of the data 
from both model species indicated a robust downregulation of terms related to synapses, including presynaptic 
and postsynaptic functions. Manual analyses of the most significantly downregulated transcripts identified genes 
with expressions related to neuronal activity, modulators of neuronal excitability, and transcription factors and 
receptors that promote neurite growth and differentiation. For choice selected genes, the mRNA expression re-
sults were replicated by qRT-PCR, validated spatially by RNA-scope, or were demonstrated to be associated with 
decreased expression of the corresponding protein. We conjectured that decreased synaptic input or trophic 
support on the ganglion neurons from the HC was triggering these expression changes. To support this hy-
pothesis, we demonstrated decreased expression of BDNF mRNA in the vestibular epithelium after subchronic 
ototoxicity and also downregulated expression of similarly identified genes (e.g Etv5, Camk1g, Slc17a6, Nptx2, 
Spp1) after HC ablation with another ototoxic compound, allylnitrile. We conclude that vestibular ganglion 
neurons respond to decreased input from HCs by decreasing the strength of all their synaptic contacts, both as 
postsynaptic and presynaptic players.   

1. Introduction 

The vestibular system in the inner ear is a sensor of head accelera-
tions that encodes information for gaze control, equilibrium, motor 
control, and spatial orientation (Burns and Stone, 2017; Kandel et al., 
2021; Elliott and Straka, 2022; Bacqué-Cazenave et al., 2022). In 
mammals, the sensory transducing cells of this system, named hair cells 

(HCs), are located in five sensory epithelia per ear: three cristae, one for 
each of the three semicircular canals, one macula in the utricle and one 
macula in the saccule. The HCs are presynaptic to vestibular ganglion 
neurons that project to the vestibular nuclei in the central nervous sys-
tem. Stimuli cause changes in the amount of neurotransmitters released 
by the HC, thus modifying the frequency of action potentials fired by the 
ganglion neurons. Since both the HCs and the ganglion neurons are 
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postmitotic and have little regeneration potential in most mammals, a 
loss of these cells results in an irreversible loss of function. This loss may 
occur due to genetic defects, aging, exposure to ototoxic compounds, 
and other damaging factors. 

Recently, increasing evidence has shown that in addition to the loss 
of HCs or ganglion neurons, injuring stimuli may result in more subtle 
pathological effects that may exhibit different degrees of repair (Sedó- 
Cabezón et al., 2015; Gaboyard-Niay et al., 2016; Sultemeier and 
Hoffman, 2017; Greguske et al., 2019; Cassel et al., 2019; Kim et al., 
2022; Maroto et al., 2022). Data from studies on chronic systemic 
exposure to ototoxic compounds (Sedó-Cabezón et al., 2015; Greguske 
et al., 2019; Maroto et al., 2022) indicate that HCs under stress trigger a 
reversible response of detachment from the postsynaptic neuron, 
resulting in the functional uncoupling of the synapse between these two 
cells. In these examples, the repair of the pathology associates with re-
covery of vestibular function. These damage and repair phenomena may 
explain, at least in part, clinical observations of functional recovery after 
ototoxicity caused by aminoglycoside antibiotics (Black et al., 2001), 
which are generally assumed to selectively target HCs (O'Sullivan et al., 
2017; Kenyon et al., 2021). The role of synaptic pathology and repair in 
vestibular dysfunction and recovery has been only partially unveiled by 
these studies. More research is available on similar phenomena in the 
cochlea, where lack of synaptic recovery after a variety of insults, 
especially noise, has been demonstrated to be a major contributor to 
hearing loss (Liberman and Kujawa, 2017). 

One important issue to understand is how vestibular ganglion neu-
rons respond to the chronic HC stress induced by ototoxicants. While 
some of the major responses so far identified in the sensory epithelium 
occur in the neuron, such as the loss of the adhesion protein CASPR1 and 
of the postsynaptic components (GluA2 and PSD-95 puncta)(Sedó- 
Cabezón et al., 2015; Greguske et al., 2019; Maroto et al., 2022), its 
general response has not been investigated. Understanding the response 
of the ganglion neurons to insults primarily targeting the HCs is of 
paramount importance. First, the survival and adequate function of 
these neurons are necessary conditions for the success of any regener-
ation or replacement approach to treating HC loss. Second, because both 
decreased activity or loss of these neurons may have trans-synaptic 
impacts on the central nervous system. In this study, we evaluated 
whether a distinct gene expression response is triggered in the vestibular 
ganglion during the synaptic uncoupling associated with chronic 
ototoxicity. To this end, we used the subchronic 3,3′-iminodipropioni-
trile (IDPN) exposure model. As this model works well in rats (Sedó- 
Cabezón et al., 2015) and mice (Greguske et al., 2019), we studied both 
models to identify the more conserved responses across species, and 
would likely have a higher translational interest. The data obtained 
demonstrated a robust decrease in expression of synaptic protein genes 
in both species. In addition, we collected data demonstrating that this 
response is also triggered in the ganglion by the loss of synaptic input 
caused by HC ablation by a different ototoxin. 

2. Materials and methods 

2.1. Animals and treatments 

Animals were used according to the Law 5/1995, Act 214/1997 of 
the Generalitat de Catalunya, and the 2010/63/UE directive, as 
approved by the University of Barcelona's Ethics Committee on Animal 
Experiments and the Commission on Animal Experimentation of the 
Generalitat (project numbers 265.19, 266.19 and 10,913). Young adult 
(8–9 weeks) Long-Evans rats were purchased from Janvier Labs (Le- 
Genest-Saint-Isle, France), acclimatized for at least 7 days before 
experimentation, housed two or three per cage, and given free access to 
drinking water and standard food pellets (TEKLAD 2014, Harlan Labo-
ratories, Sant Feliu de Codines, Spain). We also used adult (2–5-month- 
old) 129S1/SvImJ mice from a local colony descendant of animals 
purchased from Jackson Laboratory (Bar Harbor, ME, USA). Only male 

animals were used because the outcome of the IDPN exposure model is 
different between sexes, likely due to differences in the metabolism of 
the xenobiotic, and males offer a better vestibular versus systemic 
toxicity ratio both in rats (Sedó-Cabezón et al., 2015) and mice (Gre-
guske et al., 2019). These previous studies also demonstrated that sub-
stantial but still reversible loss of vestibular function, associated with 
synaptic uncoupling and little or no HC loss, can be elicited in both 
species using drinking water exposure to IDPN. However, different 
concentrations and times are needed to attain similar effects in either 
species. Accordingly, 0 or 20 mM of IDPN (>98%, TCI Europe, Zwijn-
drecht, Belgium) were added to the drinking water of the control (CTRL) 
and treated (IDPN) rats, respectively, for 4 weeks. Control and treated 
mice were exposed to 0 or 30 mM of IDPN in the drinking water, 
respectively, for 8 weeks. 

Mice were also used to evaluate the impact of HC loss on gene 
expression. In this experiment, experimental animals were co-exposed to 
1.2 mmol/kg of allylnitrile (>98%, Merck- Schuchard, Hohenbrunn bei 
München, Germany) and two doses of 100 mg/kg of trans-1,2- 
dichloroethylene (TDCE, 98%, Sigma-Aldrich, Madrid, Spain). Both 
compounds were administered p.o. in 6 ml/kg of corn oil. TDCE was 
given half an hour before and six hours after the allylnitrile dose. TDCE 
is an inhibitor of the CYP2E1 enzyme that reduces the systemic toxicity 
of allylnitrile and thus ameliorates the utility of this nitrile to cause HC 
loss (Saldaña-Ruíz et al., 2013). Half of the animals in the control group 
in this experiment received only the corn oil vehicle and the other half 
received corn oil and TDCE. Mice in this experiment were euthanized for 
sample collection three weeks after administration. 

2.2. Evaluation of vestibular function 

To ascertain that the animals used in the molecular analyses had the 
expected degree of loss of vestibular function, they were assessed at least 
once a week during or after treatment, and at the end of the experi-
mental period. In mice, we obtained vestibular dysfunction ratings 
(VDRs), a semi-quantitative evaluation that uses a behavioural test 
battery. This battery includes 6 behaviours, both spontaneous and re-
flex, and rates each on a scale of 0–4 to yield a global VDR from 0 to 24. 
The VDRs offer a sensitive and specific measure of vestibular function 
loss and were obtained as described in detail elsewhere (Llorens et al., 
1993; Soler-Martín et al., 2007; Saldaña-Ruíz et al., 2013; Greguske 
et al., 2019). In rats, we assessed the tail-lift reflex as described previ-
ously (Martins-Lopes et al., 2019; Maroto et al., 2021a, 2021b). The tail- 
lift reflex was also used to assess vestibular loss in the mice experiment 
evaluating the effect of HC loss in gene expression. 

2.3. Sample collection and processing 

For RNA studies, animals were decapitated, and their vestibular 
ganglia and epithelia were quickly dissected in ice-cold phosphate- 
buffered saline (PBS). The two ganglia from each animal were pooled in 
an Eppendorf tube, immediately frozen in liquid nitrogen, and stored at 
− 80 ◦C until further processing. The sensory epithelia from the six 
cristae and two utricles from each animal were ripped off adjacent 
membranes and pooled, frozen, and stored similarly. RNA was extracted 
using the Qiagen RNeasy mini kit and protocol. Total RNA samples were 
quantified by Qubit® RNA BR Assay kit (Thermo Fisher Scientific, 
Waltham, MA, USA) and the RNA integrity was estimated with an Agi-
lent RNA 6000 Pico Bioanalyzer 2100 Assay (Agilent Technologies, 
Santa Clara, CA, USA). 

We also used samples available in the laboratory from previously 
reported experiments (Sedó-Cabezón et al., 2015; Greguske et al., 2019). 
These included ganglia from control and subchronic IDPN rats, treated 
as explained above, that had been fixed with 4% paraformaldehyde in 
PBS for 1 h and had been stored at − 20 ◦C in a cryo-preservative solution 
(34.5% glycerol, 30% ethylene glycol, 20% PBS, 15.5% distilled water) 
for up to 10 years. For each analysis, we used ganglia from control and 
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treated animals that had been obtained at the same time. The specimens 
were rinsed of the cryopreservative solution in PBS, embedded in a block 
of agar, and sectioned at 30 μm in a vibrating microtome. The sections 
were processed for immunofluorescent expression studies and for RNA- 
scope in situ hybridisation, as described below. We also used archival 
mouse ganglia that had been obtained and stored at − 80 ◦C for RNA 
studies, as described above. These included samples from control mice, 
mice treated with IDPN for 8 weeks, and mice treated similarly but 
euthanized at the end of a washout period of 12 weeks following the 
exposure period. The number of animals and samples included in each 
experiment are provided in the Results section and detailed in Supple-
mentary table S1. 

2.4. Short read, low-input RNA sequencing 

Two RNA-seq experiments (in rat and mouse animal models) were 
run, each comparing 3 control and 3 subchronic IDPN animals. RNA 
sequencing libraries were prepared following the SMARTseq2 protocol 
(Picelli et al., 2014) with some modifications. Briefly, reverse tran-
scription of the total RNA input material of 1.8 μl (6–11 ng, in function 
of the sample availability) was performed using SuperScript II (Invi-
trogen) in the presence of oligo-dT30VN (1 μM; 5′-AAG CAG TGG TAT 
CAA CGC AGA GTA CT30VN-3′), template-switching oligonucleotides 
(1 μM) and betaine (1 M). The cDNA was amplified using the KAPA Hifi 
Hotstart ReadyMix (2×) (Roche) and 100 nM IS PCR primer (5′-AAG 
CAG TGG TAT CAA CGC AGA GT-3′) with 8 cycles of PCR amplification. 
Following purification with Agencourt Ampure XP beads (1:1 ratio; 
Beckmann Coulter), the product size distribution and the quantity were 
assessed with a Bioanalyzer High Sensitivity DNA Kit (Agilent). The 
amplified cDNA (200 ng) was fragmented for 10 min at 55 ◦C using 
Nextera XT (Illumina) and amplified for 12 cycles with indexed Nextera 
PCR primers. The library was purified twice with Agencourt Ampure XP 
beads (0.8:1 ratio) and quantified on a Bioanalyzer using a High 
Sensitivity DNA Kit. 

The libraries were sequenced on HiSeq2000 (Illumina) in paired-end 
mode with a read length of 2x76bp using TruSeq SBS Kit v3-HS 
(Illumina) in a fraction of a sequencing flow cell lane, following the 
manufacturer's protocol. Image analysis, base calling, and quality 
scoring of the run were processed using the manufacturer's software Real 
Time Analysis (RTA 1.13.48) and followed by generation of FASTQ 
sequence files by CASAVA. 

2.5. RNA-seq data processing and analysis 

Mouse RNA-seq reads were mapped against the Mus musculus refer-
ence genome (GRCm38) with STAR/2.5.3a (Dobin et al., 2013) using 
ENCODE parameters. Genes and isoforms were quantified with RSEM/ 
2.3.0 (Li and Dewey, 2011) with default parameters using the gencode. 
M15 annotation. Likewise, rat RNA-seq reads were mapped against the 
Rattus norvegicus reference genome (Rnor6.0) whereas the Rnor6.0.92 
annotation was used for gene and isoform quantification. The original 
raw and processed data are available from the Gene Expression 
Omnibus, accession number GSE226517 (https://www.ncbi.nlm.nih. 
gov/geo/query/acc.cgi?acc=GSE226517). 

Differential expression analysis was performed with the R package 
DESeq2/1.18 (Love et al., 2014). The regularized log transformation of 
the counts was used for plotting. Genes with FDR < 5% and |FC| > 1.5 
were considered significantly differentially expressed. Heatmaps were 
drawn with the R package ‘ggplot2’ using Z-score normalisation and the 
PCA was done with the ‘prcomp’ R function. Gene Ontology (GO) 
enrichment analyses (Ashburner et al., 2000; Gene Ontology Con-
sortium, 2021) were performed on the lists of genes upregulated or 
downregulated to identify the biological processes (BP) and cellular 
components (CC) modified by the treatments. Similarly, the Kyoto 
Encyclopaedia of Genes and Genomes (KEGG) database (Kanehisa and 
Goto, 2000) was used to identify molecular pathways modified after 

treatment. GO and KEGG analyses were performed with Enrichr (Chen 
et al., 2013; Kuleshov et al., 2016; Xie et al., 2021). In addition, Gene Set 
Enrichment Analyses (GSEA) (Subramanian et al., 2005; Mootha et al., 
2003) were performed with the mouse and the rat expression datasets to 
evaluate whether the gene expression changes induced by the treatment 
matched any well-known biological process as defined by the Hallmark 
Gene Sets. 

2.6. Real-time quantitative reverse transcription polymerase chain 
reaction (qRT-PCR) 

The High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Madrid, Spain) was used to reverse transcribe equal quantities 
of total RNA. Then, an equal amount (15 ng) of cDNA was used per 
sample for qRT-PCR analysis, for which we used the SensiFAST Probe 
Hi-ROX kit (Bioline, Barcelona, Spain). Assays were run in duplicate 
with the following TaqMan probes (Life Technologies, Madrid, Spain): 
Mm99999915_g1 (Gapdh, glyceraldehyde 3-phosphate dehydrogenase; 
used as the internal control gene), Mm00499876_m1 (Slc17a6, solute 
carrier family 17 [sodium-dependent inorganic phosphate cotrans-
porter], member 6 - vesicular glutamate transporter 2), 
Mm00436615_m1 (Slc2a4, solute carrier family 2 [facilitated glucose 
transporter], member 4 - Glut4), Mm00460641_m1 (Camk1g, calcium/ 
calmodulin-dependent protein kinase I gamma), Mm00446296_m1 
(Ngfr, nerve growth factor receptor [TNFR superfamily, member 16]), 
Mm01226041_m1 (Kcnq5, potassium voltage-gated channel, subfamily 
Q, member 5), Mm00517529_m1 (Chrna6, cholinergic receptor, nico-
tinic, alpha polypeptide 6), Mm00479438_m1 (Nptx2, neuronal pen-
traxin 2), Mm00465816_m1 (Etv5, ets variant 5), and Mm00436767_m1 
(Spp1, secreted phosphoprotein 1 - osteopontin), Mm04230607_s1 
(Bdnf, brain-derived neurotrophic factor). Reaction mixtures (10 μl) 
were incubated at 50 ◦C for 2 min, followed by incubation at 95 ◦C for 
10 min, and then by 40 cycles of PCR, each at 95 ◦C for 15 s and 60 ◦C for 
1 min. A 7900 HT Real-Time PCR System (Applied Biosystems) was used 
for real-time fluorescence detection, and the Expression Suite software 
was used to analyse the threshold cycles (Ct). The relative quantification 
method (ΔΔCt) was used to calculate the target gene expression for 
group comparisons. 

2.7. Immunohistochemical labelling 

Rat vestibular ganglion sections were immunolabelled with anti-
bodies against two proteins of interest, fibroblast growth factor 12 
(encoded by the Fgf12 gene; rabbit polyclonal, Proteintech 13,784–1- 
AP, RRID: AB_2103928, 1/500), and osteopontin/SPP1 (encoded by the 
Spp1 gene; goat polyclonal, R&D Systems AF808, RRID: AB_2194992, 1/ 
200). An antibody against the neurofilament heavy polypeptide (NFH; 
mouse monoclonal IgG1, Sigma-Aldrich, clone N52, Chemicon 
MAB5266, RRID: AB_2149763, 1/1000) was used to counterstain the 
ganglion. Additional information on these antibodies is provided in 
Suppl. Table S2. The following Alexa-fluor-conjugated donkey second-
ary antibodies from Invitrogen were used at 1/500: 488-anti-mouse IgG 
(cat. # A21202), 555-anti-rabbit IgG (cat. # A31572) and 647-anti-goat 
IgG (cat. # A21447). Briefly, free-floating sections were incubated for 
simultaneous permeation and blocking in PBS with 0.5% Triton-X-100 
and 20% donkey serum for 90 min at room temperature (RT). Then, 
they were sequentially incubated with the primary and the secondary 
antibodies, in both cases in 0.1% Triton-X-100 and 1% donkey serum for 
24 h at 4 ◦C with gentle rocking. The sections were thoroughly rinsed in 
PBS after each incubation, and finally mounted in Mowiol medium. 

2.8. RNAscope in situ hybridization 

Rat vestibular ganglion sections were processed for RNAscope and 
immunofluorescence following the protocol described by Reijntjes et al. 
(2021). As demonstrated for the auditory ganglion, this approach is 
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useful for the quantitative analysis of RNA expression (Kersigo et al., 
2018). We used the RNAscope Multiplex Fluorescent Reagent Kit v2 
(cat. # 323100, ACD Bio-Techne) with the following probes: Rn-Etv5- 
Rattus norvegicus ets variant 5 (Etv5) mRNA (cat. # 427061) and Rn- 
Ppib-C3 - Rattus norvegicus peptidylprolyl isomerase B (Ppib) mRNA 
(cat. # 313921-C3) as positive control. To label the probes, we used the 
fluorophores Opal 520 (cat. # FP1487001KT, Akoya Biosciences) and 
Opal 570 (cat. # FP1488001KT). Briefly, free-floating ganglion sections 
were washed in RNAscope Wash Buffer, dehydrated with graded con-
centrations of methanol, then rehydrated and washed at RT. Next, tis-
sues were treated with Protease III solution for 8 min at RT and washed. 
The sections were then placed in slides and exposed to a mixture of the 
Etv5-C1 and Ppib-C3 probes (50:1, as indicated by the manufacturer) for 
15 h at 40 ◦C using the HybEZ™ II Oven (cat. # 321720, ACD). After-
wards, tissues were washed and incubated in amplification solutions 
Amp1, Amp2 and Amp3 for 35, 20, and 35 min, respectively, at 40 ◦C. 
For signal detection, HRP-C1 and HRP-C3 solutions were added to the 
sections for 15 min each at 40 ◦C, followed by a 30 min incubation of 
TSA-diluted Opal 520 and Opal 570 at 40 ◦C. After washing, the sections 
were processed for NF-H immunostaining with the N52 antibody and 
mounted following the protocol described above. 

2.9. Image acquisition and analysis 

Tissue sections were observed in a Zeiss LSM 880 confocal micro-
scope. Acquisition settings were maintained across sections from the 
different treatment groups. The ImageJ software (National Institute of 
Mental Health, Bethesda, Maryland, US) was used for image quantifi-
cation. To measure immunochemical labelling, images were obtained 
with a 63× objective (1.4 NA, oil) as Z-stacks of 50 planes taken at 0.4 
μm intervals. Then, maximum intensity projections were obtained from 
6 consecutive planes spanning a total of 2.4 μm. The fluorescence in-
tensity was then measured using a region of interest of 100 μm2 and 
averaged for 30–40 cells per sample. For RNAscope analysis, 3 different 
areas were imaged from each sample with a 40× objective (1.3 NA, oil). 
The corresponding Z-stacks were made of 12 planes taken at 0.5 μm 
intervals. The maximum intensity projection of each picture was ob-
tained and then the number of Etv5 and Ppib mRNA puncta were 
counted automatically by employing the Find Maxima tool. The number 
of neurons was counted manually in the same image to calculate the 
number of puncta per neuron. Results were averaged across pictures of 
the same sample. Analysis settings were maintained in all pictures and 
conditions. 

2.10. Statistics 

Data are shown as X ± SE. For group comparisons, we used the 
Student's t-test or ANOVA analysis followed by Duncan's test, as 
appropriate. The significance level was set at 0.05. 

3. Results 

3.1. Subchronic vestibular toxicity modifies gene expression in the 
vestibular ganglion of rats and mice 

In previous studies, we described that male 129S1 mice treated with 
30 mM of IDPN in the drinking water for 8 weeks (Greguske et al., 2019) 
and male Long-Evans rats treated with 20 mM of IDPN for 4 weeks 
(Sedó-Cabezón et al., 2015) show similar losses in vestibular function 
and equivalent capacity for recovery. In both species, these function loss 
and recovery associate with HC detachment and synaptic uncoupling 
followed by reattachment and synaptic repair in the vestibular epithe-
lium. In the present study, mice and rats exposed to these respective 
concentrations of IDPN showed the expected progressive decline in 
vestibular function (data not shown) and were euthanized at the cor-
responding time points to study RNA expression in the vestibular 

ganglion. 
In the mouse RNA-seq study, a principal component analysis (PCA) 

with the 500 most variable genes differentiated between control (n = 3) 
and treated (n = 3) animals according to PC1 (49.8% of variance) and 
PC2 (29.1% of variance) (Fig. 1A). We found 956 differentially 
expressed genes (DEG), of which 436 were upregulated and 520 were 
downregulated. Looking at the 50 most significantly altered genes 
revealed that the majority (48/50) of these top genes were down-
regulated in mice treated with IDPN compared to control mice (Fig. 1B). 
Displaying all the genes in a volcano plot according to log2-Fold_Change 
and log-Padj also revealed that more downregulated genes than upre-
gulated genes showed higher differences between groups and higher 
significance (Fig. 1C). 

In rats, PCA analysis of the 500 most variable genes generated a PC1 
that gathered 59.4% of the variance and separated control (n = 3) and 
IDPN (n = 3) rats (Fig. 2A). These groups of animals showed 919 DEGs, 
where 368 were upregulated and 551 were downregulated. Among the 
50 most significantly altered genes, 43 were downregulated and 7 were 
upregulated (Fig. 2B). As performed in mice, the volcano representation 
of the rat data revealed a stronger downregulation response than upre-
gulation response because of the subchronic ototoxicity (Fig. 2C). 

3.2. Subchronic vestibular toxicity downregulates the expression of genes 
encoding for proteins involved in synaptic function, neuronal excitability, 
and neurite maturation 

We hypothesized that the most important gene expression responses 
to subchronic vestibular toxicity would be conserved across species. 
Therefore, we compared the lists of DEGs in mice and rats exposed to 
subchronic IDPN and identified 213 genes whose expression was 
significantly modified in both species. Although 4 of these genes showed 
different responses (that is, they were upregulated in one species and 
downregulated in the other), the other 209 were regulated similarly in 
both species (Suppl. Table S3). These common genes are highlighted in 
the volcano plots of the mouse (Fig. 1C) and rat (Fig. 2C). These plots 
highlight the fact that many of these genes were among those showing 
the greatest significance and the largest change in expression in both 
species. 

Gene Ontology (GO) enrichment analyses were performed to identify 
biological processes (BP) and cell components (CC) associated with the 
up- or downregulated genes in each species and with the genes similarly 
regulated in both species. The analysis of the list of downregulated genes 
in the mouse resulted in 27 BP and 38 CC terms with significant 
(Padj<0.05) alterations in expression. These included many terms 
related to synaptic structure and function, such as “synapse organiza-
tion”, “clathrin-dependent endocytosis”, “synaptic vesicle membrane”, 
or “clathrin coat of coated pit”. In the rat, the number of significant 
terms was lower, 11 BP and 8 CC, but these included terms also related 
to synapses, including “synapse organization”, “synaptic transmission, 
glutamatergic”, “synaptic vesicle membrane”, and “clathrin coat”. The 
robustness of the downregulation of genes encoding for synaptic ma-
chinery proteins was confirmed by the GO analysis of the genes similarly 
regulated in both species. This analysis yielded 20 BPs and 9 CC with 
Padj<0.05. As shown in Fig. 3, significant downregulation was found in 
the synaptic BP (Fig. 3A) and CC (Fig. 3B) terms. In addition, other terms 
identified by the enrichment analysis were also related to synaptic 
function. Thus, the effect found in terms related to inositol phosphate 
metabolism was associated with the effect on the phosphatase genes 
Synj1, Synj2 and Inpp5j, which have prominent roles in synapses. Simi-
larly, the Kyoto Encyclopedia of Genes and Genomes (KEEG) pathway 
analysis identified the “inositol phosphate metabolism”, the “synaptic 
vesicle cycle” and the “phosphatidylinositol signalling system” terms as 
significant after the adjustment for multiple comparisons (Fig. 3C). 
Taken together, the RNA-seq data revealed a robust downregulation of 
the expression of genes involved in synaptic neurotransmission. Down-
regulated genes included many genes encoding for presynaptic proteins 
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required for synaptic vesicle function and glutamate exocytosis (Unc13a, 
Slc17a6, Synj1, Vamp2, Ap2b1, Syngr1, Syngr3, Sv2a, Eps15, Atp6v1a, 
Napb, Slc38a1, and others), but also genes of postsynaptic proteins of 
both glutamatergic (Gria2, Kcnq5) and cholinergic (Chrna6, Chrna3, 
Ache) synapses. 

As noted in the heat maps and volcano plots (Figs. 1 and 2), the 
upregulated response was weaker than the downregulated response. 
Enrichment analysis on the list of genes up-regulated in both species 
provided a list of 19 BP terms (Padj <0.05), with “myelination”, and 
“negative regulation of cellular macromolecule biosynthetic process” at 
the top (Fig. 3D). Upregulated genes related to myelination included 
Apod, Klf9, Mpz, Sox10, Bcas1, Atrn, and Mbp. In the other analyses, the 
list of commonly upregulated genes yielded one single CC that retained 
statistical significance after correction (“Sin3 complex”) and no signifi-
cant KEEG pathway. The greater robustness of the downregulated 
response in comparison to the upregulated response was also revealed 

by the fact that the analysis of the complete list of DEGs, including both 
up and downregulated genes, highlighted synaptic components above 
all. Thus, the first seven BP terms identified on this list were “synapse 
organization”, “synaptic transmission, glutamatergic”, “synaptic trans-
mission, cholinergic”, “regulation of signal transduction”, “chemical 
synaptic transmission”, “glycerophospholipid biosynthetic process”, and 
“neurotransmitter transport”. 

The mouse and the rat expression datasets also underwent GSEA as 
an alternate approach to reveal patterns of gene expression modifica-
tion. In contrast to the previous analyses, GSEA with the Hallmark Gene 
Sets did not identify any robust downregulated responses. Thus, no gene 
sets were significantly (FDR/q-val < 0.05) enriched in Control versus 
IDPN mice, and only one (“oxidative phosphorylation”) in Control 
versus IDPN rats. Conversely, 9 and 6 gene sets were found to be 
enriched in IDPN mice and rats compared to their controls, respectively, 
and 3 of these were enriched in both species: “TNFA signalling via 

Fig. 1. RNA-seq analysis of the effect of subchronic 3,3′-iminodipropionitrile (IDPN) exposure on gene expression in the vestibular ganglion of the mouse. Treated 
mice were exposed to 30 mM of IDPN in the drinking water for 8 weeks. A. Principal Component Analysis (PCA) with the 500 most variable genes grouped animals 
according treatment group in PC1 and PC2, which gathered 79% of the variance. B. Heatmap of the 50 top differentially expressed genes (DEG), ordered by level of 
statistical significance after adjustment for multiple comparisons. Underlined genes are those that were also found to have a similar modification in expression in the 
rat experiment. C. Volcano plot of all genes according to statistical significance and fold change in expression. Coloured dots correspond to genes whose expression 
was found also significantly reduced (red) or increased (blue) in rats. Selected genes are identified with their name. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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NFKB”, “G2M checkpoint”, and “apoptosis”. However, these gene sets 
did not relate to the most robust expression responses shared by mice 
and rats exposed to subchronic IDPN. As such, comparing the list of 209 
common DEGs in mice and rats with the genes of these three upregulated 
sets resulted in virtually no overlap: only two genes (Klf9, Rhob) were 
coincident with the “TNFA signalling via NFKB” set, none with the “G2M 
checkpoint”, and two (Rhob, Pdcd4) with the “apoptosis” set. 

To complete the transcriptomic data analysis, we manually evalu-
ated the list of the top DEGs common in mice and rats; we organized 
them by a composite rank by adding the ranks of each species according 
to their Padj value (Suppl. Table S3). In addition to the responses 
identified by the GO and pathway analyses previously discussed, we 
observed other expression changes of interest. We noticed a robust 
decrease in the expression of genes that have been associated with 
neuronal activity: Camk1g (rank = 2), Slc17a6 (rank = 3), and Nptx2 
(rank = 6). The data also showed a strong down regulation of several 
transcription factors and receptors, including Etv5 (rank = 1), Gpr3 
(rank = 7), Etv4 (rank = 24), Ngfr (rank = 21), and Vgf (rank = 33), as 
well as decreased expression of Fgf12 (rank = 8), a positive regulator of 
voltage-gated sodium channels. As will be detailed in the Discussion 

section, these data suggested that the loss of BDNF input from the 
epithelium could be responsible, at least in part, for the observed 
expression changes in the ganglion. As BDNF, together with NT3, has 
critical roles in auditory and vestibular ganglion neuron development 
and survival by signalling through the neurotrophic tyrosine kinase re-
ceptors type 2 and 3 (Fritzsch et al., 1998; Fariñas et al., 2001; Fritzsch 
et al., 2016), we looked in our RNA-seq results for expression of the 
corresponding genes, Ntrk2 and Ntrk3. The data demonstrated expres-
sion of both receptor genes in the ganglion, but no change in this 
expression after IDPN. Mean, log2 fold change and Padj values were as 
follows: mouse Ntrk2, 9446, − 0.117, 0.523; mouse Ntrk3, 4517, 0.089, 
0.759; rat Ntrk2, 11,315, − 0.032, 0.929; rat Ntrk3, 2113, − 0.226, 0.248. 

3.3. Changes in mRNA expression were confirmed by qRT-PCR, RNA- 
scope in-situ hybridisation, and immunohistochemistry 

To corroborate the changes in gene expression revealed by the RNA- 
seq data, we sought to replicate the results using qRT-PCR. To this end, 
we used a new set of control and sub-chronic IDPN mice (n = 9/group) 
and compared the expression of six genes that were selected among the 

Fig. 2. RNA-seq analysis of the effect of subchronic 3,3′-iminodipropionitrile (IDPN) exposure on gene expression in the vestibular ganglion of the rat. Treated rats 
were exposed to 20 mM of IDPN in the drinking water for 4 weeks. A. Principal Component Analysis (PCA) with the 500 most variable genes grouped animals 
according treatment group in PC1, which explained 59% of the variance. B. Heatmap of the 50 top differentially expressed genes (DEG), ordered by level of statistical 
significance after adjustment for multiple comparisons. Underlined genes are those that were also found to have a similar modification in expression in the mouse 
experiment. C. Volcano plot of all genes according to statistical significance and fold change in expression. Coloured dots correspond to genes whose expression was 
found also significantly reduced (red) or increased (blue) in mice. Selected genes are identified with their name. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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top 20 as ranked by their Padj value in this species. These were Camk1g 
(rank = 2; log2FC = − 1.614; Padj = 5.74E-32), Slc17a6 (8; − 0.866; 
1.46E-20), Ngfr (9; − 1.107; 1.46E-20), Chrna6 (11; − 1.114; 1.06E-17), 
Nptx2 (18; − 1.279; 1.25E-15), and Slc2a4 (19; − 1.009; 3.79E-15). We 
included two additional DEGs for which we had probes from previous 
research, Kcnq5 (72; − 0.798; 1.45E-7), and Homer1 (384; +0.833; 
0.006). As shown in Fig. 4A, the qRT-PCR data matched the RNA-seq 
data for all genes. Thus, these genes showed significantly increased 

(Homer1) or decreased (Camk1g, Slc17a6, Ngfr, Chrna6, Nptx2, Slc2a4, 
Kcnq5) expression in agreement with the result of the RNA-seq analysis. 
Results of the Students t-test were as follows: Camk1g, t(12) = 7.51, p <
0.001; Slc17a6, t(11) = 9.66, p < 0.001; Ngfr, t(12) = 4.00, p = 0.002; 
Chrna6, t(16) = 3.54, p = 0.003; Nptx2, t(16) = 6.41, p < 0.001; Slc2a4, t 
(13) =6.36, p < 0.001; Kcnq5, t(16) = 3.21, p = 0.006; Homer1, t(13) =
2.28, p = 0.040. Using the same control and sub-chronic IDPN mice, we 
also assessed the expression of Bdnf in the sensory epithelium. Fig. 4B 

Fig. 3. Enrichment analyses of the genes differentially expressed (DEG) in both rats and mice after subchronic 3,3′-iminodipropionitrile (IDPN) exposure. A-C: 
Biological processes (A), cell components (B) and Kyoto Encyclopaedia of Genes and Genomes pathways (C) analyses of the downregulated genes. D: Biological 
process analysis of the up-regulated genes. 
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shows that Bdnf expression was strongly down regulated in the epithe-
lium after sub-chronic IDPN (t(14) = 11.48, p < 0.001). 

We also used RNA-scope in situ hybridisation analysis to evaluate the 
expression response of the top gene Etv5 (3; − 1345; 9.2E-38) triggered 
in the vestibular ganglion of the rat by sub-chronic ototoxicity. This 
analysis was performed on archival ganglia from 4 control and 4 IDPN 
rats from experiments reported elsewhere (Sedó-Cabezón et al., 2015). 
As shown in Fig. 5, Etv5 was expressed by both types of vestibular 
ganglion neurons, those that express high levels of NFH protein and 
those that do not. After subchronic IDPN, no change was recorded in the 
number of RNA-scope puncta that revealed mRNA expression of the 
control gene Ppib (t(6) = 0.989, p = 0.361), whereas a significant 
decrease was recorded for Etv5 mRNA expression (t(6) = 2.772, p =
0.032). There was no change in the number of neurons (t(6) = 0.495, p 
= 0.638), so a similar significant decrease in Etv5 expression was found 
(t(6) = 2.63, p = 0.039) if the number of puncta per neuron was 
considered instead of the total number of puncta. 

For two genes, Fgf12 (55; − 0.704; 4.11E-09) and Spp1 (gene product 
also known as oncomodulin - 277; − 0.410; 0.00128) (antibodies avail-
able in Suppl. Table S2), we sought to evaluate whether the changes in 
mRNA levels resulted in protein expression changes. To this end, we 
again used archival ganglia from control and IDPN rats. As shown in 
Fig. 6, these antibodies labelled both large and small vestibular ganglion 
neurons, and IDPN caused a significant reduction in the label: the 
fluorescence intensity of the Spp1 immunolabelling was smaller in the 
IDPN rats than in the control rats (t(6) = 4.28, p = 0.005), as was the 
intensity of the Fgf12 immunolabelling (t(6) = 2.69, p = 0.036). 

3.4. Changes in mRNA expression in the vestibular ganglion neurons 
associate with HC damage or loss in the vestibular epithelium 

Two final experiments were performed to establish the association of 
the changes in mRNA expression in the vestibular ganglion to 
ototoxicity-induced events in the vestibular epithelium. First, we eval-
uated whether a recovery in gene expression would occur if animals 
were allowed to survive after the end of the treatment. We used mouse 
archival samples from control ganglia, ganglia of mice treated sub-
chronically with IDPN, and mice given a 12-week washout period after 
the end of the 8-week treatment, in which reattachment between HCs 

and afferent terminals has been demonstrated to occur (Greguske et al., 
2019). As shown in Fig. 7, variable degrees of recovery occurred, from 
null (Slc17a6) to full (Spp1), but no gene showed a higher change in 
expression after washout than after the treatment. Statistical results in 
this experiment were as follows: Etv5, F (2, 21) = 28.29, p < 0.001; 
Camk1g, F (2, 21) = 8.15, p = 0.002; Slc17a6, F (2,15) = 6.24, p = 0.011; 
Nptx2, F (2, 15) = 2.98, p = 0.082; Spp1, F (2, 21) = 8.35, p = 0.002. 

Finally, we evaluated whether an ototoxic lesion protocol that causes 
irreversible loss of HCs (Saldaña-Ruíz et al., 2013) would cause a similar 
down-regulation response, comparable to the reversible lesion caused 
by sub-chronic IDPN. We compared expression in control mice and in 
mice where the lesion was confirmed by a large, significant (p < 0.001) 
reduction in the nose-neck-tail angle in the tail-lift reflex, which reflects 
a loss of vestibular function. The qRT-PCR data, presented in Fig. 8, 
demonstrated that the loss of HCs resulted in a significant drop in 
expression of Etv5, Camk1g, Slc17a6, Nptx2, and Spp1, indicating a 
comparable downregulation response. Results of the Students t-test 
were: Etv5, t(16) = 10.80, p < 0.001; Camk1g, t(16) = 16.42, p < 0.001; 
Slc17a6, t(12) = 3.53, p = 0.004; Nptx2, t(12) = 4.68, p = 0.001; Spp1, t 
(16) = 13.27, p < 0.001. 

4. Discussion 

After ototoxicant-induced HC loss, vestibular ganglion neurons un-
dergo a slow process of degeneration (Wang et al., 2017), even if the 
afferent terminals and neuronal cell bodies initially showed essential 
resiliency (Llorens and Demêmes, 1994; Wang et al., 2017). This can be 
explained by the selectivity of the ototoxic action on the HCs (Llorens 
and Demêmes, 1994; O'Sullivan et al., 2017; Kenyon et al., 2021; 
Steyger, 2021) and the dependency of the neurons on the trophic sup-
port given by the HC, which is mostly based on BDNF signalling (Fritzsch 
et al., 2004; Elliott et al., 2021). Additionally, increasing evidence in-
dicates that pathologies of the afferent terminals, the HC-afferent syn-
apses, and the adhesion complexes between HCs and afferents, followed 
by phenomena of little, partial or full repair, are important outcomes of 
sub-maximal or chronic ototoxic exposure models in which intact or 
damaged HCs survive (Sedó-Cabezón et al., 2015; Gaboyard-Niay et al., 
2016; Sultemeier and Hoffman, 2017; Greguske et al., 2019; Cassel 
et al., 2019; Kim et al., 2022; Maroto et al., 2022). The present study 

Fig. 4. Effect of subchronic 3,3′-iminodipropionitrile (IDPN) exposure on gene expression in the vestibular ganglion and epithelium of the mouse analysed by qRT- 
PCR. Treated mice were exposed to 30 mM of IDPN in the drinking water for 8 weeks. Bars show X ± SE (n = 6–9 animals/group), expressed as fold change from 
control mean. *: p < 0.05, Student's t-test. 
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examined the gene expression response of the vestibular ganglion 
associated with the HC-afferent detachment caused by subchronic IDPN 
exposure and identified several responses, including a robust down-
regulation of genes encoding proteins involved in synaptic function. 

The cellular pathology caused by IDPN in the vestibular epithelium 
has been well characterized. This low molecular weight nitrile and other 
similar compounds (allylnitrile, cis-crotononitrile) have a selective 
damaging effect on the sensory HCs of the inner ear (Llorens et al., 1993; 
Llorens and Demêmes, 1994; Balbuena and Llorens, 2001; Seoane et al., 
2001; Balbuena and Llorens, 2003; Boadas-Vaello et al., 2005; Soler- 
Martín et al., 2007) that makes them a useful tool for HC ablation in vivo 
(Saldaña-Ruíz et al., 2013). In addition, IDPN shows a particularly 
favourable ratio of vestibular vs systemic toxicity and a remarkable 
ability of effect accumulation during chronic exposure through drinking 
water (Llorens et al., 1993; Llorens and Rodríguez-Farré, 1997; Seoane 
et al., 2001). These favourable features for experimental use allowed the 
detailed analysis of the damage progression during subchronic exposure, 
which revealed that the detachment of HCs from their afferent terminals 
precedes HC loss via extrusion towards the labyrinth lumen (Sedó- 
Cabezón et al., 2015; Greguske et al., 2019). Recent data indicate that 
these phenomena may have broad significance, as they have been in part 
identified in rats exposed to streptomycin, an ototoxic antibiotic with 
clinical relevance, and in the sensory epithelia from vestibular 

schwannoma patients (Maroto et al., 2022). Therefore, we selected 
subchronic IDPN as an adequate model for the initial study of the gene 
expression response of the vestibular ganglion to subchronic ototoxicity 
causing reversible deafferentation. 

One feature of the IDPN model is its effectiveness in a variety of 
species, including rats (Llorens et al., 1993; Llorens and Rodríguez- 
Farré, 1997; Sedó-Cabezón et al., 2015) and mice (Soler-Martín et al., 
2007; Greguske et al., 2019). We studied and compared both species as a 
strategy to identify the expression responses conserved across species, 
presumably of more importance than species-dependent responses. The 
concentration of IDPN in the drinking water and the time of exposure 
were different in rats and mice, but were selected to attain a similar 
effect in the precise types of animals that we were using. Available data 
indicates that the final extent and time course of the IDPN effects vary as 
a function of the species, strain, and sex (Llorens and Rodríguez-Farré, 
1997; Boadas-Vaello et al., 2017; Greguske et al., 2019; Greguske et al., 
2021), probably due to differences in absorption, metabolism, or 
excretion of the compound, so different doses and times are needed to 
reach similar effects for diverse animals. The use of different IDPN 
concentrations and times of exposure in rats and mice may have been a 
source of differences in RNA expression between experiments. However, 
we hypothesized that adjusting the exposure conditions to attain similar 
levels of vestibular damage would provide more comparable results. 

Fig. 5. Effect of subchronic 3,3′-iminodipropionitrile (IDPN) exposure on gene expression in the vestibular ganglion analysed by in situ hybridisation RNA-scope. 
Treated rats were exposed to 20 mM of IDPN in the drinking water for 4 weeks. Left: Representative RNA-scope images are shown separately for the control 
gene Ppib (green, upper panels) and the Etv5 gene (red, lower panels), which was found significantly downregulated by RNA-seq. Ganglion sections were coun-
terstained by NFH immunohistochemistry (grey). Note that RNA-scope signals were found in both NFH-rich and NFH-poor neurons. Images are maximum projections 
of 12 consecutive planes spanning 6 μm. Scale bar: 20 μm. Right: Bars show the number of puncta (X ± SE) from control and treated rats (n = 4/group). *: 
significantly different (p < 0.05) from control mean, Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Future work may evaluate the role of each factor by, for instance, 
evaluating the time course of the RNA expression changes in both 
species. 

A limitation of the IDPN model is that this compound is well known 

to have a direct toxic action on neurons, causing proximal neuro-
filamentous axonopathy. Animals exposed to this nitrile display an 
accumulation of neurofilaments in proximal myelinated structures, such 
as the proximal axon of large neurons (Chou and Hartmann, 1964) and 

Fig. 6. Effect of subchronic 3,3′-iminodipropionitrile (IDPN) exposure on protein expression in the vestibular ganglion of the rat analysed by immunohistochemistry. 
Treated rats were exposed to 20 mM of IDPN in the drinking water for 4 weeks. Left: Representative images of vestibular ganglion sections immunolabelled with anti- 
NFH (green), anti-FGF12 (yellow), and anti-Spp1 (violet) antibodies. Images shown are maximum projections of 10 consecutive optical sections spanning 4 μm. 
Arrows of different length and orientation indicate neurons of similar size and section level in the control and IDPN images for comparison. Scale bar in upper left 
pannel: 20 μm. Right: Bars show fluorescence intensity (arbitrary units, X ± SE) for Spp1 and Fgf12 in control and treated rats (n = 4/group). *, **: significantly 
different (p < 0.05, p < 0.01, respectively) from control mean, Student's t-test. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. Effect of subchronic 3,3′-iminodipropionitrile (IDPN) exposure and washout period on gene expression in the vestibular ganglion of the mouse analysed by 
RT-PCR. Treated mice were exposed to 30 mM of IDPN in the drinking water for 8 weeks and evaluated at the end of exposure or after washout. Data are X ± SE (n =
4–8 animals/group) in fold change respect to control mean. a, b, c: Groups not sharing a common letter are different (p < 0.05), Duncan's test after signifi-
cant ANOVA. 
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the cell body of the vestibular ganglion neurons (Llorens and Demêmes, 
1996). This effect associates with a decrease in the axonal transport of 
neurofilaments (Griffin et al., 1978), but its molecular basis has not been 
elucidated. Therefore, the gene expression responses identified here 
could be due to the HC effect or to a direct neuronal effect. However, 
several of the core gene expression changes recorded in the sub-chronic 
IDPN rats and mice were also found in the vestibular ganglia of mice 
suffering deafferentation caused by acute allylnitrile-induced HC loss. In 
the acute experiment, allylnitrile is ototoxic but does not cause the 
neurofilamentous axonopathy (Balbuena and Llorens, 2001; Soler- 
Martín et al., 2011; Saldaña-Ruíz et al., 2013), so the gene expression 
changes observed were not secondary to an axonopathic action. 
Therefore, the robust downregulation of Spp1, Etv5, Camk1g, Slc17a6 
and Nptx2 observed by qRT-PCR in the vestibular ganglion of mice with 
allylnitrile-induced HC loss supports the conclusion that HC-neuron 
detachment was the trigger of the downregulation of these and other 
genes observed by RNA-seq after subchronic IDPN ototoxicity. 

In both rats and mice, we observed a more robust down- than up- 
regulation response after sub-chronic IDPN. Although the vestibular 
ganglion contains more than one type of cell, the known roles of the 
differentially expressed genes clearly identified a downregulation of 
neuronal genes involved in synaptic transmission, and a less robust but 
significant increase in Schwann cell genes involved in myelinisation. In 
addition to the gene-sets highlighted by the GO analyses, a robust 
downregulation of other genes known to be related to neuronal activity 
was noted (discussed below). By contrast, other effects, as those found 
by GSEA, appeared less relevant as they differed among species or did 
not relate to the changes in the expression of the most affected genes. As 
the IDPN-induced axonopathy has been demonstrated to associate with 
demyelination and re-myelination (Griffin et al., 1987), the effect on 
myelin genes can be a direct impact of IDPN on the Schwann cells or, 
perhaps, a consequence of the action on the vestibular ganglion neurons. 
Although these effects have been reported at exposure levels higher than 
those used here, our IDPN exposure model also causes neurofilament 
alterations (Seoane et al., 2003). In any case, as discussed above, the 

most robust response was the downregulation of genes that directly 
responded to the deafferentation and other genes important for synaptic 
activity. Immunohistochemical analyses of FGF12 and Spp1 supported 
the conclusion that decreases in gene expression translate into decreases 
in protein expression. 

Interestingly, the downregulated genes encode both pre- and post-
synaptic proteins. The observed decrease in GluA2 expression had been 
described previously in association with the decrease in GluA2-positive 
synaptic puncta after subchronic exposure, a finding indicative of syn-
aptic uncoupling between the HCs and the afferent terminals (Sedó- 
Cabezón et al., 2015; Greguske et al., 2019). The present results thus 
support the notion that this uncoupling may be, at least in part, medi-
ated by postsynaptic gene expression changes. In addition, the present 
results demonstrate that the ganglion neurons reduce expression of the 
machinery necessary for glutamate secretion, so a reduction in synaptic 
transmission must also occur at the synapse between the primary sen-
sory neuron and the second order neuron in the vestibular nuclei. 
Finally, the downregulation in cholinergic receptor subunits and in 
acetylcholinesterase suggest that the vestibular ganglion neurons may 
have changed their response to acetylcholine. Acetylcholine is the 
neurotransmitter of the vestibular efferent system, which innervates 
type II HCs and both types, boutons and calyces, of afferent endings 
(Ishiyama et al., 1994; Lysakowski and Goldberg, 1997; Simmons et al., 
2011; Schneider et al., 2021). Therefore, our data suggest that chronic 
ototoxicity modifies the sensitivity of the afferent terminals to the 
efferent input. Interestingly, a recent review suggests that the efferent 
system is not involved in short-term afferent coding, but in long-term 
regulation of afferent responsiveness (Cullen and Wei, 2021). In any 
case, the present results indicate that the response of the vestibular 
ganglion neurons to subchronic IDPN ototoxicity includes a global 
modification in the strength of their three synaptic contacts, those with 
the HCs, those with the efferent system, and those with the postsynaptic 
neurons in the central nervous system. 

Taken together, the present data reveal that chronic ototoxic expo-
sure (at least in the IDPN model) induces in the vestibular ganglion 

Fig. 8. Effect of HC loss on gene expression in the vestibular ganglion of the mouse analysed by RT-PCR. Lesion mice were co-exposed to 1.2 mmol/kg of allylnitrile 
and two doses of 100 mg/kg of trans-1,2-dichloroethylene to cause HC loss and were examined three weeks after exposure. Data are X ± SE (n = 7–9 animals/group) 
in fold change respect to control mean. **, ***: p < 0.01 and p < 0.001, respectively, Student's t-test. 
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neurons a response of downregulation of genes involved in synaptic 
function, neuronal activity, and synaptic plasticity. Abundant literature 
data support the conclusion that this is a response of the neurons to 
deafferentation and/or trophic input. As such, expression of the vesic-
ular glutamate transporter (Slc17a2) gene, one of the major down-
regulated synaptic genes, has been associated with neuronal activity 
(Doyle et al., 2010), as has the expression of Camk1g (Harrill et al., 
2010) and Nptx2 (Xu et al., 2003; Doyle et al., 2010). Upregulation of 
Nptx2 in dorsal root ganglion neurons has been recently shown to be a 
key step in the facilitation of synaptic input onto spinal neurons in a 
model of chronic itch (Kanehisa et al., 2022), so the recorded decrease in 
Nptx2 expression is likely associated with reduced efficiency of the 
central synapses of the ganglion neurons. Potentially related result are 
the decreased expression of Fgf12, a modulator of neuronal excitability 
(Liu et al., 2003; Goldfarb et al., 2007) known to be expressed in 
vestibular ganglion neurons (Hanada et al., 2018), and the down-
regulation of transcription factors and receptors that promote neurite 
growth and differentiation, Etv5 (Fontanet et al., 2013; Fontanet et al., 
2016), Gpr3 (Tanaka et al., 2022; Masuda et al., 2022), and Etv4 (Fon-
tanet et al., 2016). Interestingly, Etv5 is well known for its role in 
regulating sub-synaptic gene expression in skeletal muscles (Hippen-
meyer et al., 2007), so it may have a mediating role in the observed 
effect in genes of the proteins in cholinergic synapses. Finally, we 
noticed that the expression of several of these genes (Camk1g, Slc17a6, 
Etv4, Etv5, Nptx2) and other DEGs (Ngfr, Vgf) is known to be controlled 
by BDNF and mediate neurotrophin-induced changes in synaptic 
strength (Alder et al., 2003; Takemoto-Kimura et al., 2007; Melo et al., 
2013; Fontanet et al., 2016; Liu et al., 2016; Mariga et al., 2015). For 
that reason, we evaluated the expression of Bdnf in the sensory epithe-
lium and observed a strong decrease in the mRNA levels of this neuro-
trophin. Therefore, loss of the activity-dependent release of BDNF in the 
vestibular epithelium (Chabbert et al., 2003) may trigger at least part of 
the observed gene expression response in the ganglion. This hypothesis 
agrees with previous transcriptomic data. BDNF has been shown to 
predominantly regulate the expression of genes related to synaptic 
function in striatal neurons in culture (Koshimizu et al., 2021). In 
another study, disruption of BDNF-TrkB signalling in cortical cortistatin 
interneurons has been found to modify the expression of genes impor-
tant for excitatory neuron function (Maynard et al., 2020). A related 
hypothesis is that the gene expression response identified here may 
represent a first step, still reversible, towards neuronal degeneration. 
This is a plausible hypothesis, given the known requirement of BDNF 
signalling for the survival of vestibular ganglion neurons (Sciarretta 
et al., 2010; Elliott et al., 2021), and the overall survival of the neurons 
at the time of our histological examination. For future studies, we hy-
pothesize that enhancing BDNF signalling may not only increase the 
long-term survival of deafferented vestibular ganglion neurons, but may 
also facilitate recovery of partial loss of function due to chronic 
ototoxicity or other chronic mild stress insults that cause synaptic 
uncoupling. 

5. Conclusions 

This study identified the gene expression response of the vestibular 
ganglion to subchronic IDPN ototoxicity in rodents. The results obtained 
show a robust decrease in expression in synaptic protein and activity- 
dependent genes that suggest that the ganglion neurons respond to 
decreased synaptic input and/or BDNF signalling by modifying the 
function in all their synaptic contacts, both as postsynaptic and pre-
synaptic players. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2023.106134. 
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