
Journal of

Clinical Medicine

Article

Evaluation of the Efficacy of Dexamethasone-Eluting Electrode
Array on the Post-Implant Cochlear Fibrotic Reaction by
Three-Dimensional Immunofluorescence Analysis in
Mongolian Gerbil Cochlea

Philippine Toulemonde 1,2,* , Michaël Risoud 1,2, Pierre Emmanuel Lemesre 1,2, Cyril Beck 1,2, Jean Wattelet 1,2,
Meryem Tardivel 3, Juergen Siepmann 1,2 and Christophe Vincent 1,2

����������
�������

Citation: Toulemonde, P.; Risoud, M.;

Lemesre, P.E.; Beck, C.; Wattelet, J.;

Tardivel, M.; Siepmann, J.; Vincent, C.

Evaluation of the Efficacy of

Dexamethasone-Eluting Electrode

Array on the Post-Implant Cochlear

Fibrotic Reaction by

Three-Dimensional

Immunofluorescence Analysis in

Mongolian Gerbil Cochlea. J. Clin.

Med. 2021, 10, 3315. https://doi.org/

10.3390/jcm10153315

Academic Editor: Christof Röösli

Received: 7 July 2021

Accepted: 26 July 2021

Published: 28 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Otology and Neurotology, CHU Lille, University of Lille 2 Henri Warembourg,
F-59000 Lille, France; michael.risoud@chru-lille.fr (M.R.); pierreemmanuel.lemesre@chru-lille.fr (P.E.L.);
cyril.beck90@gmail.com (C.B.); wattelet59@hotmail.fr (J.W.); juergen.siepmann@univ-lille.fr (J.S.);
christophe.vincent@chru-lille.fr (C.V.)

2 INSERM U1008—Controlled Drug Delivery Systems and Biomaterials, F-59000 Lille, France
3 BioImaging Center Lille-Nord de France (BICeL), University of Lille 2 Henri Warembourg,

F-59000 Lille, France; Meryem.tardivel@univ-lille.fr
* Correspondence: philippine.toulemonde@gmail.com; Tel.: +33-6851-91052

Abstract: Cochlear implant is the method of choice for the rehabilitation of severe to profound
sensorineural hearing loss. The study of the tissue response to cochlear implantation and the
prevention of post-cochlear-implant damages are areas of interest in hearing protection research. The
objective was to assess the efficacy of dexamethasone-eluting electrode array on endo canal fibrosis
formation by three-dimensional immunofluorescence analysis in implanted Mongolian gerbil cochlea.
Two trials were conducted after surgery using Mongolian gerbil implanted with dexamethasone-
eluting or non-eluting intracochlear electrode arrays. The animals were then euthanised 10 weeks
after implantation. The cochleae were prepared (electrode array in place) according to a 29-day
protocol with immunofluorescent labelling and tissue clearing. The acquisition was carried out
using light-sheet microscopy. Imaris software was then used for three-dimensional analysis of the
cochleae and quantification of the fibrotic volume. The analysis of 12 cochleae showed a significantly
different mean volume of fibrosis (2.16 × 108 µm3 ± 0.15 in the dexamethasone eluting group
versus 3.17 × 108 µm3 ± 0.54 in the non-eluting group) (p = 0.004). The cochlear implant used as a
corticosteroid delivery system appears to be an encouraging device for the protection of the inner ear
against fibrosis induced by implantation. Three-dimensional analysis of the cochlea by light-sheet
microscopy was suitable for studying post-implantation tissue damage.

Keywords: auditory implant; dexamethasone; hearing loss; rehabilitation; clearing; imaging;
light-sheet microscopy

1. Introduction

Sensorineural hearing loss is characterised by the loss of hair cells and by degeneration
of the spiral ganglion neurons [1,2]. Cochlear implantation is used as the surgical solution
for the rehabilitation of severe to profound sensorineural hearing loss [3,4]. Despite its high
success rate, cochlear implantation is responsible for cellular destruction, and inflammatory
response with the creation of fibrosis and endo-cochlear neo-osteogenesis [5–12]. The extent
of this fibrosis correlates with residual hearing loss where it exists [10,13]. It has also been
shown that the increase of implant impedances is directly related to the extent of the fibrotic
reaction around the electrode array [14]. This necessitates increasing the intensity of the
electrical stimulus. Electrical stimulation may have detrimental effects on the auditory hair
cells and spiral ganglion neurons [15,16]. In addition, in patients with residual hearing,
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it is important to preserve it to allow rehabilitation by combined electrical and acoustic
stimulation cochlear implant devices [17,18].

Several measures to reduce surgical trauma are used in current clinical practice with
improved surgical techniques, such as electrode arrays that have smaller diameters and
greater flexibility and the administration of systemic or trans-tympanic corticosteroid ther-
apy [17,19–26]. Indeed, corticosteroids are mainly studied because of their cell-protective
properties against local or sound trauma [27–29]. However, the cochlea is protected from
the rest of the body by the labyrinthine barrier, which limits the delivery of drugs to the
inner ear and exposes the body to adverse effects [30,31]. Thus, for several years, numer-
ous devices have been developed for the local delivery of drugs to the inner ear [32–35].
Drug delivery via the electrode array using the implant itself as a carrier has been the
most attractive option at present to reduce the adverse effects associated with implant
trauma [14,36].

The study of post-implantation cochlear damage (cell survival and fibrosis formation)
is made difficult by the otic capsule surrounding the entire cochlea and its helical structure.
Confocal laser scanning microscopy provides a three-dimensional (3D) representation
of a sample by constructing a stack of 2D serial slices, referring to optical sections in
confocal planes. Its initial use has already allowed good resolution of the organ of Corti
in 3D and thus cell counting [37–39]. However, dissection of this structure destroys the
surrounding structures, and the use of confocal microscopy is limited to small volume
samples [37,40]. Furthermore, the analysis of the scala tympani and therefore of the endo
canal fibrosis is not allowed. Indeed, this study requires serial cochlear sections and
3D reconstruction which are time consuming and responsible for a loss of membrane
information and architectural deformations of the organ of Corti [41–45]. Most importantly,
serial sections of embedded implanted cochlea require the electrode array to be removed,
which disrupts the tissue response. Light-sheet microscopy is a technique of choice for
studying biological structures in three dimensions. It allows three-dimensional analysis of
whole cochlear samples without dissection trauma and leaving the cochlear implant in situ
during acquisition in order to quantify the volume of fibrosis around the implant [46,47].
Although the resolution is not as good as with confocal microscopy, cellular evaluation
is also possible with immunostaining of hair cells, neurons, and fibrosis [46,47]. These
imaging investigations (confocal microscopy and light sheet) require transparent samples.
With the development of these imaging techniques, numerous clearing protocols have been
developed in recent years and adapted to cochlear clarification [46–48].

The objective of this study was to assess the efficacy of the dexamethasone-eluting
electrode array on endo canal fibrosis formation by three-dimensional immunofluorescence
analysis of the implanted Mongolian gerbil cochlea.

2. Materials and Methods

The study was approved by the regional committee for experimental animal care and
use (CEEA Nord-Pas de Calais n◦75, Lille, France) listed under protocol 2017071021362273.
Our work was conducted in agreement with the standard guidelines of the French Ministry
of Agriculture, according to the EU Directive 2010/63/EU for the protection of animals
used for scientific purposes. The Mongolian gerbils were implanted in a round window
on the right side with an electrode array of two electrodes. The left cochleae were left as
controls, not implanted. Two trials were conducted after surgery using Mongolian gerbil
implanted with dexamethasone-eluting (10%) or non-eluting intracochlear electrode arrays.
A CT scan (MicroTEP-CT Inveon; Siemens, Munich, Germany) was performed at 5 and
10 weeks after implantation to ensure stability and correct positioning of the electrode
array. The animals were then euthanised at 10 weeks after implantation and both cochleae
(right implanted and left control) were collected.



J. Clin. Med. 2021, 10, 3315 3 of 13

2.1. Electrode Array

For this study, we used prototype implants supplied by Oticon Medical (Vallauris,
France) which consisted of 3 parts. An electrode array whose silicone was loaded with
dexamethasone or not. It included 2 stimulus-sensing electrodes with a surface area
of 0.12 mm2 (0.4 mm length × 0.3 mm diameter). Each electrode consisted of a wire
made of 90% platinum and 10% iridium. This was the part inserted in a round window
at a depth of approximately 3 mm. There was also the ground electrode which was
placed subcutaneously, at the level of the contralateral auditory bulla. Additionally, the
connector, which was accessible on the animal’s vertex after surgery, allowed the connection
of the implant’s electrodes to the various stimulus detection and electrophysiological
measurement platforms.

2.2. Cochlear Implant Surgery

The procedure was performed under general anaesthesia using a MINITAG veterinary
gas anaesthesia station (Tem Sega, Pessac, France). A mixture of air (2 L/min) and isoflu-
rane (5%) was used for induction, and maintenance was achieved with 0.8 L/min of air and
1.5–2% isoflurane (Aerrane; Baxter, Deerfiel, IL, USA). An injection of Buprenorphine (Bu-
paq 0.3 mg/mL; Virbac, Carros, Carros, France) at a dosage of 0.1 mg/kg was performed
45 min before the incision. Lidocaine (Xylocaine spray 5%; Astrazeneca, London, UK) was
used at the incision site to optimise local pain control. All procedures were performed by
the same operator after a period of training of a few months. A small right retroauricular
incision was made and the muscles covering the bulla were retracted. The anterior portion
(anterior to the upper pillar) of the bulla was opened with micro forceps to expose the
round window which was then clearly visible. The left auditory bulla was approached
in the same way with an anterior and posterior opening of the bulla to expose the lateral
semicircular canal which was cut to create a labyrinthine fistula for easier electrophysio-
logical measurements. The connector was then placed on the animal’s vertex. The skin of
the vertex was incised vertically down to the galea which was removed with hydrogen
peroxide. Two drill holes were made with a 1.18 mm diameter cutter on either side of
the sagittal suture. Self-tapping screws were inserted into the drill bits to attach the glue
and surgical cement. The connector was then fixed with glue (super bond, SunMedical,
Le Havre, France, Réf: 12–900) and surgical cement (Unifast Trad, Réf: 339114, 339292,
Phymep, Paris, France), which was applied to the surface of the connector adherent to the
vertex. Tunnelling was performed under the muscle, from the vertex incision to the left
auditory bulla, to place the ground electrode, and the procedure was repeated on the right
side. The right retro auricular approach was then repeated. A notch in the bony rim of
the round window was made, paying attention to avoid the stapedial artery located at the
upper part of the round window. The window was then opened and the electrode array
was carefully inserted. An inert, immediately curing silicone (Kwick sil, world precision
instrument, Sarasota, FL, USA) was instilled into the auditory bulla to allow the cochlear
implant to be maintained. The incisions were then sutured in a skin plane.

2.3. Tissue Preparation

For this procedure, 10 weeks after implantation, the right auditory bulla was again
approached under general anaesthesia to cut the electrode array at the entrance to the round
window to avoid the risk of explanting the animal, and then the gerbils were euthanised by
cervical dislocation. This procedure was performed under gas anaesthesia (gas mixture of
air (2 L/min) and isoflurane (5%). The right and left cochlea were then collected. Perfusion
of 4%paraformaldéhyde solution was performed through the round and oval windows
and the cochleae were placed in 4% paraformaldéhyde solution overnight. The cochleae
were then rinsed 3 times for 10 min, with phosphate-buffered saline (PBS 1X) at pH 7.4
with agitating before being decalcified. Decalcification was carried out with 10% EDTA
(ethylene diamine tetra-acetic acid) pH 7.26 for 20 days with a change of solution every 48 h.
All these steps were carried out at room temperature. Excess bone from the decalcified
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cochlea was then removed and a small puncture was made at the apex with a 26 Gauge
needle to allow diffusion of antibodies.

The immunolabelling protocol required permeabilisation with dimethylsulphoxid
(DMSO) twice for 10 min followed by washing 3 times for 20 min in 1X PBS. These steps
were carried out at room temperature with agitation. The samples were then placed in a
blocking solution (PBS-GT: 1% triton X-100, and 0.2% gelatine from cold-water fish skin in
1X PBS) overnight and then incubated in the primary antibody solution (in 1 mL of PBS-GT)
for 3 days. Alpha SMA (Monoclonal mouse IgG2a antismooth muscle actin; Sigma; Saint
Quentin Fallavier, France, ref: A2547, concentration 1:400) was used for labelling fibroblasts.
NakATPase alpha 3 (Monoclonal mouse IgG1 anti-NaKATPase alpha 3; Invitrogen, Fischer
Scientific, Illkirch, France, ref: MA3-915; concentration 1:400) was used for labelling spiral
ganglion type 1 afferent neurons. F4/80 (Monoclonal rat IgG2a anti F4/80; Invitrogen;
ref: MF48000; concentration 1:200) was used for macrophage labelling. After incubation
of the primary antibodies, the samples were rinsed in PBS-T 3 times for 10 min and then
incubated in the secondary antibody solution (in 1 mL of PBS-GT) overnight (Goat anti-rat
IgG Alexa fluor 488, ref: A-11006, Invitrogen; Goat anti-mouse IgG2a Alexa fluor 647, ref:
A-21241, Invitrogen; Goat anti-mouse IgG1 Alexa fluor 594, ref: A-21125, Invitrogen). The
concentration used for secondary antibodies was 1:500. The cochleae were again washed
3 times for 10 min in PBS-T. All of these steps were performed at 37 ◦C, with agitation.
The tissue was rinsed twice for 10 min in 1X PBS with agitation at 4 ◦C. The volumes of
the washing solution were 20 mL. The cochleae were then placed in different dilutions of
ethanol solutions with a pH > 9.0 (dilution range: 50%, 70%, 100%, 100%) for 12 h each, with
agitation at 4 ◦C. It is important to note that injectable water was used for these dilutions
in order to keep the pH stable. At the end of the process, the cochleae were transferred
to ethyl cinnamate overnight at room temperature. From the incubation of the secondary
antibodies, the steps were carried out in the dark.

2.4. Light-Sheet Microscopy

We used an ultramicroscope (La Vision Biotec GmbH, Bielefeld, Germany) for the
acquisition of light-sheet microscopy. The objectives used for the acquisitions were a
4×/0.3 and a 20× (La Vision Biotec). Laser diodes (wavelengths 488, 561, and 650) were
used to generate the light sheet. The emitted signal was then detected by a Neo sCMOS
camera (Andor, Oxford Instruments, Belfast, UK). We set the laser exposure time to 200 ms.
The step size was set to 3 µm. The acquisition time was approximately 10 min per laser
wavelength. The acquisition software was Inspector Pro 285 (La Vision Biotec). The cochlea
was immersed in our clearing medium (ethyl cinnamate) and was held immobile by a
perpendicular screw, apex facing the light source.

2.5. Three-Dimensional (3D) Analysis

The acquired images (.tiff format) were then converted to an Imaris file (.ims format)
using the Imaris file converter (v9.2.1, Oxford Instruments, Abingdon, UK) to allow viewing
and processing of the images in 3D with Imaris software (v9.2.1, Oxford Instruments,
Abingdon, UK). To quantify the fibrotic volume (in µm3) around the implant, we used
a creation wizard available with the Imaris software. To quantify the fibrotic volume
around the electrode array, we used an automatic creation surface creation wizard available
in the Imaris software. This wizard was based on the color and intensity of the source
channel. The first step was to define the region of interest of the image and to select the
source channel of the surface to create. The absolute intensity threshold value was selected.
The smooth option was selected to reduce the noise. Once the object was created, all its
statistical values including the volume were found in the statistics tab available on the
Imarid software. The creation parameters were saved and reused for all the acquisitions to
allow an identical analysis.
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2.6. Statistical Analysis

Statistical analysis was performed using Excel and SPSS version 19 (IBM, Armonk,
NY, USA) software. The Shapiro–Wilk test was used to test the normality of the variables.
The comparison of means between independent groups was performed with the Wilcoxon–
Mann–Whitney test.

3. Results

In total, 12 gerbils were implanted. CT scans at 5 weeks and 10 weeks (before euthana-
sia) confirmed good implantation of all the animals (Figure 1).
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Figure 1. Axial, coronal, and sagittal slice reconstruction of a gerbil’s CT scans at 10 weeks after implantation. The
2 electrodes are visualised in the right cochlea (arrows).

The 12 implanted cochleae were prepared following the protocol described above.
Decalcified and then cleared gerbil cochleae were completely transparent with an intra-
cochlear electrode array in place (Figure 2). The architecture and size of the cochleae were
respected (Figure 2). The orientation of the cochlea allowed good visualisation of the whole
cochlea. The laser power was kept low (20%) with an exposure time of 200 ms, to avoid
bleaching of the samples. No opacification of the samples was observed during acquisition.
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The electrode array was kept in situ throughout the clearing process (Figure 2) and
imaging acquisition was performed with the electrode array in place, thus avoiding any
loss of membrane and architectural integrity (Figures 3 and 4). The electrode array was
not labelled with antibodies, but the tissue response surrounding the implant was visible,
labelled with alpha SMA (Figure 3). This fibrotic reaction was developed at the beginning
of the basal turn of the cochlea and did not extend to the middle or apical turn and thus
was related to the position of the electrode array (Figure 3). In addition, macrophages,
labelled with F4/80, were present around the implant (Figure 3). Type 1 neurons in the
spiral ganglion and their afferents to the hair cells were labelled with NaKATPase alpha
3, allowing the evaluation of neuronal changes (Figure 3). The resolution of the images
acquired with the 20× objective allows a good identification of the cells (Figure 3).
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Figure 3. Right cochlea implanted with an electrode array and immunolabelled at low magnification, scale 500 µm (a–d)
and at higher magnification, scale 200 µm (e–h) (4× objective); (i–l) are acquired with a 20× objective (scale 50 µm);
(a,e,i) showed the labelling of type 1 afferent neurons of the spiral ganglion by NaKATPase alpha 3; (b,f,j) showed the
proximal fibrotic reaction surrounding the alpha-SMA-labelled implant; (c,g,k) showed the macrophages present at the
level of the implant, labelled with F4/80; (d,h,l) were merge images, highlighting the fluorescence gap (yellow asterisk).
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Contouring of the fibrosis around the electrode array, using the creation wizard 
available in Imarisn (Figure 5) showed a mean volume of 2.16 × 10  μm  ± 0.15 in the 
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Contouring of the fibrosis around the electrode array, using the creation wizard
available in Imarisn (Figure 5) showed a mean volume of 2.16 × 108 µm3 ± 0.15 in the
dexamethasone group and 3.17 × 108 µm3 ± 0.54 in the non-dexamethasone group. The
difference between the groups was significant (p = 0.004) (Figure 6).
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4. Discussion

Cochlear implantation can restore hearing in patients with significant hearing loss
by electrically stimulating spiral ganglion neurons. However, the inflammatory response
that occurs after cochlear implantation promotes the formation of fibrous tissue around the
electrode array, which can negatively affect hearing outcomes after implantation [49,50].
Improvements in surgical techniques and cochlear implant insertion techniques have
already made it possible to reduce postoperative trauma. Indeed, the benefit of round
window implantation on the preservation of hearing thresholds and on structural dam-
age is already well demonstrated [19,51]. Less invasive surgical approaches are being
developed, such as the endomeatal approach or robot-based assistance, which ensure
that the implants are inserted in an optimal axis, adapted to anatomical variations, while
minimising trauma [20,52,53]. In addition, corticosteroid administration is considered an
effective approach to reduce the inflammatory response and preserve residual hearing
loss [35,54]. As systemic administration of corticosteroids has various side effects, local
administration of dexamethasone has received considerable attention. Different delivery
systems have already been proposed to determine the most effective and least invasive
system, and further studies are still needed [35,43,55]. Light-sheet microscopy imaging is a
suitable technique for the assessment of post-implantation damage and evaluation of drugs
protecting the inner ear. Acquisition of the entire cleared cochlea by light-sheet microscopy
allowed for accurate 3D reconstruction. The cochlear implant could be left in situ without
interfering with the acquisitions. Immunostaining allows the study of specific components
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such as spiral ganglion neurons, macrophages, and fibrosis [46,47]. Alpha SMA labelling
on arterioles and fibroblasts present during the healing process allowed us to observe the
myofibrotic reaction around the electrode holder left in situ (Figure 3) [44,47]. The basal
part of the cochlea is most affected by fibrosis and osteoneogenesis induced by cochlear
implant surgery, and these results are consistent with analyses of other studies [7,44,56].
Our study shows that the post-implantation immune response can be reduced using a
local dexamethasone-eluting implant, compared with a non-eluting implant. The volume
of fibrosis surrounding the electrode array was significantly different in the two groups
(p = 0.004). These results are consistent with other studies and support the efficacy of drugs
administered locally to the cochlea [28,54]. Although the concentrations of dexamethasone
in the perilymph were not measured here, it appears that the release of dexamethasone
embedded in a silicone matrix would be continuous and prolonged [57–59]. A study evalu-
ating the release kinetics of dexamethasone loaded in a silicone matrix showed continuous
release for 90 days in the artificial perilymph, and this was confirmed in vivo over a 30-day
follow-up period [57]. The electrode array as a vehicle for corticosteroid delivery to the
inner ear thus appears to be an attractive option for inner ear protection after implant
trauma and does not require an additional surgical procedure. Other teams have also tested
the cochlear implant as an inner ear delivery system [14,36,60]. A dexamethasone-loaded
hydrogel around the electrode was used and showed a decrease in fibrosis formation
around the implant and an improvement in electrode impedances [14,61]. Comparison of
implant impedance measurements between the two groups would be a clinically relevant
endpoint to confirm our results.

Classical histological sectioning methods used to study the anatomy of the cochlea
require sophisticated techniques and the implant must be removed [41,42]. Currently,
confocal microscopy dominates studies of cochlear anatomy because of its high resolution
and ability to visualise immunolabeled structures of interest, such as hair cells, spiral
ganglion neurons [37,39,48,62]. Nevertheless, the acquisition of the whole cochlea in
confocal microscopy is very difficult due to the long acquisition time that can lead to
photobleaching of the samples and the difficulty of working with large samples [48,63].
To solve these problems, methods of dissection of the organ of Corti or removal of the
bone capsule are used. Removal of the bone capsule allows preservation of the helical
shape. Unfortunately, these sample preparation disrupted surrounding structures [40,48].
In addition, even implanted specimens can be imaged using confocal microscopy without
big circumstances, but in some cases, the implant induces scattered radiation of the laser
beam, and in addition, it is impossible to image through the CI which hinders the imaging
of tissue that is behind the implant [12,48]. Although the resolution is lower than that
of confocal laser scanning microscopy, light-sheet microscopy acquisitions are easy and
allowed complete visualisation of the NaKATPase alpha 3 immunolabeled spiral ganglion
(Figure 3). Acquisition with the 20× objective provides sufficient resolution to distinguish
spiral ganglion neurons allowing cell counting analyses (although not per-formed here) and
would thus allow the study of post-implantation neuronal cell loss without the disruption
inherent in other sample analysis techniques. One study showed also that cochleae can still
be sectioned after Spurr’s resin inclusion cleaning and imaging after light-sheet microscopy
acquisition [47]. These results suggest that materials prepared for light-sheet microscopy
can be examined by other microscopic techniques.

The presence of macrophages around the F4/80-labeled implant was also noted
(Figure 3). A chronic inflammatory reaction characterised by long-term macrophage ac-
tivity after the onset of cochlear injury has already been demonstrated [44]. Volumetric
analyses can be used to quantify macrophages in regions of interest in the cochlea [47]. Im-
munostaining of hair cells was not performed but would similarly allow the analysis of the
entire organ of Corti without loss of surrounding structures [46]. Some teams have already
developed cell counting methods from images acquired by light-sheet microscopy [46].
It will be interesting to be able to apply these methods to our samples in order to obtain
information on cell survival because inflammation related to cochlear implant surgery
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promotes the loss of remaining spiral ganglion neurons and auditory hair cells that are
crucial for auditory perception [1,17,18,64]. In addition, preservation of residual hearing is
important for enabling the use of cochlear implants devices with combined electrical and
acoustic stimulation [17,18].

Among the limitations of this study, it is important to note that it was performed on
a small number of animals and that it will be necessary to verify the reproducibility of
the results on a larger sample. Moreover, objective quantification of cells damages would
be important to complete the evaluation of this dexamethasone delivery system. Finally,
this study does not account for clinically relevant criteria such as preservation of auditory
thresholds or measurement of impedances that are directly correlated to the degree of
post-implantation trauma.

5. Conclusions

The use of the implant itself as a galenic for corticosteroid administration appears
to be an attractive option for inner ear protection after implant trauma. Our results
on the reduction of fibrosis reaction around the electrode array are encouraging. The
three-dimensional immunofluorescence analysis technique allows for the study of post-
implantation damage in both tissues and cells in the same sample.

Author Contributions: Conceptualisation, investigation, methodology, validation, data curation,
writing—original draft preparation, P.T.; conceptualisation, methodology, supervision, project ad-
ministration, writing—review and editing, M.R.; conceptualisation, investigation, methodology,
validation, P.E.L.; conceptualisation, investigation, methodology, validation, C.B.; conceptualisation,
investigation, methodology, validation, J.W.; methodology, software, M.T.; supervision, project ad-
ministration, funding acquisition, J.S.; conceptualisation, supervision, project administration, funding
acquisition, writing—review and editing, C.V. All authors have read and agreed to the published
version of the manuscript.

Funding: This project has received funding from the French National Research Agency (ANR-15-
CE19-0014-01) and from the Interreg 2 Seas programme 2014–2020 co-funded by the European
Regional Development Fund under subsidy contract “Site Drug 2S07-033”.

Institutional Review Board Statement: The study was approved by the regional committee for
experimental animal care and use (CEEA Nord-Pas de Calais n◦75, France) listed under protocol
2017071021362273. Studies were performed in agreement with the standard guidelines of the French
Ministry of Agriculture, according to the EU Directive 2010/63/EU for the protection of animals
used for scientific purposes.

Acknowledgments: The authors would like to thank Pierre Stahl and Guillaume Tourrel from
Oticon medical for electrodes array manufacture and technical support, Juergen Siepman and Yanis
Bedhulo das Lages from INSERM U1008—Controlled Drug Delivery Systems and Biomaterials for the
manufacture of silicone loaded with dexamethasone and material support, Antonino Biongiovanni
from the bioimaging platform for imaging assistance, and Isabelle Gengler and Chirine Katrib for the
correction of the English manuscript.

Conflicts of Interest: The authors declare no conflict of interest. Funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results.

References
1. Spoendlin, H. Degeneration behaviour of the cochlear nerve. Arch. Klin. Exp. Ohren Nasen Kehlkopfheilkd. 1971, 200, 275–291.

[CrossRef] [PubMed]
2. Dodson, H.C.; Mohuiddin, A. Response of spiral ganglion neurones to cochlear hair cell destruction in the guinea pig. J. Neurocytol.

2000, 29, 525–537. [CrossRef] [PubMed]
3. Mudry, A.; Mills, M. The early history of the cochlear implant: A retrospective. JAMA Otolaryngol. Head Neck Surg. 2013,

139, 446–453. [CrossRef] [PubMed]
4. Lenarz, T.; Pau, H.-W.; Paasche, G. Cochlear implants. Curr. Pharm. Biotechnol. 2013, 14, 112–123.

http://doi.org/10.1007/BF00373310
http://www.ncbi.nlm.nih.gov/pubmed/5159190
http://doi.org/10.1023/A:1007201913730
http://www.ncbi.nlm.nih.gov/pubmed/11279367
http://doi.org/10.1001/jamaoto.2013.293
http://www.ncbi.nlm.nih.gov/pubmed/23681026


J. Clin. Med. 2021, 10, 3315 11 of 13

5. Clark, G.M.; Shepherd, R.K.; Franz, B.K.; Dowell, R.C.; Tong, Y.C.; Blamey, P.J.; Webb, R.L.; Pyman, B.C.; McNaughtan, J.; Bloom,
D.M. The histopathology of the human temporal bone and auditory central nervous system following cochlear implantation in a
patient. Correlation with psychophysics and speech perception results. Acta Otolaryngol. 1988, 105 (Suppl. 448), 1–65. [CrossRef]

6. Seyyedi, M.; Nadol, J.B. Intracochlear inflammatory response to cochlear implant electrodes in humans. Otol. Neurotol. 2014,
35, 1545–1551. [CrossRef]

7. Fayad, J.; Linthicum, F.H.; Otto, S.R.; Galey, F.R.; House, W.F. Cochlear implants: Histopathologic findings related to performance
in 16 human temporal bones. Ann. Otol. Rhinol. Laryngol. 1991, 100, 807–811. [CrossRef]

8. Linthicum, F.H.; Fayad, J.; Otto, S.R.; Galey, F.R.; House, W.F. Cochlear implant histopathology. Am. J. Otol. 1991, 12, 245–311.
[CrossRef]

9. Quesnel, A.M.; Nakajima, H.H.; Rosowski, J.J.; Hansen, M.R.; Gantz, B.J.; Nadol, J.B. Delayed loss of hearing after hearing
preservation cochlear implantation: Human temporal bone pathology and implications for etiology. Hear. Res. 2016, 333, 225–234.
[CrossRef]

10. O’Leary, S.J.; Monksfield, P.; Kel, G.; Connolly, T.; Souter, M.A.; Chang, A.; Marovic, P.; O’Leary, J.S.; Richardson, R.; Eastwood, H.
Relations between cochlear histopathology and hearing loss in experimental cochlear implantation. Hear. Res. 2013, 298, 27–35.
[CrossRef]

11. Kamakura, T.; O’Malley, J.T.; Nadol, J.B. Preservation of Cells of the Organ of Corti and Innervating Dendritic Processes Following
Cochlear Implantation in the Human: An Immunohistochemical Study. Otol. Neurotol. 2018, 39, 284–293. [CrossRef]

12. Scheper, V.; Hoffmann, A.; Gepp, M.M.; Schulz, A.; Hamm, A.; Pannier, C.; Hubka, P.; Lenarz, T.; Schwieger, J. Stem Cell Based
Drug Delivery for Protection of Auditory Neurons in a Guinea Pig Model of Cochlear Implantation. Front. Cell. Neurosci. 2019,
13, 177. [CrossRef]

13. Boggess, W.J.; Baker, J.E.; Balkany, T.J. Loss of residual hearing after cochlear implantation. Laryngoscope 1989, 99, 1002–1005.
[CrossRef] [PubMed]

14. Wilk, M.; Hessler, R.; Mugridge, K.; Jolly, C.; Fehr, M.; Lenarz, T.; Scheper, V. Impedance Changes and Fibrous Tissue Growth
after Cochlear Implantation Are Correlated and Can Be Reduced Using a Dexamethasone Eluting Electrode. PLoS ONE 2016,
11, e0147552. [CrossRef] [PubMed]

15. Reich, U.; Warnecke, A.; Szczepek, A.J.; Mazurek, B.; Olze, H. Establishment of an experimental system to study the influence of
electrical field on cochlear structures. Neurosci. Lett. 2015, 599, 38–42. [CrossRef]

16. McCreery, D.B.; Yuen, T.G.; Agnew, W.F.; Bullara, L.A. Stimulus parameters affecting tissue injury during microstimulation in the
cochlear nucleus of the cat. Hear. Res. 1994, 77, 105–115. [CrossRef]

17. Gstoettner, W.K.; Helbig, S.; Maier, N.; Kiefer, J.; Radeloff, A.; Adunka, O.F. Ipsilateral electric acoustic stimulation of the auditory
system: Results of long-term hearing preservation. Audiol. Neurootol. 2006, 11 (Suppl. 1), 49–56. [CrossRef]

18. Adunka, O.; Kiefer, J.; Unkelbach, M.H.; Lehnert, T.; Gstoettner, W. Development and evaluation of an improved cochlear implant
electrode design for electric acoustic stimulation. Laryngoscope 2004, 114, 1237–1241. [CrossRef] [PubMed]

19. Adunka, O.; Unkelbach, M.H.; Mack, M.; Hambek, M.; Gstoettner, W.; Kiefer, J. Cochlear implantation via the round window
membrane minimizes trauma to cochlear structures: A histologically controlled insertion study. Acta Otolaryngol. 2004, 124, 807–
812. [CrossRef] [PubMed]

20. Vittoria, S.; Lahlou, G.; Torres, R.; Daoudi, H.; Mosnier, I.; Mazalaigue, S.; Ferrary, E.; Nguyen, Y.; Sterkers, O. Robot-based
assistance in middle ear surgery and cochlear implantation: First clinical report. Eur. Arch. Otorhinolaryngol. 2021, 278, 77–85.
[CrossRef]

21. Roland, J.T. A model for cochlear implant electrode insertion and force evaluation: Results with a new electrode design and
insertion technique. Laryngoscope 2005, 115, 1325–1339. [CrossRef]

22. Torres, R.; Drouillard, M.; De Seta, D.; Bensimon, J.-L.; Ferrary, E.; Sterkers, O.; Bernardeschi, D.; Nguyen, Y. Cochlear Implant
Insertion Axis Into the Basal Turn: A Critical Factor in Electrode Array Translocation. Otol. Neurotol. 2018, 39, 168–176. [CrossRef]
[PubMed]

23. Rajan, G.P.; Kuthubutheen, J.; Hedne, N.; Krishnaswamy, J. The role of preoperative, intratympanic glucocorticoids for hearing
preservation in cochlear implantation: A prospective clinical study. Laryngoscope 2012, 122, 190–195. [CrossRef] [PubMed]

24. Kuthubutheen, J.; Coates, H.; Rowsell, C.; Nedzelski, J.; Chen, J.M.; Lin, V. The role of extended preoperative steroids in hearing
preservation cochlear implantation. Hear. Res. 2015, 327, 257–264. [CrossRef]

25. Sweeney, A.D.; Carlson, M.L.; Zuniga, M.G.; Bennett, M.L.; Wanna, G.B.; Haynes, D.S.; Rivas, A. Impact of Perioperative Oral
Steroid Use on Low-frequency Hearing Preservation After Cochlear Implantation. Otol. Neurotol. 2015, 36, 1480–1485. [CrossRef]

26. von Ilberg, C.; Kiefer, J.; Tillein, J.; Pfenningdorff, T.; Hartmann, R.; Stürzebecher, E.; Klinke, R. Electric-acoustic stimulation of
the auditory system. New technology for severe hearing loss. ORL J. Otorhinolaryngol. Relat. Spec. 1999, 61, 334–340. [CrossRef]
[PubMed]

27. Canlon, B.; Meltser, I.; Johansson, P.; Tahera, Y. Glucocorticoid receptors modulate auditory sensitivity to acoustic trauma. Hear.
Res. 2007, 226, 61–69. [CrossRef]

28. Eshraghi, A.A.; Adil, E.; He, J.; Graves, R.; Balkany, T.J.; Van De Water, T.R. Local dexamethasone therapy conserves hearing in an
animal model of electrode insertion trauma-induced hearing loss. Otol. Neurotol. 2007, 28, 842–849. [CrossRef] [PubMed]

29. Jin, D.X.; Lin, Z.; Lei, D.; Bao, J. The Role of Glucocorticoids for Spiral Ganglion Neuron Survival. Brain Res. 2009, 1277, 3–11.
[CrossRef]

http://doi.org/10.3109/00016488809098972
http://doi.org/10.1097/MAO.0000000000000540
http://doi.org/10.1177/000348949110001004
http://doi.org/10.1016/j.wjorl.2017.12.008
http://doi.org/10.1016/j.heares.2015.08.018
http://doi.org/10.1016/j.heares.2013.01.012
http://doi.org/10.1097/MAO.0000000000001686
http://doi.org/10.3389/fncel.2019.00177
http://doi.org/10.1288/00005537-198910000-00002
http://www.ncbi.nlm.nih.gov/pubmed/2796546
http://doi.org/10.1371/journal.pone.0147552
http://www.ncbi.nlm.nih.gov/pubmed/26840740
http://doi.org/10.1016/j.neulet.2015.05.027
http://doi.org/10.1016/0378-5955(94)90258-5
http://doi.org/10.1159/000095614
http://doi.org/10.1097/00005537-200407000-00018
http://www.ncbi.nlm.nih.gov/pubmed/15235353
http://doi.org/10.1080/00016480410018179
http://www.ncbi.nlm.nih.gov/pubmed/15370564
http://doi.org/10.1007/s00405-020-06070-z
http://doi.org/10.1097/01.mlg.0000167993.05007.35
http://doi.org/10.1097/MAO.0000000000001648
http://www.ncbi.nlm.nih.gov/pubmed/29194215
http://doi.org/10.1002/lary.22142
http://www.ncbi.nlm.nih.gov/pubmed/22183635
http://doi.org/10.1016/j.heares.2015.06.010
http://doi.org/10.1097/MAO.0000000000000847
http://doi.org/10.1159/000027695
http://www.ncbi.nlm.nih.gov/pubmed/10545807
http://doi.org/10.1016/j.heares.2006.05.009
http://doi.org/10.1097/MAO.0b013e31805778fc
http://www.ncbi.nlm.nih.gov/pubmed/17471110
http://doi.org/10.1016/j.brainres.2009.02.017


J. Clin. Med. 2021, 10, 3315 12 of 13

30. Juhn, S.K. Barrier systems in the inner ear. Acta Otolaryngol. 1988, 105 (Suppl. 458), 79–83. [CrossRef] [PubMed]
31. Juhn, S.K.; Rybak, L.P. Labyrinthine barriers and cochlear homeostasis. Acta Otolaryngol. 1981, 91, 529–534. [CrossRef]
32. Salt, A.N.; Plontke, S.K. Principles of Local Drug Delivery to the Inner Ear. AUD 2009, 14, 350–360. [CrossRef]
33. Borenstein, J.T. Intracochlear drug delivery systems. Expert Opin. Drug Deliv. 2011, 8, 1161–1174. [CrossRef]
34. McCall, A.A.; Leary Swan, E.E.; Borenstein, J.T.; Sewell, W.F.; Kujawa, S.G.; McKenna, M.J. Drug Delivery for Treatment of Inner

Ear Disease: Current State of Knowledge. Ear Hear. 2010, 31, 156–165. [CrossRef] [PubMed]
35. Chang, A.; Eastwood, H.; Sly, D.; James, D.; Richardson, R.; O’Leary, S. Factors influencing the efficacy of round window

dexamethasone protection of residual hearing post-cochlear implant surgery. Hear. Res. 2009, 255, 67–72. [CrossRef] [PubMed]
36. Stathopoulos, D.; Chambers, S.; Enke, Y.L.; Timbol, G.; Risi, F.; Miller, C.; Cowan, R.; Newbold, C. Development of a safe

dexamethasone-eluting electrode array for cochlear implantation. Cochlear Implant. Int. 2014, 15, 254–263. [CrossRef] [PubMed]
37. Risoud, M.; Sircoglou, J.; Dedieu, G.; Tardivel, M.; Vincent, C.; Bonne, N.-X. Imaging and cell count in cleared intact cochlea in

the Mongolian gerbil using laser scanning confocal microscopy. Eur. Ann. Otorhinolaryngol. Head Neck Dis. 2017, 134, 221–224.
[CrossRef]

38. Risoud, M.; Tardivel, M.; Lemesre, P.-E.; Bonne, N.-X.; Vincent, C. Optimised immunofluorescence method on cleared intact
Mongolian gerbil cochlea. Eur. Ann. Otorhinolaryngol. Head Neck Dis. 2020, 137, 145–150. [CrossRef] [PubMed]

39. MacDonald, G.H.; Rubel, E.W. Three-dimensional imaging of the intact mouse cochlea by fluorescent laser scanning confocal
microscopy. Hear. Res. 2008, 243, 1–10. [CrossRef] [PubMed]

40. Montgomery, S.C.; Cox, B.C. Whole Mount Dissection and Immunofluorescence of the Adult Mouse Cochlea. J. Vis. Exp. 2016,
107, e53561. [CrossRef]

41. Gardella, D.; Hatton, W.J.; Rind, H.B.; Rosen, G.D.; Von Bartheld, C.S. Differential tissue shrinkage and compression in the
z-axis: Implications for optical disector counting in vibratome-, plastic- and cryosections. J. Neurosci. Methods 2003, 124, 45–59.
[CrossRef]

42. Kopecky, B.J.; Duncan, J.S.; Elliott, K.L.; Fritzsch, B. Three-dimensional reconstructions from optical sections of thick mouse inner
ears using confocal microscopy. J. Microsc. 2012, 248, 292–298. [CrossRef]

43. Farhadi, M.; Jalessi, M.; Salehian, P.; Ghavi, F.F.; Emamjomeh, H.; Mirzadeh, H.; Imani, M.; Jolly, C. Dexamethasone eluting
cochlear implant: Histological study in animal model. Cochlear Implant. Int. 2013, 14, 45–50. [CrossRef]

44. Bas, E.; Goncalves, S.; Adams, M.; Dinh, C.T.; Bas, J.M.; Van De Water, T.R.; Eshraghi, A.A. Spiral ganglion cells and macrophages
initiate neuro-inflammation and scarring following cochlear implantation. Front. Cell. Neurosci. 2015, 9, 303. [CrossRef] [PubMed]

45. Neal, C.; Kennon-McGill, S.; Freemyer, A.; Shum, A.; Staecker, H.; Durham, D. Hair Cell Counts in a Rat Model of Sound Damage:
Effects of Tissue 1 Preparation & Identification of Regions of Hair Cell Loss. Hear. Res. 2015, 328, 120–132. [PubMed]

46. Hutson, K.A.; Pulver, S.H.; Ariel, P.; Naso, C.; Fitzpatrick, D.C. Light sheet microscopy of the gerbil cochlea. J. Comp. Neurol. 2021,
529, 757–785. [CrossRef]

47. Brody, K.M.; Hampson, A.J.; Cho, H.; Johnson, P.; O’Leary, S.J. A new method for three-dimensional immunofluorescence study
of the cochlea. Hear. Res. 2020, 392, 107956. [CrossRef] [PubMed]

48. Malfeld, K.; Armbrecht, N.; Volk, H.A.; Lenarz, T.; Scheper, V. In Situ 3D-Imaging of the Inner Ear Synapses with a Cochlear
Implant. Life 2021, 11, 301. [CrossRef] [PubMed]

49. Choi, C.-H.; Oghalai, J.S. Predicting the effect of post-implant cochlear fibrosis on residual hearing. Hear. Res. 2005, 205, 193–200.
[CrossRef]

50. Wolfe, J.; Baker, R.S.; Wood, M. Clinical Case Study Review: Steroid-Responsive Change in Electrode Impedance. Otol. Neurotol.
2013, 34, 227–232. [CrossRef]

51. Bae, S.-C.; Shin, Y.-R.; Chun, Y.-M. Cochlear Implant Surgery Through Round Window Approach Is Always Possible. Ann. Otol.
Rhinol. Laryngol. 2019, 128, 38S–44S. [CrossRef]

52. Freni, F.; Gazia, F.; Slavutsky, V.; Perello Scherdel, E.; Nicenboim, L.; Posada, R.; Portelli, D.; Galletti, B.; Galletti, F. Cochlear
Implant Surgery: Endomeatal Approach versus Posterior Tympanotomy. Int. J. Environ. Res. Public Health 2020, 17, 4187.
[CrossRef]

53. Slavutsky, V.; Nicenboim, L. Preliminary results in cochlear implant surgery without antromastoidectomy and with atraumatic
electrode insertion: The endomeatal approach. Eur. Arch. Otorhinolaryngol. 2009, 266, 481–488. [CrossRef] [PubMed]

54. Vivero, R.J.; Joseph, D.E.; Angeli, S.; He, J.; Chen, S.; Eshraghi, A.A.; Balkany, T.J.; Van De Water, T.R. Dexamethasone base
conserves hearing from electrode trauma-induced hearing loss. Laryngoscope 2008, 118, 2028–2035. [CrossRef]

55. Hendricks, J.L.; Chikar, J.A.; Crumling, M.A.; Raphael, Y.; Martin, D.C. Localized cell and drug delivery for auditory prostheses.
Hear. Res. 2008, 242, 117–131. [CrossRef]

56. Eshraghi, A.A.; Yang, N.W.; Balkany, T.J. Comparative study of cochlear damage with three perimodiolar electrode designs.
Laryngoscope 2003, 113, 415–419. [CrossRef] [PubMed]

57. Sircoglou, J.; Gehrke, M.; Tardivel, M.; Siepmann, F.; Siepmann, J.; Vincent, C. Trans-Oval-Window Implants, A New Approach
for Drug Delivery to the Inner Ear: Extended Dexamethasone Release From Silicone-based Implants. Otol. Neurotol. 2015,
36, 1572–1579. [CrossRef] [PubMed]

58. Gehrke, M.; Sircoglou, J.; Vincent, C.; Siepmann, J.; Siepmann, F. How to adjust dexamethasone mobility in silicone matrices: A
quantitative treatment. Eur. J. Pharm. Biopharm. 2016, 100, 27–37. [CrossRef]

http://doi.org/10.3109/00016488809125107
http://www.ncbi.nlm.nih.gov/pubmed/3245438
http://doi.org/10.3109/00016488109138538
http://doi.org/10.1159/000241892
http://doi.org/10.1517/17425247.2011.588207
http://doi.org/10.1097/AUD.0b013e3181c351f2
http://www.ncbi.nlm.nih.gov/pubmed/19952751
http://doi.org/10.1016/j.heares.2009.05.010
http://www.ncbi.nlm.nih.gov/pubmed/19539739
http://doi.org/10.1179/1754762813Y.0000000054
http://www.ncbi.nlm.nih.gov/pubmed/24621150
http://doi.org/10.1016/j.anorl.2017.01.001
http://doi.org/10.1016/j.anorl.2020.01.015
http://www.ncbi.nlm.nih.gov/pubmed/32085983
http://doi.org/10.1016/j.heares.2008.05.009
http://www.ncbi.nlm.nih.gov/pubmed/18573326
http://doi.org/10.3791/53561
http://doi.org/10.1016/S0165-0270(02)00363-1
http://doi.org/10.1111/j.1365-2818.2012.03673.x
http://doi.org/10.1179/1754762811Y.0000000024
http://doi.org/10.3389/fncel.2015.00303
http://www.ncbi.nlm.nih.gov/pubmed/26321909
http://www.ncbi.nlm.nih.gov/pubmed/26299845
http://doi.org/10.1002/cne.24977
http://doi.org/10.1016/j.heares.2020.107956
http://www.ncbi.nlm.nih.gov/pubmed/32464455
http://doi.org/10.3390/life11040301
http://www.ncbi.nlm.nih.gov/pubmed/33915846
http://doi.org/10.1016/j.heares.2005.03.018
http://doi.org/10.1097/MAO.0b013e31827b4bba
http://doi.org/10.1177/0003489419834311
http://doi.org/10.3390/ijerph17124187
http://doi.org/10.1007/s00405-008-0768-8
http://www.ncbi.nlm.nih.gov/pubmed/18636268
http://doi.org/10.1097/MLG.0b013e31818173ec
http://doi.org/10.1016/j.heares.2008.06.003
http://doi.org/10.1097/00005537-200303000-00005
http://www.ncbi.nlm.nih.gov/pubmed/12616189
http://doi.org/10.1097/MAO.0000000000000855
http://www.ncbi.nlm.nih.gov/pubmed/26375981
http://doi.org/10.1016/j.ejpb.2015.11.018


J. Clin. Med. 2021, 10, 3315 13 of 13

59. Mond, H.G.; Stokes, K.B. The Steroid-Eluting Electrode: A 10-Year Experience. Pacing Clin. Electrophysiol. 1996, 19, 1016–1020.
[CrossRef] [PubMed]

60. Paasche, G.; Bockel, F.; Tasche, C.; Lesinski-Schiedat, A.; Lenarz, T. Changes of postoperative impedances in cochlear implant
patients: The short-term effects of modified electrode surfaces and intracochlear corticosteroids. Otol. Neurotol. 2006, 27, 639–647.
[CrossRef]

61. Wrzeszcz, A.; Steffens, M.; Balster, S.; Warnecke, A.; Dittrich, B.; Lenarz, T.; Reuter, G. Hydrogel coated and dexamethasone
releasing cochlear implants: Quantification of fibrosis in guinea pigs and evaluation of insertion forces in a human cochlea model.
J. Biomed. Mater. Res. Part B Appl. Biomater. 2015, 103, 169–178. [CrossRef]

62. Wrzeszcz, A.; Reuter, G.; Nolte, I.; Lenarz, T.; Scheper, V. Spiral ganglion neuron quantification in the guinea pig cochlea using
Confocal Laser Scanning Microscopy compared to embedding methods. Hear. Res. 2013, 306, 145–155. [CrossRef] [PubMed]
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