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Abstract

:

Noise-induced hearing loss (NIHL) is one of the leading causes of sensorineural hearing loss with global importance. The current treatment of choice for patients with hearing problems is a hearing aid or a cochlear implant. However, there is currently no treatment to restore physiological hearing. The development of preventive drugs is currently the focus of hearing research. In order to test the efficacy of a drug, the active ingredient has to be applied at reliable concentrations over a period of time. Osmotic minipumps can provide local drug delivery into the perilymph. Combined with a cochlear implant or a tube, the implantation of the pumps may lead to increased hearing thresholds. Such surgery-related threshold shifts complicate the examination of other factors, such as noise. The aim of the present study was to develop an animal model for the examination of substances that potentially prevent NIHL. For this purpose, six male guinea pigs were unilaterally implanted with a silicon catheter with a hook-shaped microcannula at its tip, attached to an artificial perilymph containing osmotic minipump. One week after surgery, the animals were exposed to four hours of a musical piece, presented at 120 dB SPL, to induce a threshold shift. The implantation of the hook-delivery device caused a moderate threshold shift that allows to detect an additional noise-induced temporary threshold shift. This method enables to investigate drug effects delivered prior to the noise insult in order to establish a preventive strategy against noise-induced temporary threshold shifts. The established drug delivery approach allows the release of drugs into the inner ear in a known concentration and for a known duration. This provides a scientific tool for basic research on drug effects in normal hearing animals.
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1. Introduction


Excessive overexposure to noise due to occupational or recreational activities can lead to noise-induced hearing loss (NIHL), one of the leading causes of sensorineural hearing loss (SNHL) in people. SNHL is characterized by hearing threshold elevation, caused by a loss of cochlear sensory cells and a subsequent degeneration of the spiral ganglion neurons (SGN) and their central projections [1,2,3,4,5,6,7]. Moreover, noise trauma of the ribbon synapses between the hair cells and the peripheral neurites of the SGN can lead to a synaptopathy, which has been identified to cause “hidden hearing loss” [8,9,10,11]. Patients with this type of SNHL show a reduction in wave I amplitude in the acoustically evoked auditory brainstem response (ABR), but no threshold shift. The patients do struggle with their hearing, especially in noisy environments [12]. Globally, 16% of hearing loss in adults is attributed to work-related noise exposure. Employees in a wide range of occupations are exposed to potentially harmful levels of noise, either from one-time exposure to impulse noise or by continuous ambient exposure [13]. Aside from occupational exposure, approximately 5% of the world’s population suffers from NIHL and 1.1 billion adolescents and young adults are at risk of noise-related hearing loss [14,15]. Unfortunately, no therapy of NIHL has been established, except for hearing aids or cochlea implants (CIs). Therefore, the prevention of NIHL is currently the focus of research. The outcome of conventional prevention methods, such as earplugs or other hearing protection devices, varies depending on user compliance. Additionally, the use of protection devices is not always possible in work situations. In order to circumvent these problems, one concept is the pharmacological prevention of NIHL, which is currently being investigated in several animal and some human studies [16,17,18], including soldiers. Preventive strategies that are under investigation include antioxidants [19,20], glucose [21], neurotrophic factors [22,23], vasodilators [24], glutamate antagonists [25] and anti-inflammatory agents [26]. Whereas the noise exposure of healthy humans leads to ethical conflicts, most of the studies that address the development of preventive strategies against NIHL involve animal experiments.



Guinea pigs are a commonly used animal model in hearing research. They are used to assess the normal structure and function of the cochlea and auditory pathways, as well as for studies on therapy development for the pathological auditory system, after damage induced by noise exposure, ototoxic drug treatment, or other insults [27]. Development of pharmacotherapies for inner ear treatment is one major research area that utilizes guinea pigs as an animal model. Previous studies that investigated preventive treatment used various concepts for drug delivery, such as the application of gel matrices [23,28] or a bolus injection [29] on the round window or injection of the substance intraperitoneally [21,30]. However, in order to understand how a drug affects the cell function, the delivery of the active ingredient must be reliable in terms of the concentrations achieved at the target side. Local fluid-based delivery into the perilymph allows the application of a precise drug concentration, without the release kinetics being affected by tissue boundaries between the delivery device and the target cells or a delivery matrix with unknown drug release kinetics. Osmotic pumps are well-established systems for continuous drug delivery in hearing research [31]. They can be combined with a CI [32,33,34] or a tube [22,31,35,36], which are inserted into the cochlea via the round window or a cochleostomy [22,37] for local drug delivery. The insertion of the CI or tube tip may lead to increased hearing thresholds in the normal hearing animal model [38], comparable to residual hearing loss in CI patients. These surgery-related threshold shifts can be caused by the surgical procedure itself or by implant-associated factors, such as foreign body reactions or dislocation of the electrode [39]. Aside from that, even the application of artificial perilymph to the intact round window membrane may cause increases in hearing threshold [40]. Since the investigation of strategies against NIHL needs a normal baseline threshold, the impact of surgery-related threshold shifts sometimes leads to exclusion of animals from studies that aim to investigate the preventive effect of a substance against NIHL.



The aim of the present study was to develop a pump-catheter system for chronic drug delivery in an animal model with low surgery-related threshold shifts, which allows the investigation of the effect of subsequent noise trauma and the future treatment strategies against NIHL.




2. Materials and Methods


2.1. Pump Preparation


A commercially available silicone catheter (ALZET® rat jugular catheter, DURECT Corporation, Cupertino, CA, USA; 0.94 mm OD; 0.51 mm ID) was combined with a small stainless-steel tip (Nordson Optimum® #7018433, Nordson Deutschland GmbH, Erkrath, Germany), with an outer diameter of 0.31 mm. For this purpose, the cone was removed and the cannula was bent to an angle around 90°. The shorter shank had a maximum length of 1.5 mm. The longer shank was shortened to a maximum length of 8 mm and inserted in the catheter. The catheter and tip were connected using tissue glue (Indermil® flexifuze™, Connexicon Medical, Dublin, Ireland), paying attention to not block the lumen (Figure 1A,B). After the adhesive was fully cured, the construction was tested for permeability by injecting sterile 0.9% saline (B.Braun, Melsungen, Germany) to control fluid drain off at the tip macroscopically. The liquid was completely removed using an air-filled syringe and the catheter was irradiated with UV light (Spectrolinker™ XL-1000 UV crosslinker, Spectronics Corporation, Westburry, NY, USA) for 30 min to eliminate microbiological contamination.



To evaluate the impact of the implantation of a local drug application system on the hearing threshold, we used artificial perilymph (AP; 145 mM NaCl, 2.7 mM KCl, 2.0 mM MgSO4, 1.2 mM CaCl2, 5.0 mM HEPES, pH = 7.4 with 0.1% guinea pig serum albumin) [27] as the model fluid. Filling of the osmotic pumps (ALZET® 2006, DURECT Corporation, Cupertino, CA, USA; pumping rate 0.15 µL/h) and catheters was conducted under sterile conditions, with a flow based on the guidelines of the manufacturer. The self-made hook-delivery device (HDD) was attached to the pump flow moderator by insertion. To avoid disconnection of the catheter and flow moderator, a small drop of UV cement (Tetric EvoFlow©, Ivoclar Vivadent, Schaan, Liechtenstein) was used. Since a catheter was used, additional priming of 60 h was needed, as required by the manufacturer. During this time, the pumps were placed in a 6-well-plate (TPP® #92006, Trasadingen, Switzerland), with every tip of the catheters positioned in a 0.5 mL Eppendorf® tube (Eppendorf AG, Hamburg, Germany) (Figure 1C). This enables the observation of liquid coming out of the catheters tip during the priming time. Pumps were covered with 0.9% saline (B.Braun, Melsungen, Germany) and the plate was stored in an incubator at 37 °C and 5% CO2.



After the in vivo tests (see below), the pumping of the explanted pumps was re-checked using the same procedure.




2.2. Animals and Experimental Timeline


Six adult male Dunkin-Hartley guinea pigs (Charles River Laboratories, Châtillon, France), weighing between 374 g and 426 g, were used. All animals received an osmotic pump implanted unilaterally in the left ear (n = 6 implanted ears, n = 6 right not implanted ears) and all ears were exposed to noise trauma (n = 12 implanted and not implanted ears exposed to noise). They were kept in a temperature- and humidity- controlled room, exposed to a 24-h light–dark cycle (14 h/10 h), with free access to food and water. All experimental procedures were conducted in accordance with the German “Law on Protecting Animals” and with the European Communities Council Directive 2010/63/EU for the protection of animals used for experimental purposes. The use of animals for scientific purposes was permitted by the local authorities (Lower Saxony State Office for Consumer Protection and Food Safety (LAVES), Oldenburg, Germany, registration number 19/3145).



Initially, the animals’ normal hearing was verified by ABR measurement on day −7. Subsequently, the animals were implanted with the HDD. After 1 week, on day 0, an additional ABR was performed, followed by four hours of noise exposure. In addition, 30 min after noise application, the hearing status was measured again. One day after noise insult (day 1), an ABR measurement, followed by imaging of the drug delivering device in situ using µCT, was performed. On day 7 after noise insult, a final ABR was performed, followed by µCT imaging and euthanasia. This timeline is illustrated in Figure 2.



ABR measurement, HDD implantation, noise trauma, µCT and euthanasia were performed under general anesthesia (intramuscular medetomidinhydrochloride 0.2 mg/kg, midazolam 1 mg/kg and fentanyl 0.025 mg/kg), following pre-anesthetic sedation (oral diazepam 4 mg/kg). Areas to be incised were locally infiltrated with prilocaine. To reduce pain and to prevent infections, the animals subcutaneously received 0.2 mg/kg meloxicam and 10 mg/kg enrofloxacin. Euthanasia was performed via intracardiac injection of no less than 300 mg/kg pentobarbital. For details concerning the medical treatment, one can refer to Appendix A.




2.3. Acoustically Evoked Auditory Brainstem Response (ABR) Measurement


Acoustic stimulation and recording of the auditory brainstem signals were performed using a Pilot Blankenfelde system modified for use in guinea pigs (Pilot Blankenfeld Medizinisch–Elektronische Geräte GmbH, Blankenfelde-Mahlow, Germany). The ABR signals were recorded using four subdermal needle electrodes. They were placed at the vertex (common positive), left and right mastoid (references) and in the neck (ground). Due to the implants’ position and the head suture, the vertex and neck electrodes’ position had to be changed from day 0. The positive electrode was placed rostral to the head suture and the ground electrode caudal to the osmotic pump. Experiments were conducted in a soundproof booth. To detect general auditory thresholds, acoustic clicks (duration 150 µs) were used. For detection of frequency-specific acoustic thresholds tone bursts of 500 Hz, 1 kHz, 2 kHz, 4 kHz, 8 kHz, 16 kHz, 32 kHz and 40 kHz were used. Acoustic stimuli were presented by loudspeakers (ER•3C™, Etymotic Research, Inc.,Elk Grove Village, IL, USA for click and ≤ 4 kHz; EC 1, TDT, Alachua, FL, USA for ≥ 8 kHz) via a plastic cone placed in the outer ear canal. The EC1 gained electrical supply via an electrostatic speaker driver (ED 1, TDT, Alachua, FL, USA). All loudspeaker-cone compositions were calibrated at the beginning of the project. For this purpose, the system’s output was adjusted in the service menu of the software at 80 dB for each stimulus. The output was recorded using a ¼-inch condenser microphone (type 4939, Brüel & Kjaer, Nærum, Denmark) connected to a preamplifier (type 2670, Brüel&Kjaer, Nærum, Denmark) and a conditioning amplifier (type 2690, Nexus conditioning amplifier, Brüel & Kjaer, Nærum, Denmark). Before the end of the study, the output was tested again and was 82.06 ± 5.73 dB SPL. Starting at 80 dB SPL (or peak equivalent for click stimulation), each stimulus was presented 200 times and responses from the contralateral ear were masked by white noise 30 dB below the stimulus level. Dependent on the response, the hearing threshold was searched down- or upwards in 20 dB to 5 dB steps. The hearing thresholds were determined by visual inspection of ABR signals in the analyze function of the system, with a maximum magnification of 700 nV/Div. The lowest stimulus intensity at which ABR signals could be detected was taken to be the hearing threshold for the relevant stimulus configuration (Figure 3). Where the hearing threshold could not be identified up to the maximum sound stimulus level of 100 dB SPL (85 dB SPL for 40 kHz), the threshold was defined as 110 dB SPL or 95 dB SPL for 40 kHz, respectively. Only animals with initial normal hearing (click thresholds ≤ 40 dB SPL) [41] were included in the study. All animals fulfilled this criterion. To reduce the anesthesia time, frequency-specific thresholds at the right (not implanted) ear were measured only on day 0 and day 7. For a detailed overview of the performed ABR measurements, one can refer to Table 1.



The hearing threshold shift due to implantation was set as the difference between the measured thresholds of day −7 and day 0 pre noise exposure. The threshold shifts due to noise at different time points after exposure were set as the differences between the hearing thresholds of day 0, 30 min post noise, day 1, and day 7 in comparison to the day 0 pre noise threshold.




2.4. HDD Implantation


The anesthetized animal was placed on a heating pad and the skin over the skull was incised after local anesthesia with prilocaine. The periosteum was removed and a subcutaneous pocket between the scapulae was formed. Access to the middle ear cavity was obtained using a retroauricular approach. After visualizing the round window, the bony overhang of the round window niche was removed using a micro hook, without hurting the facial nerve. A subcutaneous tunnel that connected the skin incision at the skull and the postauricular incision was built, in which the catheter was guided to the middle ear cavity. The catheter tip was inserted in the round window after opening the membrane and the bulla was closed using Tetric EvoFlow©. The osmotic pump was placed in the subcutaneous pocket in the neck and the rest of the catheter was looped and placed on the animal’s head. To avoid tension stress on the implant tip, e.g., by head movement, a small piece (maximum length 7 mm) of a halved silicon tube (OD 4 mm) was fixed at the head using Tetric EvoFlow© to guide the catheter. Additionally, a small drop of Tetric EvoFlow© secured the catheter at the skull directly behind the subcutaneous tunnel. The postauricular wound was closed in two layers and the wound at the skull was closed with u-sutures.




2.5. Noise Trauma


The anesthetized animal was placed on a heating pad in a sound-insulated box. Calibrated loudspeakers (DT48, 5 Ω, BeyerDynamic, Heilbronn, Germany) were placed directly in front of the animal’s outer ears. The noise insult was presented via the software Audacity® (version 2.1.1) on a notebook (Windows 10 pro). Audacity® software is copyrighted (© 1999–2016 Audacity Team (Web site: http://audacityteam.org/, accessed on 2 June 2022)). It is a free software distributed under the terms of the GNU General Public License. The name Audacity® is a registered trademark of Dominic Mazzoni. A stereo power amplifier (SA 1, TDT, Alachua, FL, USA) was interconnected between the computer and loudspeaker. The presented sound file was engineered for an overall broad, noise-like frequency spectrum beyond 40 kHz. To mimic naturally occurring fluctuations of the temporal envelope in noisy environments, the modified file was based on a recording of Beethoven 5th Symphony, 4th movement, Allegro; Presto, played by the Ensemble Reflector by PASCHENRecords. In order to create a broadband noise trauma, the audio file was limited in its dynamics, so that it had a constant digital level. In a second step, self-learning filters were used to generate a flat power spectrum between 200Hz and 40 kHz (maximum range was 30 dB between frequencies). The recording had a sampling frequency of 96 kHz and the sound file included all frequencies played by the instruments and inserted frequency content up to the Nyquist frequency of 48 kHz. Thus, a large part of the frequency range of the guinea pigs that extended above 50 kHz was excited by the stimulus [27]. The sound file had a length of 10 min and 54 s and was looped for 4 h. It was presented at 120 dB SPL, measured as the peak equivalent over the full frequency spectrum (Figure 4). The potential speaker output of the DT48 was above 100 dB SPL for frequencies between 800 Hz and 40 kHz.




2.6. µCT


For evaluation of the implants’ position, the cochlea of each guinea pig was scanned at day 1 and day 7 immediately after the ABR measurement under the same anesthesia using a µCT scanner (XtremeCTII, ScancoMedical AG, Brüttisellen, Switzerland). Scans were performed using 1470 µA, 100 W, at an integration time of 90 ms, resulting in a resolution of 17 µm. The data were converted to DICOM and reconstructed with COMET [42] and the position of the HDD in the round window was analyzed visually.




2.7. Statistical Analysis


Due to the small number of animals, data were double checked for normal distribution using the Kolmogorov–Smirnov test (in GraphPad Prism® version 8.4.3.) and the Shapiro–Wilk test (at statskingdom.com) [43]. The Kolmogorov–Smirnov test reported all data sets to be normally distributed. Using the Shapiro–Wilk test, it was found that some data sets were not normally distributed. Click and frequency-specific hearing thresholds or threshold shifts over time within one experimental group and between left (implanted) and right (not implanted) ears were analyzed using GraphPad Prism®. For comparison of the groups with significant departure from normality, a Wilcoxon signed-rank test was used. If both data sets were normally distributed, a paired t-test was performed. For details concerning the statistical analysis, one can refer to Supplement File S1. The data are reported as mean ± standard deviation (SD). Statistical significance was considered and depicted at p ≤ 0.05 (*); p ≤ 0.01 (**) and p ≤ 0.001 (***). Data that did not significantly differ are indicated using ns = not significant.





3. Results


The main objective of the present study was to establish an animal model to test intracochlear preventive pharmacotherapy of temporary threshold shifts (TTS). A custom-made catheter-pump-based delivery system, allowing chronic drug delivery and imaging of the intracochlear part for quality control, was built, a TTS was established and the combination of both was tested in vivo.



3.1. Qualitiy Control of the Implant


The self-built HDD was implantable into the guinea pig inner ear via the round window and remained in situ throughout the observation period. This was determined macroscopically after euthanasia of the animals (Figure 5), as well as via µCT (see Section 3.3 for details).



Before and after implantation, the fluid-filled delivery device was placed in a well plate to check pumping activity. This quality control method is an easy and inexpensive method to determine the functionality of each self-made HDD system. Before and after explantation, all pumps delivered fluid into the Eppendorf tubes, indicating proper function.




3.2. ABR Measurements


The study aims to determine both the effect of the HDD implantation and the effect of the noise trauma on the hearing threshold. To obtain an overview, first, the click hearing thresholds are reported, followed by the effects of the HDD implantation on frequency-specific ABR thresholds. Afterwards, the effect of noise exposure on frequency-specific ABR thresholds of the right (not implanted) ears was examined, followed by the effect of implantation and noise exposure on frequency-specific ABR thresholds of the left (implanted) ears. Finally, the effect of the implantation on the extent of the noise trauma was evaluated.



3.2.1. Comparison of the Click Thresholds at Specific Time Points and Click Thresholds over Time


The initial naïve click-evoked hearing thresholds of left (pre-implantation) and right (not implanted) ears did not differ (Figure 6A). The click-evoked hearing thresholds of the left (implanted) and right (not implanted) noise traumatized ears did not differ 7 days after noise insult (Figure 6A). However, the click-evoked hearing thresholds on day −7 (naïve, before implantation and noise trauma) and day 7 (i.e., 7 days after noise trauma) differed significantly with 35 ± 4.4 dB SPL versus (vs.) 49 ± 12.8 dB SPL (p ≤ 0.05; paired t-test) for the left (implanted) ears, respectively, and 30 ± 4.4 dB SPL vs. 55 ± 6.3 dB SPL (p ≤ 0.001; paired t-test) for the right (not implanted) ears, respectively (Figure 6A). The comparison of the threshold shifts of the click hearing thresholds revealed a significant difference in the threshold shifts of left (implanted) and right (not implanted) ears between day 0 pre noise and day 7 (6.67 ± 14.72 dB SPL vs. 23.33 ± 7.53 dB SPL; p ≤ 0.05; paired t-test) (Figure 6B). Additionally, the shift of the click hearing threshold of the left (implanted) ears between day −7 and day 0 before noise differed significantly from the shift of the right (not implanted) ears between day 0 pre noise and day 7 (7.5 ± 6.98 dB vs. 23.33 ± 7.53 dB; p ≤ 0.05; paired t-test) (Figure 6B). The threshold shifts of the left (implanted) ears between day −7 (pre implantation) and day 0 before noise exposure did not differ significantly from the shift between day 0 before noise and day 7 (7.5 ± 6.98 dB vs. 6.67 ± 14.72 dB; paired t-test).



As the threshold increase during the whole experiment is more pronounced in the right (not implanted) ears than in the left (implanted) ears, the click hearing thresholds between the groups over time were compared (Figure 7) to elucidate a possible difference between the groups over time. On day 0, before noise insult, the thresholds of the left (implanted) ears were significantly increased compared to the right (not implanted) ears (42 ± 6.8 dB SPL vs. 31 ± 4.0 dB SPL; p ≤ 0.05; paired t-test). This difference could no longer be observed directly after noise trauma nor up to 7 days after noise trauma (Figure 7).




3.2.2. Effect of HDD Implantation on Frequency-Specific ABR Thresholds


As the implantation appears to have an effect on the click-evoked hearing threshold that is neutralized after noise exposure, an analysis of the frequency-specific hearing thresholds was performed to look into the effect of implantation on the hearing function.



An increase in click-evoked and frequency-specific hearing thresholds was observed following the implantation of the HDD that delivered AP into the scala tympani. Thresholds of the left (implanted) ears before noise trauma (day 0 pre noise) were significantly higher at frequencies above 8 kHz than naïve ears (day −7) (Figure 8A). Compared to the right (not implanted) ears, the hearing thresholds of the left (implanted) ears do not differ on day 0 before noise in the middle and higher frequencies 4, 8, 16, 32 and 40 kHz (Figure 8B). However, at 2 kHz (44 ± 9.7 dB SPL vs. 26 ± 2.5 dB SPL; p < 0.05; Wilcoxon signed-rank test) and 1 kHz (44 ± 8.0 dB SPL vs. 30 ± 2.0 dB SPL; p < 0.05; Wilcoxon signed-rank test) and at 500 Hz (49 ± 4.9 dB SPL vs. 37 ± 2.7 SPL; p < 0.05; Wilcoxon signed-rank test) and in the click condition (42 ± 6.8 dB SPL vs. 31 ±- 4.0 dB SPL; p < 0.05; paired t-test), the thresholds of left (implanted) ears were significantly increased compared to the right (not implanted) ones (Figure 8B). In addition, the comparison of left (implanted) ears on day −7 and right (not implanted) ears on day 0 before noise exposure revealed significant differences in the higher frequencies 16 kHz (7.5 ± 2.74 dB SPL vs. 24.17 ± 7.36 dB SPL; p < 0.05; Wilcoxon signed-rank test), 32 kHz (25.83 ± 3.76 dB SPL vs. 40 ± 5.48 dB SPL; p < 0.05; Wilcoxon signed-rank test) and 40 kHz (37.5 ± 4.18 dB SPL vs. 55 ± 4.47 dB SPL; p < 0.05; Wilcoxon signed-rank test) with higher thresholds in the right (not implanted) ears (Figure 8C).




3.2.3. Effect of Noise Exposure on Frequency-Specific ABR Thresholds


The effect of the noise trauma is reflected in the difference in hearing thresholds before and 7 days after noise trauma in right (not implanted) ears. Compared to day 0 pre noise, there was a significant increase in frequency-specific thresholds 30 min after noise exposure (day 0 post noise), except for 500 Hz and 1 kHz (Figure 9, significances not illustrated). Compared to day 0 post noise exposure, significantly decreased frequency-specific thresholds were observed at day 7, except for 40 kHz (Figure 9, significances illustrated between the green and red line). This decrease in the frequency-specific hearing threshold from the period directly after trauma to day 7 after noise trauma proves that the applied noise results in a temporary threshold shift. Nevertheless, there was still a threshold shift in all frequencies other than 500 Hz and 1 kHz on day 7, in comparison to day 0 pre noise exposure (Figure 9, significances illustrated between blue and red line). Thus, in the period of one week only a partial recoveryoccurs.




3.2.4. Effect of HDD Implantation and Noise Exposure on Frequency-Specific ABR Thresholds


The frequency-specific hearing thresholds over time of the left (implanted) and noise affected ears are descriptively illustrated in Figure 10. The thresholds of all frequencies increased due to implantation of the HDD and were additionally increased by noise insult. Directly one day after noise, recovery was observed, which progressed until observational day 7.



The combination of implantation and noise insult led to significantly increased thresholds over all frequencies, which were still detectable 7 days after noise trauma (Figure 11). The insult was less in the best frequency region around 8 to 16 kHz and more pronounced at high frequencies (32 and 40 kHz) and middle to low frequencies (0.5, 1, 2, 4 kHz).




3.2.5. Effect of HDD Implantation on Noise Trauma


The threshold shifts from the period before noise insult to directly after noise insult did not differ between the left (implanted) and right (not implanted) ears (Figure 12A), except for 16 kHz (55 ± 25.29 dB vs. 77 ± 14.4 dB, p ≤ 0.05; paired t-test}. However, 7 days after noise application, the threshold shift in left (implanted) and right (not implanted) ears differed significantly (Figure 12B), with implantation resulting in significantly lower threshold shifts in five out of eight frequencies compared to the right (not implanted) ears. For example, at 40 kHz, the mean threshold shift was only 5 ± 7.0 dB in left (implanted) ears, whereas in the right (not implanted) ears, the shift was significantly worse with 22 ± 16.0 dB (p ≤ 0.05; paired t-test). At 8 kHz, the mean threshold shift from day 0 before noise insult to day 7 after noise was 2 ± 11.7 dB in left (implanted) ears, and therefore significantly lower than in right (not implanted) ears, where the shift was 33 ± 13.6 dB (p ≤ 0.001; paired t-test). At 2 kHz, there was still a difference in threshold shifts between left (implanted) and right (not implanted) ears (8 ± 18.8 dB vs. 26 ± 6.0 dB, p ≤ 0.05; Wilcoxon signed-rank test), but at lower frequencies (1 kHz and 500 Hz), no differences were observed. In these frequency regions, the threshold shift of both groups was close to 0 with 3 ± 13 dB at 1kHz and −1 ± 9.8 dB at 500 Hz for left (implanted) ears and 9 ±−5.8 dB at 1 kHz and 0 ±−7.7 dB at 500 Hz for right (not implanted) ears, respectively.





3.3. µCT


The microneedle can be visualized by µCT, allowing determination of the correct location of the hook (Figure 13). The analysis of day 1 µCT, as well as the day 7 µCT, revealed that the HDDs were correctly implanted in all animals and stayed in the RWN during the experimental period of 14 days.





4. Discussion


Numerous diseases cause cochlear dysfunction. Local pharmacotherapy could be a treatment option in the future. Prevention is always better than therapy; therefore, preventive drug treatment strategies should be applied before an insult affects cochlear health. To measure the biological effectiveness of a preventive local drug therapy, the application per se needs to be as less traumatic as possible. We are interested in identifying preventive substances against NIHL. For this purpose, we developed a model for pump-based drug delivery in normal hearing guinea pigs that received TTS-inducing noise trauma. Since drug delivery to the inner ear is challenging due to the blood–labyrinth-barrier and round window membrane permeability, delivery directly in the perilymphatic space using a pump-based system is the best way to investigate a drug’s effect in basic research. As soon as an effect is shown and the therapeutic dose is determined, the delivery method needs to be optimized for patients, as it would be too traumatic for the current pump-based delivery system to be applied for the treatment of inner ear pathologies. The application in human patients requires drug delivery in the form of systemic delivery or local delivery without opening the perilymphatic space. Therefore, the presented study aims to establish a drug delivery approach to release drugs in a known concentration and for a known duration into the inner ear for a basic research set-up.



A well-established method for chronic drug delivery to the inner ear is the use of osmotic minipumps [31,36,44]. They enable the delivery of substances directly into the perilymph, without the release kinetics being affected by a delivery matrix. In combination with a CI [32,33,34] or a tube [22,31,35,36], they transfer the fluids into the scala tympani through the round window or a cochleostomy [22,37]. To reduce the risk of surgery-related threshold shifts in mice, delivery of substances via the posterior semicircular canal is a common method [45], but in the guinea pig, the surgical access is difficult and the direct delivery to the cochlea is the standard method. Usually, osmotic pump-based inner ear delivery is performed in chemically deafened animals [32,33,35,37]; therefore, no surgery-related hearing threshold increase occurs. Animals from studies that deal with normal hearing were excluded due to their increased hearing threshold after implantation [22]. For establishing an animal model to investigate drug effects on noise affected ears, animals should have no impairment in hearing. Implantation of the HDD led to increased click and frequency-specific hearing thresholds, with significances in frequencies above 8 kHz (Figure 6A, Figure 8A, Figure 10). Hearing loss has been reported previously from round window interventions in guinea pigs [46]. Changes in the round window membrane stiffness following cochlear implantation are thought to be the reason for low-frequency hearing loss [47]. Nevertheless, the surgery-related threshold shift is smaller than that reported in other studies [38,48]. Additionally, Sale et al. reported that even the application of artificial perilymph on the intact round window membrane alone can cause hearing threshold increases [40]. This observation is accompanied by the negative effect of artificial perilymph described by Scheper et al. and Shepherd et al. [32,49]. They delivered artificial perilymph to chemically deafened animals and analyzed the survival of the spiral ganglion cells. In treated ears, the survival was reduced compared to the deafened untreated ears. Nevertheless, the use of artificial perilymph seems useful, since the osmolarity of the inner ear fluids affects the cochlear function [50]. The present study did not measure the frequency-specific hearing thresholds in the right (not implanted) ear before implantation. Therefore, the day −7 threshold of the later implanted sides represents normal hearing thresholds. When comparing the d0 threshold (pre noise) of right (not implanted) ears with this day −7 baseline threshold, a significant difference in hearing thresholds of left (implanted) and right (not implanted) ears on day 0, pre noise (Figure 8C), in some tested frequencies is observed. This leads to the partially not significant differences in hearing threshold above 4 kHz of left (implanted) and right (not implanted) ears on day 0 before noise exposure (Figure 8B). We hypothesize that a larger number of animals would lead to a significant difference in hearing thresholds of left (implanted) and right (not implanted) ears on day 0, pre noise (Figure 8B), in all tested frequencies.



However, it is also possible that there is no significant difference between left (implanted) and right (not implanted) ears in the higher frequencies, since a spread of inflammatory cells, for example, into the contralateral ear cannot be excluded. Unlike humans, guinea pigs have a large cochlear aqueduct that connects the perilymph spaces of both ears [51]. Additionally, the eustachian tube is known for contralateral spreading of substances injected intratympanically [52]. Since a part of the HDD is located in the cavum tympani, potential foreign body reactions could spread to the right (not implanted) ear, and therefore lead to an increased hearing threshold, making it difficult to detect a difference between the ears. Additionally, the changed electrode placement for ABR measurements after surgery may lead to increased hearing thresholds, and therefore may explain the differences in the hearing thresholds of day −7 of the left (implanted) ears and day 0 of the right (not implanted) ears (Figure 8C). However, we assume that the electrode position did not have a significant effect on the hearing thresholds.



We used a small microneedle that was shortened, bent and inserted 1.5 mm in the scala tympani. As the microneedle can be visualized using µCT, it is possible to perform a second surgery, if an animals’ implant is in an incorrect position. This follows the principle of the animal welfare law to reduce the number of animals used for scientific purposes. Care should be taken to ensure that the microcannula part of the implant ends in the middle ear cavity or can be completely covered with dental cement, while closing the osteotomy of the cavum tympani. Otherwise, it may lead to skin irritation or development of pressure, strain, or tension forces, changing the implant’s position.



As the study’s aim was to develop a NIHL animal model for preventive chronic drug delivery, the next step was to expose the animals to a noise insult. Many studies concerning noise trauma use an artificial noise trauma, such as a pure tone [19,29,53,54,55], an octave-band noise [22,25,45,56,57,58,59,60,61] or white noise [62,63,64,65]. In order to create a better transferability to humans by mimicking the natural fluctuations of the temporal signal envelope, we decided to use a modified orchestral piece. Since professional musicians have a higher risk of hearing disorders [66,67], using a modified orchestral piece may have a better relation to their experience. The noise exposure induced a temporary threshold shift in both left (implanted) (Figure 10) and right (not implanted) (Figure 9) ears. The end of the experiment was set at day 7 after the noise insult because a study by Hickman et al. showed a regeneration of affected synapses in the mature cochlea, with the largest change in the first week after noise exposure [68]. The drug delivery via osmotic pumps is continuous. As the aim was to investigate drug effects during long-term administration, there was a smooth transition from preventive to therapeutic effects. At day 7, the noise-induced threshold shifts of both ears differ significantly, except for 500 Hz, 1 kHz and 2 kHz (Figure 12A). The noise-induced threshold shift was determined as the difference between hearing thresholds after noise and day 0 pre noise. Due to the previous implantation, the left (implanted) ears, therefore, have a different starting level for the calculation. However, when the hearing thresholds were considered, a difference between left (implanted) and right (not implanted) ears was noticeable (Figure 9 and Figure 10). This finding is supported by a study by Eshraghi et al., where noise-exposed unimplanted cochleae showed higher threshold shifts than noise-exposed ones with an implant [69]. One possible explanation is that the left (implanted) ears suffer from conductive hearing loss due to the implantation. It is known that the hearing loss after cochlear implantation is mainly conductive [38] and the round window stiffness has an effect on residual hearing [47]. Thus, it is possible that the noise did not cause the same insult to the cochlear sensory cells as in the right (not implanted) ear. Additionally, the permanent flow of artificial perilymph produced by the osmotic pump may also influence the regeneration after noise trauma, by leading to an increased wash-out of toxic products, such as reactive oxygen species. This hypothesis is supported by the fact that the noise-induced threshold shift at day 0 did only differ significantly at 16 kHz between left (implanted) and right (not implanted) ears (Figure 12A). Nevertheless, it remains unclear how much AP reaches the apical turns of the cochlea. Even though there is no sealing of the round window membrane, and therefore the intracranial pressure might drive cerebrospinal fluid into the cochlea, drug delivery via osmotic pumps is successful [32]. Additionally, the guinea pig round window membrane heals quickly after microneedle perforation, usually within one week, with the highest healing rate within the first 48h [70]. Moreover, larger ruptures have been shown to heal spontaneously within two weeks [71]. Nevertheless, the exact fluid distribution in the cochlea remains unclear and should be investigated in future studies. One mechanism of NIHL is the generation of reactive oxygen species [72] and antioxidants can reduce NIHL [73]. The delivered artificial perilymph contains albumin, which is also known to have antioxidant effects [74]. Nevertheless, it does not make sense to omit the albumin. Albumin is needed for the aforementioned osmolarity and many potential active ingredients require a carrier protein for delivery. Without this carrier protein, the substances may get stuck at the catheter wall and may not reach the perilymph. Despite the better thresholds of the left (implanted) ears, the noise insult leads to a TTS that can be detected and it would be possible to test potentially preventive substances.



The shown tendency towards a beneficial effect of AP infusion, improving the recovery from noise, needs to be considered in future studies that investigate the beneficial effects of drugs on inner ear trauma in normal hearing animals. The potential protective effects of agents should lead to faster recovery compared with control ears implanted with an AP delivering pump or maybe an additive, or even synergistic effect, of drug and AP infusion. To elucidate which intervention, drug delivery approach and molecule cause which effect in the inner ear, the evaluation should include the not implanted (contralateral) ears and maybe other fluids, e.g., saline or AP without albumin, should be considered as control substances. However, as aforementioned, omitting the albumin may influence the osmolarity of the perilymph, and therefore may affect the endocochlear potential. Depending on which drug to be tested, albumin may be necessary as a carrier protein.



NIHL is a complex disease and many factors have to be considered when establishing a new animal model. For example, both the melatonin of pigmented animals [75] and the estradiol of females [76] show a protective effect, so the selection of the animals is an important factor. Moreover, the circadian rhythm should be considered when planning the experimental setup [77]. In order to reduce the animals’ stress, the presented study performed the noise trauma under general anesthesia. In contrast to other anesthetics [78], to our knowledge, no protective effect has been described for the anesthetic regime used in this study. Nevertheless, this is important to keep in mind when testing the noise paradigm in awake animals. In awake animals, lower sound levels are needed to induce the same acoustical trauma. Working with awake animals has another benefit, as body core temperature is more steady. Hypothermia is a generally known side effect of anesthesia and has also a protective effect against NIHL [79]. This fact reinforces the necessity to maintain the body temperature under anesthesia, e.g., with the use of a heating pad as we did in this study. When evaluating studies that use a NIHL, including its prevention or its treatment, all of these factors must be taken into consideration.



Even though the focus of the present study was on the development of an animal model for long-term application of preventive substances for NIHL, the presented HDD can also be used in other areas of hearing research. This includes all areas in which cochlear pharmacotherapy is investigated, such as the prevention of ototoxic drug effects, such as aminoglycosides or cisplatin, or the development of virus-mediated gene therapies.




5. Conclusions


The implantation of the HDD attached to an osmotic pump caused a moderate threshold shift that enabled us to further induce and detect a temporary noise-induced threshold shift. An exposure of 4 h to the audio file of the orchestral piece caused an increase in hearing threshold for all tested frequencies with a frequency-specific intensity. The threshold shift partially recovers within one week, with more pronounced recovery at the left (implanted) ear. This facilitates the investigation of the effect of drugs delivered prior to the noise insult via osmotic pumps to establish a preventive therapy against noise-induced TTS, an ailment with global importance.
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Appendix A


ABR measurement, drug delivery device implantation, noise trauma, µCT and euthanasia were performed under general anesthesia (intramuscular medetomidinhydrochloride (Dormilan® 1 mg/mL, alvavet Tierarzneimittel GmbH, Germany) 0.2 mg/kg, midazolam (Midazolam 5 mg/mL, PANPHARMA GmbH, Germany) 1 mg/kg and fentanyl (Fentadon 50 µg/mL, Dechra Veterinary Products Deutschland GmbH, Germany) 0.025 mg/kg) with previous sedation (oral diazepam (Diazepam-ratiopharm® 10 mg/mL Tropfen zum Einnehmen, ratiopharm GmbH, Germany) 4 mg/kg). To avoid eye desiccation, the animals received eye ointment (Bepanthen®, Bayer Vital GmbH, Germany). Areas to be incised were locally infiltrated with prilocaine (Xylonest 1%, Aspen Germany GmbH, Germany). Prior to anesthesia, animals received a probiotic (oral 0.5 g Bene-Bac® (BENE-BAC® Gel, Dechra Veterinary Products Deutschland GmbH, Germany) and on day 0 and day 1, additionally a prebiotic (oral Lactulose (Lactulose Albrecht®, Dechra Veterinary Products Deutschland GmbH, Germany) 615 mg/kg) to prevent indigestion due to the long anesthesia. They subcutaneously received 0.5 mg/kg atropine (Atropinsulfat B. Baun 0.5 mg/mL Injektionslösung, B. Braun Melsungen AG, Germany) or 0.02 mg/kg glycopyrronium bromide (Glycopyrroniumbromic Accord 200 Mikrogramm/mL Injektionslösung, Accord Healthcare B.V., Netherlands) at day 0 to reduce bronchial secretion and salivation, and 8 mL (4 mL at day 1 and 7) Ringer’s solution (Ringer-Lösung DELTAMEDICA, DELTAMEDICA GmbH, Germany), including 5% glucose (Glucose 40% B. Braun, Konzentrat zur Herstellung einer Infusionslösung, B. Braun Melsungen AG, Gemany) per 300 g body weight. The anesthesia was antagonized by injecting atipamezole (ATIPAZOLE 5 mg/mL, Prodivet pharmaceutics, Belgium), 1 mg/kg, flumazenil (Flumazenil-hameln 0.1 mg/mL, Hameln pharma GmbH, Germany) 0.1 mg/kg and naloxone (Naloxon Inresa 0.4 mg/mL, Inresa Arzneimittel GmbH, Germany) 0.03 mg/kg subcutaneously. To reduce pain and to prevent infections, the animals subcutaneously received 0.2 mg/kg meloxicam (Metacam® 2 mg/mL, Boehringer Ingelheim Vetmedica GmbH, Germany) and 10 mg/kg enrofloxacin (Baytril® 25 mg/mL, Elanco GmbH, Germany) at day −7. Additionally, the antagonization was conducted without naloxone to maintain the analgetic impact of fentanyl. Postoperative care included 3 days 0.2 mg/kg meloxicam (Metacam® 0.5 mg/mL, Boehringer Ingelheimmedica GmbH, Germany) and 7 days 5 mg/kg enrofloxacin (Baytril® 2.5%, Elanco GmbH, Germany) per os. In addition, animals received 0.5 g Bene-Bac® the day after every anesthesia. Euthanasia was performed via intracardiac injection of no less than 300 mg/kg pentobarbital (Release® 300 mg/mL, Wirtschaftsgenossenschaft deutscher Tierärzte eG, Germany).





References


	



Spoendlin, H. Degeneration Behaviour of the Cochlear Nerve. Arch. Klin. Exp. Ohren. Nasen. Kehlkopfheilkd. 1971, 200, 275–291. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Ylikoski, J. Correlative Studies on the Cochlear Pathology and Hearing Loss in Guinea-Pigs after Intoxication with Ototoxic Antibiotics. Acta Otolaryngol. 1974, 326, 1–62. [Google Scholar]

	



Wu, P.Z.; O’Malley, J.T.; de Gruttola, V.; Liberman, M.C. Primary Neural Degeneration in Noise-Exposed Human Cochleas: Correlations with Outer Hair Cell Loss and Word-Discrimination Scores. J. Neurosci. 2021, 41, 4439–4447. [Google Scholar] [CrossRef]

	



Makary, C.A.; Shin, J.; Kujawa, S.G.; Liberman, M.C.; Merchant, S.N. Age-Related Primary Cochlear Neuronal Degeneration in Human Temporal Bones. JARO-J. Assoc. Res. Otolaryngol. 2011, 12, 711–717. [Google Scholar] [CrossRef] [PubMed]

	



Felix, H.; Pollak, A.; Gleeson, M.; Johnsson, L.G. Degeneration Pattern of Human First-Order Cochlear Neurons. Adv. Otorhinolaryngol. 2002, 59, 116–123. [Google Scholar] [CrossRef]

	



Johnsson, L.G.; Felix, H.; Gleeson, M.; Pollak, A. Observations on the Pattern of Sensorineural Degeneration in the Human Cochlea. Acta Otolaryngol. 1989, 108, 88–96. [Google Scholar] [CrossRef] [PubMed]

	



Kujawa, S.G.; Liberman, M.C. Synaptopathy in the Noise-Exposed and Aging Cochlea: Primary Neural Degeneration in Acquired Sensorineural Hearing Loss. Hear. Res. 2015, 330, 191–199. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Green, S.H. Functional Role of Neurotrophin-3 in Synapse Regeneration by Spiral Ganglion Neurons on Inner Hair Cells after Excitotoxic Trauma in Vitro. J. Neurosci. 2011, 31, 7938–7949. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Lin, H.W.; Furman, A.C.; Kujawa, S.G.; Liberman, M.C. Primary Neural Degeneration in the Guinea Pig Cochlea after Reversible Noise-Induced Threshold Shift. JARO-J. Assoc. Res. Otolaryngol. 2011, 12, 605–616. [Google Scholar] [CrossRef] [PubMed]

	



Monaghan, J.J.M.; Garcia-Lazaro, J.A.; McAlpine, D.; Schaette, R. Hidden Hearing Loss Impacts the Neural Representation of Speech in Background Noise. Curr. Biol. 2020, 30, 4710–4721.e4. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, D.I.; Nelson, R.Y.; Concha-Barrientos, M.; Fingerhut, M. The Global Burden of Occupational Noise-Induced Hearing Loss. Am. J. Ind. Med. 2005, 48, 446–458. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, W.J.; Eichwald, J.; Meinke, D.K.; Chadha, S.; Iskander, J. CDC Grand Rounds: Promoting Hearing Health Across the Lifespan. MMWR. Morb. Mortal. Wkly. Rep. 2018, 67, 243–246. [Google Scholar] [CrossRef]

	



Basner, M.; Babisch, W.; Davis, A.; Brink, M.; Clark, C.; Janssen, S.; Stansfeld, S. Auditory and Non-Auditory Effects of Noise on Health. Lancet 2014, 383, 1325–1332. [Google Scholar] [CrossRef]

	



Gupta, A.; Koochakzadeh, S.; Nguyen, S.A.; Brennan, E.A.; Meyer, T.A.; Lambert, P.R. Pharmacological Prevention of Noise-Induced Hearing Loss: A Systematic Review. Otol. Neurotol. 2021, 42, 2–9. [Google Scholar] [CrossRef] [PubMed]

	



Le Prell, C.G.; Hammill, T.L.; Murphy, W.J. Noise-Induced Hearing Loss: Translating Risk from Animal Models to Real-World Environments. J. Acoust. Soc. Am. 2019, 146, 3646–3651. [Google Scholar] [CrossRef] [PubMed]

	



Sha, S.H.; Schacht, J. Emerging Therapeutic Interventions against Noise-Induced Hearing Loss. Expert Opin. Investig. Drugs 2017, 26, 85–96. [Google Scholar] [CrossRef] [PubMed]

	



Umugire, A.; Lee, S.; Kim, D.; Choi, M.; Kim, H.-S.; Cho, H.-H. Avenanthramide-C Prevents Noise- and Drug-Induced Hearing Loss While Protecting Auditory Hair Cells from Oxidative Stress. Cell Death Discov. 2019, 5, 115. [Google Scholar] [CrossRef] [PubMed]

	



Ohinata, Y.; Yamasoba, T.; Schacht, J.; Miller, J.M. Glutathione Limits Noise-Induced Hearing Loss. Hear. Res. 2000, 146, 28–34. [Google Scholar] [CrossRef]

	



Xiong, H.; Lai, L.; Ye, Y.; Zheng, Y. Glucose Protects Cochlear Hair Cells Against Oxidative Stress and Attenuates Noise-Induced Hearing Loss in Mice. Neurosci. Bull. 2021, 37, 657–668. [Google Scholar] [CrossRef]

	



Shoji, F.; Yamasoba, T.; Magal, E.; Dolan, D.F.; Altschuler, R.A.; Miller, J.M. Glial Cell Line-Derived Neurotrophic Factor Has a Dose Dependent Influence on Noise-Induced Hearing Loss in the Guinea Pig Cochlea. Hear. Res. 2000, 142, 41–55. [Google Scholar] [CrossRef]

	



Iwai, K.; Nakagawa, T.; Endo, T.; Matsuoka, Y.; Kita, T.; Kim, T.S.; Tabata, Y.; Ito, J. Cochlear Protection by Local Insulin-like Growth Factor-1 Application Using Biodegradable Hydrogel. Laryngoscope 2006, 116, 529–533. [Google Scholar] [CrossRef] [PubMed]

	



Attias, J.; Sapir, S.; Bresloff, I.; Reshef-Haran, I.; Ising, H. Reduction in Noise-Induced Temporary Threshold Shift in Humans Following Oral Magnesium Intake. Clin. Otolaryngol. Allied Sci. 2004, 29, 635–641. [Google Scholar] [CrossRef] [PubMed]

	



Hu, N.; Rutherford, M.A.; Green, S.H. Protection of Cochlear Synapses from Noise-Induced Excitotoxic Trauma by Blockade of Ca 2+ -Permeable AMPA Receptors. Proc. Natl. Acad. Sci. USA 2020, 117, 201914247. [Google Scholar] [CrossRef]

	



Seidman, M.D.; Tang, W.; Shirwany, N.; Bai, U.; Rubin, C.J.; Henig, J.P.; Quirk, W.S. Anti-Intercellular Adhesion Molecule-1 Antibody’s Effect on Noise Damage. Laryngoscope 2009, 119, 707–712. [Google Scholar] [CrossRef]

	



Naert, G.; Pasdelou, M.; Le Prell, C.G. Use of the Guinea Pig in Studies on the Development and Prevention of Acquired Sensorineural Hearing Loss, with an Emphasis on Noise. J. Acoust. Soc. Am. 2019, 146, 3743–3769. [Google Scholar] [CrossRef]

	



Lee, K.Y.; Nakagawa, T.; Okano, T.; Hori, R.; Ono, K.; Tabata, Y.; Lee, S.H.; Ito, J. Novel Therapy for Hearing Loss: Delivery of Insulin-like Growth Factor 1 to the Cochlea Using Gelatin Hydrogel. Otol. Neurotol. 2007, 28, 976–981. [Google Scholar] [CrossRef]

	



Sly, D.J.; Campbell, L.; Uschakov, A.; Saief, S.T.; Lam, M.; O’Leary, S.J. Applying Neurotrophins to the Round Window Rescues Auditory Function and Reduces Inner Hair Cell Synaptopathy after Noise-Induced Hearing Loss. Otol. Neurotol. 2016, 37, 1223–1230. [Google Scholar] [CrossRef]

	



Murillo-Cuesta, S.; Rodríguez-de la Rosa, L.; Contreras, J.; Celaya, A.M.; Camarero, G.; Rivera, T.; Varela-Nieto, I. Transforming Growth Factor Β1 Inhibition Protects from Noise-Induced Hearing Loss. Front. Aging Neurosci. 2015, 7, 32. [Google Scholar]

	



Brown, J.N.; Miller, J.M.; Altschuler, R.A.; Nuttall, A.L. Osmotic Pump Implant for Chronic Infusion of Drugs into the Inner Ear. Hear. Res. 1993, 70, 167–172. [Google Scholar] [CrossRef]

	



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

	



Scheper, V.; Seidel-Effenberg, I.; Lenarz, T.; Stöver, T.; Paasche, G. Consecutive Treatment with Brain-Derived Neurotrophic Factor and Electrical Stimulation Has a Protective Effect on Primary Auditory Neurons. Brain Sci. 2020, 10, 559. [Google Scholar] [CrossRef] [PubMed]

	



Scheper, V.; Hessler, R.; Hütten, M.; Wilk, M.; Jolly, C.; Lenarz, T.; Paasche, G. Local Inner Ear Application of Dexamethasone in Cochlear Implant Models Is Safe for Auditory Neurons and Increases the Neuroprotective Effect of Chronic Electrical Stimulation. PLoS ONE 2017, 12, e0183820. [Google Scholar] [CrossRef]

	



Warnecke, A.; Scheper, V.; Buhr, I.; Wenzel, G.I.; Wissel, K.; Paasche, G.; Berkingali, N.; Jørgensen, J.R.; Lenarz, T.; Stöver, T. Artemin Improves Survival of Spiral Ganglion Neurons in Vivo and in Vitro. Neuroreport 2010, 21, 517–521. [Google Scholar] [CrossRef] [PubMed]

	



Prieskorn, D.M.; Miller, J.M. Technical Report: Chronic and Acute Intracochlear Infusion in Rodents. Hear. Res. 2000, 140, 212–215. [Google Scholar] [CrossRef]

	



Ramekers, D.; Versnel, H.; Strahl, S.B.; Klis, S.F.L.; Grolman, W. Temporary Neurotrophin Treatment Prevents Deafness- Induced Auditory Nerve Degeneration and Preserves Function. J. Neurosci. 2015, 35, 12331–12345. [Google Scholar] [CrossRef]

	



Attias, J.; Hod, R.; Raveh, E.; Mizrachi, A.; Avraham, K.B.; Lenz, D.R.; Nageris, B.I. Hearing Loss Patterns after Cochlear Implantation via the Round Window in an Animal Model. Am. J. Otolaryngol.-Head Neck Med. Surg. 2016, 37, 162–168. [Google Scholar] [CrossRef]

	



Eshraghi, A.A.; Lang, D.M.; Roell, J.; Van De Water, T.R.; Garnham, C.; Rodrigues, H.; Guardiola, M.; Gupta, C.; Mittal, J. Mechanisms of Programmed Cell Death Signaling in Hair Cells and Support Cells Post-Electrode Insertion Trauma. Acta Otolaryngol. 2015, 135, 328–334. [Google Scholar] [CrossRef]

	



Sale, P.J.P.; Uschakov, A.; Saief, T.; Rowe, D.P.; Abbott, C.J.; Luu, C.D.; Hampson, A.J.; O’Leary, S.J.; Sly, D.J. Cannula-Based Drug Delivery to the Guinea Pig Round Window Causes a Lasting Hearing Loss That May Be Temporarily Mitigated by BDNF. Hear. Res. 2017, 356, 104–115. [Google Scholar] [CrossRef]

	



Whitlon, D.S.; Young, H.; Barna, M.; Depreux, F.; Richter, C.P. Hearing Differences in Hartley Guinea Pig Stocks from Two Breeders. Hear. Res. 2019, 379, 69–78. [Google Scholar] [CrossRef] [PubMed]

	



Lexow, G.J.; Schurzig, D.; Gellrich, N.C.; Lenarz, T.; Majdani, O.; Rau, T.S. Visualization, Measurement and Modelling of the Cochlea Using Rotating Midmodiolar Slice Planes. Int. J. Comput. Assist. Radiol. Surg. 2016, 11, 1855–1869. [Google Scholar] [CrossRef] [PubMed]

	



Statistics Kingdom Shapiro-Wilk Test Calculator. Available online: https://www.statskingdom.com/shapiro-wilk-test-calculator.html (accessed on 5 September 2022).

	



Carvalho, G.J.; Lalwani, A.K. The Effect of Cochleostomy and Intracochlear Infusion on Auditory Brain Stem Response Threshold in the Guinea Pig. Am. J. Otol. 1999, 20, 87–90. [Google Scholar]

	



Fernandez, K.A.; Watabe, T.; Tong, M.; Meng, X.; Tani, K.; Kujawa, S.G.; Edge, A.S.B. Trk Agonist Drugs Rescue Noise-Induced Hidden Hearing Loss. JCI Insight 2021, 6, e142572. [Google Scholar] [CrossRef] [PubMed]

	



Rowe, D.; Chambers, S.; Hampson, A.; Eastwood, H.; Campbell, L.; O’Leary, S. Delayed Low Frequency Hearing Loss Caused by Cochlear Implantation Interventions via the Round Window but Not Cochleostomy. Hear. Res. 2016, 333, 49–57. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, S.J.; Ni, G.; Verschuur, C.A. Modelling the Effect of Round Window Stiffness on Residual Hearing after Cochlear Implantation. Hear. Res. 2016, 341, 155–167. [Google Scholar] [CrossRef]

	



Tanaka, C.; Nguyen-Huynh, A.; Loera, K.; Stark, G.; Reiss, L. Factors Associated with Hearing Loss in a Normal-Hearing Guinea Pig Model of Hybrid Cochlear Implants. Hear. Res. 2014, 316, 82–93. [Google Scholar] [CrossRef]

	



Shepherd, R.; Coco, A. Chronic Depolarization Enhances the Trophic Effects of BDNF in Rescuing Auditory Neurons Following a Sensorineural Hearing Loss. J. Comp. Neurol. 2005, 486, 145–158. [Google Scholar] [CrossRef]

	



Choi, C.-H.; Oghalai, J.S. Perilymph Osmolality Modulates Cochlear Function. Laryngoscope 2008, 118, 1621–1629. [Google Scholar] [CrossRef]

	



Ghiz, A.F.; Salt, A.N.; DeMott, J.E.; Henson, M.M.; Henson, O.W.; Gewalt, S.L. Quantitative Anatomy of the Round Window and Cochlear Aqueduct in Guinea Pigs. Hear. Res. 2001, 162, 105–112. [Google Scholar] [CrossRef]

	



Lee, S.Y.; Kim, J.; Oh, S.; Jung, G.; Jeong, K.J.; Tan Tran, V.; Hwang, D.; Kim, S., II; Song, J.J.; Suh, M.W.; et al. Contralateral Spreading of Substances Following Intratympanic Nanoparticle-Conjugated Gentamicin Injection in a Rat Model. Sci. Rep. 2020, 10, 18636. [Google Scholar] [CrossRef] [PubMed]

	



Canlon, B.; Fransson, A. Morphological and Functional Preservation of the Outer Hair Cells from Noise Trauma by Sound Conditioning. Hear. Res. 1995, 84, 112–124. [Google Scholar] [CrossRef]

	



Fetoni, A.R.; Mancuso, C.; Eramo, S.L.M.; Ralli, M.; Piacentini, R.; Barone, E.; Paludetti, G.; Troiani, D. In Vivo Protective Effect of Ferulic Acid against Noise-Induced Hearing Loss in the Guinea-Pig. Neuroscience 2010, 169, 1575–1588. [Google Scholar] [CrossRef]

	



Gonzalez-Gonzalez, S.; Cazevieille, C. N-Acetylcysteine Treatment Reduces Noise-Induced Hearing Loss in Guinea Pig. J. Community Prev. Med. 2020, 3, 1. [Google Scholar] [CrossRef]

	



Fernandez, K.A.; Guo, D.; Micucci, S.; De Gruttola, V.; Liberman, M.C.; Kujawa, S.G. Noise-Induced Cochlear Synaptopathy with and Without Sensory Cell Loss. Neuroscience 2020, 427, 43–57. [Google Scholar] [CrossRef] [PubMed]

	



Jeffers, P.W.C.; Bourien, J.; Diuba, A.; Puel, J.L.; Kujawa, S.G. Noise-Induced Hearing Loss in Gerbil: Round Window Assays of Synapse Loss. Front. Cell. Neurosci. 2021, 15, 286. [Google Scholar] [CrossRef]

	



Kaur, T.; Clayman, A.C.; Nash, A.J.; Schrader, A.D.; Warchol, M.E.; Ohlemiller, K.K. Lack of Fractalkine Receptor on Macrophages Impairs Spontaneous Recovery of Ribbon Synapses after Moderate Noise Trauma in C57bl/6 Mice. Front. Neurosci. 2019, 13, 620. [Google Scholar] [CrossRef]

	



Yamashita, D.; Minami, S.B.; Kanzaki, S.; Ogawa, K.; Miller, J.M. Bcl-2 Genes Regulate Noise-Induced Hearing Loss. J. Neurosci. Res. 2008, 86, 920–928. [Google Scholar] [CrossRef] [PubMed]

	



Yamasoba, T.; Schacht, J.; Shoji, F.; Miller, J.M. Attenuation of Cochlear Damage from Noise Trauma by an Iron Chelator, a Free Radical Scavenger and Glial Cell Line-Derived Neurotrophic Factor in Vivo. Brain Res. 1999, 815, 317–325. [Google Scholar] [CrossRef]

	



Ji, L.; Lee, H.J.; Wan, G.; Wang, G.P.; Zhang, L.; Sajjakulnukit, P.; Schacht, J.; Lyssiotis, C.A.; Corfas, G. Auditory Metabolomics, an Approach to Identify Acute Molecular Effects of Noise Trauma. Sci. Rep. 2019, 9, 9273. [Google Scholar] [CrossRef]

	



Shi, L.; Liu, K.; Wang, H.; Zhang, Y.; Hong, Z.; Wang, M.; Wang, X.; Jiang, X.; Yang, S. Noise Induced Reversible Changes of Cochlear Ribbon Synapses Contribute to Temporary Hearing Loss in Mice. Acta Otolaryngol. 2015, 135, 1093–1102. [Google Scholar] [CrossRef]

	



Wang, H.; Zhao, N.; Yan, K.; Liu, X.; Zhang, Y.; Hong, Z.; Wang, M.; Yin, Q.; Wu, F.; Lei, Y.; et al. Inner Hair Cell Ribbon Synapse Plasticity Might Be Molecular Basis of Temporary Hearing Threshold Shifts in Mice. Int. J. Clin. Exp. Pathol. 2015, 8, 8680–8691. [Google Scholar] [PubMed]

	



Lee, S.Y.; Han, J.J.; Lee, S.Y.; Jung, G.; Min, H.J.; Song, J.J.; Koo, J.W. Outcomes of Peptide Vaccine GV1001 Treatment in a Murine Model of Acute Noise-Induced Hearing Loss. Antioxidants 2020, 9, 112. [Google Scholar] [CrossRef] [PubMed]

	



Wood, M.B.; Nowak, N.; Mull, K.; Goldring, A.; Lehar, M.; Fuchs, P.A. Acoustic Trauma Increases Ribbon Number and Size in Outer Hair Cells of the Mouse Cochlea. JARO-J. Assoc. Res. Otolaryngol. 2021, 22, 19–31. [Google Scholar] [CrossRef]

	



Rodrigues, M.A.; Freitas, M.A.; Neves, M.P.; Silva, M.V. Evaluation of the Noise Exposure of Symphonic Orchestra Musicians. Noise Health 2014, 16, 40–46. [Google Scholar] [CrossRef] [PubMed]

	



Schink, T.; Kreutz, G.; Busch, V.; Pigeot, I.; Ahrens, W. Incidence and Relative Risk of Hearing Disorders in Professional Musicians. Occup. Environ. Med. 2014, 71, 472–476. [Google Scholar] [CrossRef] [PubMed]

	



Hickman, T.T.; Hashimoto, K.; Liberman, L.D.; Liberman, M.C. Synaptic Migration and Reorganization after Noise Exposure Suggests Regeneration in a Mature Mammalian Cochlea. Sci. Rep. 2020, 10, 19945. [Google Scholar] [CrossRef] [PubMed]

	



Eshraghi, A.A.; Wolfovitz, A.; Yilmazer, R.; Garnham, C.; Yilmazer, A.B.; Bas, E.; Ashman, P.; Roell, J.; Bohorquez, J.; Mittal, R.; et al. Otoprotection to Implanted Cochlea Exposed to Noise Trauma With Dexamethasone Eluting Electrode. Front. Cell. Neurosci. 2019, 13, 492. [Google Scholar] [CrossRef] [PubMed]

	



Yu, M.; Arteaga, D.N.; Aksit, A.; Chiang, H.; Olson, E.S.; Kysar, J.W.; Lalwani, A.K. Anatomical and Functional Consequences of Microneedle Perforation of Round Window Membrane. Otol. Neurotol. 2020, 41, e280–e287. [Google Scholar] [CrossRef]

	



Gyo, K. Healing of experimentally produced round window membrane rupture. Acta Otolaryngol. 1989, 107, 85–89. [Google Scholar] [CrossRef]

	



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

	



Pak, J.H.; Kim, Y.; Yi, J.; Chung, J.W. Antioxidant Therapy against Oxidative Damage of the Inner Ear: Protection and Preconditioning. Antioxidants 2020, 9, 1076. [Google Scholar] [CrossRef] [PubMed]

	



Okazaki, T.; Okudaira, N.; Ishii, N.; Yotsuyanagi, H.; Nagai, T.; Tokudome, S.; Fujioka, T.; Takahashi, S. Comparison of the Antioxidant Activity of Albumin from Various Animal Species. Zoolog. Sci. 2008, 25, 172–177. [Google Scholar] [CrossRef]

	



Xiong, M.; He, Q.; Lai, H.; Wang, J. Oxidative Stress in Spiral Ganglion Cells of Pigmented and Albino Guinea Pigs Exposed to Impulse Noise. Acta Otolaryngol. 2011, 131, 914–920. [Google Scholar] [CrossRef] [PubMed]

	



Shuster, B.; Casserly, R.; Lipford, E.; Olszewski, R.; Milon, B.; Viechweg, S.; Davidson, K.; Enoch, J.; McMurray, M.; Rutherford, M.A.; et al. Estradiol Protects against Noise-Induced Hearing Loss and Modulates Auditory Physiology in Female Mice. Int. J. Mol. Sci. 2021, 22, 12208. [Google Scholar] [CrossRef] [PubMed]

	



Cederroth, C.R.; Park, J.; Basinou, V.; Weger, B.D.; Tserga, E.; Sarlus, H.; Magnusson, A.K.; Kadri, N.; Gachon, F.; Canlon, B. Circadian Regulation of Cochlear Sensitivity to Noise by Circulating Glucocorticoids. Curr. Biol. 2019, 29, 2477–2487.e6. [Google Scholar] [CrossRef] [PubMed]

	



Chung, J.W.; Ahn, J.H.; Kim, J.Y.; Lee, H.J.; Kang, H.H.; Lee, Y.K.; Kim, J.U.; Koo, S.W. The Effect of Isoflurane, Halothane and Pentobarbital on Noise-Induced Hearing Loss in Mice. Anesth. Analg. 2007, 104, 1404–1408. [Google Scholar] [CrossRef] [PubMed]

	



Henry, K.R.; Chole, R.A. Hypothermia Protects the Cochlea from Noise Damage. Hear. Res. 1984, 16, 225–230. [Google Scholar] [CrossRef]








[image: Biomolecules 12 01427 g001 550] 





Figure 1. The self-build hook-delivery device (HDD). (A) The HDD consists of an ALZET® rat jugular catheter and a small microneedle (Nordson Optimum®) attached to an osmotic pump (ALZET® 2006). (B) Close-up view of the catheter’s tip. The maximum length of the microneedle after bending was 8 mm and for the shank inserted in the scala tympani, it was 1.5 mm. (C) Incubation of the pump with attached catheter in a 6-well plate prior to implantation. For quality control, the induced pumping was checked visually by inspection of fluid filling of Eppendorf® tubes. 
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Figure 2. Experimental set-up. Timeline of the individual measurements and interventions. 
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Figure 3. Hearing threshold determination. The visual hearing threshold determination exemplified by a naïve (d −7) click measurement of the left side. It is a printout of the software’s evaluation file. Blue curves show the left-side recordings (stimulated side) and red curves the right-side recordings. Since there is no clear ABR signal on the left side below 35 dB, the hearing threshold was set at 35 dB SPL. 
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Figure 4. Description of the noise trauma. Characterization of the sound file for noise traumatization using Audacity®, illustrating the applied frequency range and intensity. (A) Spectrogram of the sound file that contains frequencies from 80 Hz to 48 kHz. The colored fields (red, I; blue II) indicate the time windows that are analyzed in C. (B) Mean spectrum over the whole time (10′54″) of the sound file. The maximum range between frequencies is 30 dB. (C) Spectra of two time windows of 10″. Time window I is located at the beginning (0′10″) and time window II in the middle (5′50″) of the signal. The spectrogram (A) was created using a Blackmann–Harris window with a width of 8192 samples. All spectra (B + C) were created using a Blackmann–Harris window with a width of 65,536 samples. 
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Figure 5. Implanted HDD. Image showing the HDD’s position in the round window. This was investigated macroscopically after euthanasia of the animal and harvesting the bulla. Scale bar indicates 1mm. 
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Figure 6. Implantation and noise exposure significantly increase ABR click thresholds. (A) The click hearing thresholds of both groups (left (implanted) (dark grey) and right (not implanted) (light grey)) when included in the study (day −7, naïve, orange) and 7 days after noise (pink) are illustrated. In both groups, a significant threshold increase is observed with a larger before–after difference in the not implanted ears than in the implanted ears. One week after noise, the hearing threshold of the two groups did not differ significantly. (B) The click threshold shifts of left (implanted) and right (not implanted) ears under different conditions. There is no significant difference between the click threshold shift in the left (implanted) ears from day −7 to day 0 pre noise (blue), compared to the threshold shift of the left (implanted) ears from day 0 before noise to day 7 (pink). Right (not implanted) ears show a significant difference in the threshold shift between day 0 pre noise and day 7, when compared to the shift of left (implanted) ears between day −7 and day 0 pre noise and between day 0 pre noise and day 7. ns = not significant; * p ≤ 0.05; *** p ≤ 0.001. 
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Figure 7. Effect of implantation and noise on ABR click thresholds over time. The mean (line) and individual (points) click hearing thresholds of left (implanted) (dark grey) and right (not implanted) (light grey) ears are illustrated over time. Since overlaps occur, the number of points does not correspond to the number of animals. There is a significant difference between the two groups on day 0 before noise trauma, i.e., 7 days after HDD implantation with left (implanted) ears showing a higher threshold. All other time points show no significant difference in the click hearing thresholds between groups. * p ≤ 0.05. 
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Figure 8. Effect of the HDD implantation on ABR thresholds. (A) Mean click and frequency-specific hearing thresholds of the left (implanted) ears before noise trauma compared to naïve condition. The implantation increased the threshold significantly in frequencies above 8 kHz (green circle) and also in the click condition. (B) Mean click and frequency-specific hearing thresholds of left (implanted) ears compared to right (not implanted) ones on day 0 before noise trauma. In contrast to the previously reported impact of the implantation (A), there is only a significant difference between left (implanted) and right (not implanted) ears in frequencies below 4 kHz (green circle) and in the click condition. (C) Mean click and frequency-specific hearing thresholds of left (implanted) ears on day −7 and right (not implanted) ears on day 0 before noise. There is a significant difference in frequencies above 16 kHz (green circle). ns = not significant; * p ≤ 0.05; ** p ≤ 0.01. 
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Figure 9. Effect of noise exposure on ABR pure tone thresholds in not implanted ears over time. Hearing thresholds of the right (not implanted) ears. Where the hearing threshold could not be identified up to the maximum sound stimulus level of 100 dB SPL (85 dB SPL for 40 kHz), the threshold was defined as 110 dB SPL or 95 dB SPL for 40 kHz. Directly after the noise insult, all thresholds increased significantly, except for 500 Hz and 1 kHz (blue line vs. green line, not illustrated). In addition, 7 days after the noise insult, there is significant frequency-specific recovery, except for 40 kHz (significances illustrated between the green and the red line). The remaining significant threshold shift from day 0 pre noise to day 7 was also frequency specific, except for 500 Hz, which showed a full recovery and 1 kHz (significances illustrated between the red and the blue graph). ns = not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 
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Figure 10. Effect of noise exposure on ABR pure tone thresholds in implanted ears over time. Mean frequency-specific hearing thresholds of the left (implanted and noise affected) ears are illustrated with standard deviation. Where the hearing threshold could not be identified up to the maximum sound stimulus level of 100 dB SPL (85 dB SPL for 40 kHz), the threshold was defined as 110 dB SPL or 95 dB SPL for 40 kHz. Day −7 is displayed in orange, day 0 before noise trauma in blue, day 0 post noise trauma in green, day 1 in purple and day 7 in pink. 
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Figure 11. Effect of noise and implantation on hearing thresholds. The hearing thresholds of the implanted and noise traumatized ears show a significant, but frequency specific, increase over the whole time period. * p ≤ 0.05; ** p ≤ 0.01. 
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Figure 12. Noise-induced hearing threshold shifts of left (implanted) and right (not implanted) ears. (A) Directly after the noise trauma, there was a significant difference in the threshold shifts between left (implanted) and right (not implanted) ears at 16 kHz. (B) One week after the noise insult, there was frequency-specific recovery that led to a significant difference between the ears. Only 500 Hz, 1 kHz and 2 kHz showed no significant difference. Only significant differences are illustrated in A and B; * p ≤ 0.05. 
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Figure 13. µCT scan of an implanted guinea pig cochlea. Analysis of the hook position was carried out by visual inspection of the DICOM data using COMET [42]. The yellow points indicate the rotation axis in the 3D reconstruction. 
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Table 1. Overview of the time points and scope of the ABR measurements for implanted and contralateral ears. Frequency-specific measurements included the frequencies 500 Hz, 1, 2, 4, 8, 16, 32, and 40 kHz.
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	Day
	Implanted Ear
	Not Implanted Ear





	−7
	Click, frequency specific
	Click



	0 pre noise
	Click, frequency specific
	Click, frequency specific



	0 post noise
	Click, frequency specific
	Click, frequency specific



	1
	Click, frequency specific
	Click



	7
	Click, frequency specific
	Click, frequency specific
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