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Background: Hearing loss was proposed as a factor affecting development of cognitive impairment in elderly. Deficits cannot be explained primarily by dysfunctional neuronal networks within the central auditory system. We here tested the impact of hearing loss in adult rats on motor, social, and cognitive function. Furthermore, potential changes in the neuronal activity in the medial prefrontal cortex (mPFC) and the inferior colliculus (IC) were evaluated.

Materials and methods: In adult male Sprague Dawley rats hearing loss was induced under general anesthesia with intracochlear injection of neomycin. Sham-operated and naive rats served as controls. Postsurgical acoustically evoked auditory brainstem response (ABR)-measurements verified hearing loss after intracochlear neomycin-injection, respectively, intact hearing in sham-operated and naive controls. In intervals of 8 weeks and up to 12 months after surgery rats were tested for locomotor activity (open field) and coordination (Rotarod), for social interaction and preference, and for learning and memory (4-arms baited 8-arms radial maze test). In a final setting, electrophysiological recordings were performed in the mPFC and the IC.

Results: Locomotor activity did not differ between deaf and control rats, whereas motor coordination on the Rotarod was disturbed in deaf rats (P < 0.05). Learning the concept of the radial maze test was initially disturbed in deaf rats (P < 0.05), whereas retesting every 8 weeks did not show long-term memory deficits. Social interaction and preference was also not affected by hearing loss. Final electrophysiological recordings in anesthetized rats revealed reduced firing rates, enhanced irregular firing, and reduced oscillatory theta band activity (4–8 Hz) in the mPFC of deaf rats as compared to controls (P < 0.05). In the IC, reduced oscillatory theta (4–8 Hz) and gamma (30–100 Hz) band activity was found in deaf rats (P < 0.05).

Conclusion: Minor and transient behavioral deficits do not confirm direct impact of long-term hearing loss on cognitive function in rats. However, the altered neuronal activities in the mPFC and IC after hearing loss indicate effects on neuronal networks in and outside the central auditory system with potential consequences on cognitive function.
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Introduction

Hearing loss is one of the most frequent sensory deficits affecting more than 5% of the worldwide population (World Health Organization, 2012). In elderly people, it is strongly associated with dementia (Lin et al., 2013; Lin and Albert, 2014; Kral et al., 2016; Livingston et al., 2020). It also negatively affects social communication (Maharani et al., 2019), which may contribute to cognitive decline. The concept that hearing and cognitive functions are tightly linked and interdependent is also indicated by the fact that speech recognition outcomes of cochlear implant patients depend on the cognitive abilities of the recipient (Akeroyd, 2008; Lazard et al., 2012; Naples et al., 2021). With that regard, it has been proposed that treatment of hearing loss may prevent the development of neuronal dysfunction and cognitive decline after hearing loss (Naples et al., 2021; Powell et al., 2021). Recent studies also propose that successful hearing rehabilitation, including cochlear implants, may positively affect cognitive abilities and neuropsychiatric symptoms (Mamo et al., 2018; Mosnier et al., 2018; Kim et al., 2021). Nevertheless, whether hearing loss and cognitive decline with age simply share common risk factors, or whether there is a causal link, is not yet known (Nadhimi and Llano, 2021).

Animal models offer the opportunity to investigate the causality between hearing loss and cognitive decline in a confined setting, especially in the absence of language, which may act as a confounding factor. Numerous studies investigated the effect of hearing loss on auditory function and neural plasticity throughout the auditory pathway (Cardon et al., 2012; Wingfield and Peelle, 2015). The impact of hearing loss on non-auditory function, however, has been primarily addressed with regard to hippocampal function (reviewed in Nadhimi and Llano, 2021). Nevertheless, consequences of hearing loss on executive functions and brain regions subserving executive function, such as the prefrontal cortex (PFC), have been suggested (Galloway et al., 2008; Ball et al., 2011; Kronenberger et al., 2013, 2014; Kral et al., 2016; Marschark et al., 2017). In this context, also the inferior colliculus (IC) of the auditory pathway is interesting, since this region is highly interconnected with sensory, motor, and cognitive networks (Gruters and Groh, 2012; Melo-Thomas and Thomas, 2015; Olthof et al., 2019; Cauzzo et al., 2022).

The PFC is a key area for the regulation of higher brain functions. It is involved in various cognitive processes with higher-level stages of information processing, as needed in the categorization and recognition of prosodic stimuli (Brück et al., 2011). In order to perform such higher-order processing, the PFC is connected to several limbic brain areas, such as the hippocampus, the amygdala, the nucleus accumbens, and the ventral tegmental area (Russo and Nestler, 2013; Li et al., 2015). A recent neuroimaging study on humans with long-term hearing loss reported a higher coupling between auditory areas and the dorsolateral PFC (Luan et al., 2019), the putative homologue to the rodent medial PFC (reviewed in Laubach et al., 2018).

We here aimed to examine a possible causal relationship between hearing loss and cognitive impairments in an animal model with defined hearing loss, and to identify possible neural correlates within the auditory system and the PFC. Hearing loss was induced with intracochlear injection of neomycin in adult rats. Thereafter, all rats were regularly tested for social behavior and motor function up to 1 year after deafening. Cognitive behavior after hearing loss was tested in the 4-arms baited 8-arms radial maze test, starting 8 weeks after surgery to allow plastic neuronal changes after deafening to occur. With this paradigm different aspects of cognitive behavior can be addressed (a) procedural memory, i.e., knowledge that some of the arms are baited and that food can be obtained from a baited arm only once during each training trial. In order to reach a certain criterion of success (i.e., visiting only baited arms with only minor number of errors), rats usually need to be trained for 3–4 weeks with 6 runs per day. At this point, (b) reference memory, i.e., remembering, which arms had been baited before, can be challenged by introducing days or even weeks between testing. Additionally, once the rats have learned the paradigm, cognitive flexibility (c) can be tested by baiting arms that have never been baited for a certain rat before, which is called “reversal learning”. One year after hearing loss, rats underwent electrophysiological recordings of single unit activity (SUA) and local field potentials (LFP) in the medial PFC (mPFC) and the IC of the central auditory pathway in a final setting. Within the mPFC, electrophysiological recordings were acquired at the prelimbic area, since this subarea is suggested to be involved in information processing for working memory and for spatial memory, as well as for the selection and maintenance of learning strategies (Oualian and Gisquet-Verrier, 2010; Casado-Román et al., 2020). Furthermore, coherence of these regions with the sensorimotor cortex (SMCtx) was analyzed. These experimental investigations will provide a fingerprint for cognitive impairment after hearing loss without language as potentially confounding factor.



Materials and methods


Animals

Adult male Sprague-Dawley rats (Charles River Laboratories; n = 26) were housed in groups of two to four animals per Makrolon Type IV open cages under controlled environmental conditions (22 ± 2°C; 55 ± 10% humidity; 10/14 h dark/light cycle with lights on at 06:00 a.m.). Tap water was freely available and standard rodent chow (Altromin, Lage, Germany) was fed with 14–16 g per day and animal to enhance saliency of reward pellets while ensuring weekly weight gain of about 5–15%. Body weight and clinical scores were assessed at least two times a week to ensure the well-being of the rats.

All experiments were carried out in accordance with the EU directive 2010/63 and were approved by the local animal ethics committee (Lower Saxony State Office for Consumer Protection and Food Safety, AZ 18/2874). All efforts were made to minimize the number of animals and their suffering.



Study design

At age of 8–9 weeks (mean weight of 240 g), animals were randomly assigned to one of the three experimental groups: (1) deaf group (n = 12) where hearing loss was induced via intracochlear injection of neomycin, (2) sham group (n = 5) where the same surgical procedure was performed without opening the inner ear and without injection of neomycin, and (3) naive group (n = 9) which served as controls. Only rats of one experimental group were housed together. Acoustically evoked brainstem responses (ABR) measurements were conducted before surgery in all rats to ensure normal hearing; after surgery successful induction of bilateral hearing-loss was confirmed in the deaf group, respectively, normal hearing in the sham and naïve group by ABR measurements. At the end of the study, the hearing status of each animal was verified in all three groups with final ABR measurements. When first placed into the open field, exploratory behavior will play a major role for outcome and will also affect first time testing of social interaction, whereas during repeated testing rats already remember the open field. With regard to Rotarod testing, animals improve especially during first time exposure since animals learn to maintain balance (Carter et al., 1999; Crawley, 1999). Therefore, to familiarize rats to the test environments, all groups were exposed to open field, Rotarod, and social interaction 1 week before surgery. Thereafter, testing started just before surgery (Pre-surgery), which allowed testing for unintentional differences after random assignment of rats to the different experimental groups. Postoperatively, all rats were tested in weeks 1, 2, 4, 8, 16, 24, 32, 40, 48, and 56 after surgery.

Extensive region- and layer-specific plasticity across the higher-order sensory cortices have been demonstrated 2 weeks postnoise exposure (e.g., Schormans et al., 2018; Chang et al., 2019). Nevertheless, other groups have started behavioral testing for long term effects of hearing loss on cognition 4–12 weeks after induced hearing loss (Liu et al., 2016; Wieczerzak et al., 2021). We therefore chose week 8 to start with testing of long term effects on cognitive behavior. From week 8 on, rats were tested for social preference. Training for high performance/success in the 4-arm baited 8-arm maze test also started in week 8, followed by retesting for performance in week 16, 24, 32, 40, 48, 56, and final testing for reversal learning. A summary of the experimental design is shown in Figure 1A. After behavioral testing at week 56, neuronal activity was recorded in the mPFC and the IC in a final setting. The correct placement of electrodes for the electrophysiological recordings was verified in Nissl-stained brain sections. Loss of hair cells in deaf rats, as well as their preservation in sham-deafened and naïve controls was exemplarily verified after histological processing of the cochleae.
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FIGURE 1
Timeline of the experimental design (A). Effects of the deafening surgery to the auditory brainstem response of naïve, sham, and deaf rats with data shown as means ± SEM pre OP, post OP, and at final measurements 56 weeks after surgery. Differences between deaf rats and sham or naïve controls are shown as asterisks (*) and to pre-OP values as rhombus (#P < 0.05 after ANOVA; B1). Representative examples of ABRs of a naive (B2) and of a deaf rat (B3) are shown. ABR, auditory brainstem response. IC, inferior colliculus; LFP, local field potential; mPFC, medial prefrontal cortex; SU, single unit.




Surgery for deafening

All surgical procedures were performed under general chloral hydrate anesthesia (SIGMA; 360 mg/kg, i.p.), complemented by infiltration of the postauricular region with local anesthetic (Xylocain; 1% AstraZeneca, Wilmington, DE, USA) and systemic analgesia (5 mg/kg Carprofen, s.c., CP-Pharma, Burgdorf, Germany). Rats were placed in a lateral recumbent position, the skin incised for an approximate length of 3 cm, the muscles pulled caudally and the bulla exposed. A slow speed 0.5 mm diameter diamond burr was used to drill a small hole into the bulla to display the round window, the tympanic cavity, and the ossicles. For the administration of neomycin via the round window, 5 mg neomycin was dissolved in 1 ml of PBS (adjusted to pH 7.4). A lancet was used to perforate the round window and a 30-gauge needle and micro syringe (Hamilton) were used to inject 15 μl neomycin (Wefstaedt et al., 2006). The bullostomy was closed with dental cement and the skin was sutured. The same procedure was repeated for the second ear. Animals received systemic analgesia at the day of surgery and for two more days subsequently (2.5 mg/kg Carprofen s.c.).



Hearing threshold measurements

ABR were recorded in all rats under general chloral hydrate anesthesia directly before and after the surgery as well as before the final electrophysiological measurements. ABR measurements were performed using subdermal needle electrodes, which were positioned at the vertex of the skull, behind the left or right ear and in the neck as grounding electrode. ABRs were obtained from vertex vs. retroauricular electrode by 40 dB preamplification (AMP55, Otoconsult Comp., Frankfurt, Germany) and 60 dB amplification (PNS1, Otoconsult Comp., Frankfurt, Germany). A second order bandpass filter (100–5,000 Hz) was used to eliminate low-frequency signals from the recordings.

Stimuli were generated by Audiology Lab stimulus generation and acquisition system (Otoconsult Comp., Frankfurt, Germany) running on a PC and connected to an AD converter (National Instruments NI-USB-6251, Austin, TX, USA) and an analog USB-controlled attenuator (PNS1, Otoconsult Comp., Frankfurt, Germany) connected to a calibrated DT48 speaker (Beyerdynamic, Heilbronn, Germany) positioned close to the ear. The clicks of 50 μs duration were presented at levels from 10 to 100 dB SPL p.e. in 10 dB steps in control and sham rats. After intracochlear injection of neomycine, however, rats were tested for ABR up to 120 dB to ensure complete hearing loss. The interstimulus interval was 113 ms and clicks were repeated 200 times for each stimulus level. The ABR signals were recorded using a hardware filter (100–5,000 Hz). For analysis, the recorded ABR signals were additionally digitally filtered (300–3,000 Hz) and averaged using custom codes in MATLAB (The MathWorks, Natick, MA, USA). ABRs were determined manually by detection of clearly identifiable waves II and III at latencies between 2 and 4 ms in ABR signal (Melcher et al., 1996; Tillein et al., 2012; Schopf et al., 2014).



Behavioral testing


Motor behavior (open field, Rotarod) and social interaction

All rats were tested just before surgery (Pre-surgery), in weeks 1, 2, 4, 8, 16, 24, 32, 40, 48, and 56 after surgery. Behavioral testing of motor activity and interaction was done in a separate room with dim lighting. Two rats were first tested for motor activity in two open fields, thereafter placed into a third open filed for social interaction. Then, rats were tested consecutively on the Rotarod in another room with dim light.


Open field

Locomotive behavior was tested in an open field arena (60 cm × 60 cm × 30 cm). When first placed into the open field, exploratory behavior will play a major role for outcome whereas during repeated testing rats already remember the open field. Therefore, 1 week before testing started, rats were accustomed to the arena. For actual testing, rats were placed in the open field for 10 mins. The distance was automatically evaluated using video recordings from above the arena (TopScan; TopView Analyzing System 2.0; Clever Sys Inc., Reston, USA).



Rotarod

The effect of hearing loss on motor coordination and balance was assessed by placing the animals on a rotating rod inside a test chamber (10.5 cm × 43 cm × 43 cm; Rotarod, series 8, IITC Life Science). The rod rotated with accelerating speed for 60 s (starting speed: five rotations per minute; top speed: 15 rotations per minute) followed by another 60 s with constant speed (15 rotations per minute). One week before testing started, rats were trained to stay on the Rotarod. For actual testing, rats were placed on the rod for three consecutive trials and time was measured until the rat dropped of the rotating rod. For analysis, the mean latency of all three trials was calculated.



Social interaction

To evaluate if hearing loss affects the social interaction, two rats (cage mates of one experimental group) were placed into an empty open field arena for 10 mins. Social interactions were video recorded via a camera installed above the test arena. One week before testing started, rats were accustomed to being placed for social interaction in the open field. For analysis the duration of playing, following, anogenital, and frontal sniffing were evaluated. Total interaction duration was calculated as the sum of all evaluated behaviors.




Social preference and 4-arm baited 8-arm maze

Here testing started 8 weeks after surgery to allow plastic changes to neuronal network activity after deafening/sham-deafening before being tested. Rats were once tested for social preference on the day before each 8-arm maze session. Thereafter, 8-arm maze testing session was done in a separate room with full light.


Social preference

Testing in this paradigm started 8 weeks after surgery. After an acclimatization phase of 5 mins an object stimulus (empty wire mash cage) was introduced to the test rat. After additional 4 mins, the object stimulus was replaced by an identical cage filled with a male, age-matched, unfamiliar social interaction partner for another 4 mins (Ramos et al., 2016). The preference for the social or the object stimulus was evaluated using the duration of interactions with the respective stimuli.



4-arm baited 8-arm maze

To investigate if the hearing loss has an effect on learning and memory, training in the radial 8-arm maze started 8 weeks after surgery. The maze consisted of eight arms (12 cm × 76 cm) equally distributed around a central platform (35 cm diameter) in 80 cm above floor level. At the far end of each arm a cup was installed that contained reward pellets (dustless precision pellets, 45 mg rodent purified diet, Bio-Serv, Flemington, NJ, USA). Training started with a habituation phase in which each animal was able to freely explore the whole maze.

Testing in the 4-arms baited 8-arms radial maze paradigm can be divided into three sections: (a) training rats to collect reward pellets from certain arms of the maze until reaching a certain criterion of success, which usually needs training the rats with 6 runs per day for 3–4 weeks, (b) retesting rats every 8 weeks. For final reversal learning (c), the previously baited arms were now unbaited (and vice versa) to test rat’s cognitive flexibility.

For training, four arms were randomly chosen for each individual rat (not more than two adjacent arms) and equipped with three reward pellets in each cup. Each run started by placing the animal facing a random direction in the center of the maze and was terminated if all rewards were collected by the animal or after 15 mins. On the first two training days the animals were tested with three consecutive runs (one block) and on the following days with six runs (two blocks). The sequence of entrances was tracked from outside the room via video recordings. For analysis, the number of entries in unrewarded arms [reference memory error (RME)] and the number of previously entered arms during the same run [working memory error (WME)] were assessed. The training was terminated upon “completion criterion” of less than three WME in three consecutive blocks of three runs, together with less than two RME per block.

After initial training for completion criterion, we focused on long-term memory by retesting rats in the radial maze test every 8 weeks. Here, rats were tested with six runs per day for two consecutive days (i.e., four blocks). Since some of the rats did not reach the initial training criterion, and consequently were disadvantaged at the following retesting, rats were retrained for criterion at the third (at week 32) and at the final retraining session (at week 56).

As final test all animals were subjected to a reversed training phase in which the reward pellets were placed in the previously unrewarded arms. Here rats were tested with six runs per day for two consecutive days (i.e., 4 blocks).




Electrophysiological recordings

For the extracellular SUA measurements and LFPs recording after final behavioral testing, rats were anesthetized with urethane (1.4 g/kg in 0.9% NaCl, i.p. ethyl carbamate, Sigma-Aldrich, St. Louis, USA); with additional doses as needed, depth of anesthesia was checked by the foot pinch. Rats anesthetized with urethane demonstrate spontaneous and cyclical alternations of brain state that resemble sleep state alternations or the global active or awake state of the brain. These fluctuations between different brain states are known as rapid eye movement (REM) and non-REM stages (Alam et al., 2017). Notably, during the REM state the brain metabolism is similar to normal waking values, is regarded more similar to the activity found in the awake condition, and was therefore used for analysis (Magill et al., 2000; Mallet et al., 2008; Rumpel et al., 2017).

The incision site was infiltrated with a local anesthetic, Xylocain. Rats were placed in a stereotaxic frame and body temperature was maintained at 37 ± 0.5°C by a heating device (FHC, Bowdoinham, ME, USA). Small craniotomies were made over the target coordinates for the mPFC and the IC. Thereafter the animal was placed in a Faraday cage to minimize electrical noise. A single microelectrode for extracellular recordings (quartz coated electrode with a platinum–tungsten alloy core (95–5%), diameter 80 μm, and impedance 1–2 MΩ) was connected to the Mini Matrix 2 channel version drives headstage (Thomas Recording GmbH, Gießen, Germany). The microelectrode signal was passed through a headstage with unit gain and then split to separately extract the SUA and the LFP components. For SUA recording, signals were band pass filtered between 500 and 5,000 Hz and amplified from 9,500 to 19,000 and sampled at 25 kHz. The stainless steel guide cannula, which touches the cortical surface, served as reference for the microelectrode (reported in Alam et al., 2012; Elle et al., 2020). Additionally, the ground wires were clamped on the neck and then plugged into the appropriate spot mini matrix head stage connector. The recordings in the mPFC and IC were stereotaxically guided at the following to the cortical surface; mPFC: anterior-posterior (AP) +3.2 and +2.7; mediolateral (ML) ±0.5 and ±0.8; ventral (V) –3.2 to –4.5; and for the IC: AP –8.7 and –9.1; ML ±1.3 and ±1.6; V –2.8 to –5.2.

A 1-mm-diameter jeweler’s screw which was positioned on the dura mater above the primary sensorimotor cortex (SMCtx; AP: –0.4 mm; ML: ±2.5 mm) served as electrode for recordings of the electrocorticograms (ECoGs). Additionally, a needle reference electrode was inserted in the neck muscles. The signal was filtered by using band pass (0.5–100 Hz) with a sampling rate of 1 kHz. Data were acquired using the CED 1401 A/D interface (Cambridge Electronic Design, Cambridge, United Kingdom). After termination of the experiment, electrical lesions were made at the recording sites to allow histological verification of the localization (10 μA for 10 s; both negative and positive polarities) as previously described (Jin et al., 2016).


Single unit analysis

Action potentials from single neurons were discriminated by the template-matching function of the spike-sorting software (Spike2; Cambridge Electronic Design, Cambridge, United Kingdom). Only well isolated SUs were included in the analysis, which was determined by the homogeneity of spike waveforms, the separation of the projections of spike waveforms onto principal components during spike sorting, and clear refractory periods in inter-spike interval (ISI) histograms. All analyses were performed using custom-written MATLAB (Mathworks, Natick, MA, USA) functions unless otherwise noted.

Firing rate (FR) was analyzed by taking the reciprocal value of the mean ISI for the whole 100 s of recording of spontaneous activity. The dispersion index (DI) of FR, a measure variance of firing rate was calculated by dividing the square of the standard deviation of the ISI by the mean ISI (std of ISI2/mean ISI) to compare the variation in their median values. A higher random firing pattern would be expected to have an increase in the diversity of the ISI lengths and higher DI of FR. A lower DI would be indicative of less diversity of the ISI lengths and more regular activity. The asymmetry index (AI) of firing was obtained by determining the ratio of the mode to the mean ISI, which provides information on the shape of the ISI histogram or the regularity of the discharge pattern. An asymmetry index close to 1 reveals a relatively regular firing pattern, whereas the more the index decreases from 1 the more irregular are the spike trains.



Local field potentials and coherence analysis

Representative epochs of 100 s without major artifacts were used for the frequency-domain signal processing for the LFPs in the mPFC, IC, and SMCtx-ECoGs. We visually checked for artifacts on the base of threshold for overshoot of amplitude and rejected affected epochs if necessary. The epochs were then converted in time domain spectrograms which is a time-varying spectral representation. Further, slow wave non-rapid eye movement (slow wave activity due to sleep) were identified by visual inspection and excluded. The spectrograms were computed by the squared magnitude of the short-time Fourier transform. The Fourier transformation was performed in each epoch and then averaged across all epochs. A finite impulse response 50-Hz notch filter and a 100-Hz low-pass filter were used. The spectral power of mPFC- and IC-LFPs, and SMCtx-ECoGs were derived by discrete Fourier transformation with blocks of 1,024 samples using a Welch periodogram in a custom Matlab script, which resulted in a frequency resolution of 0.9766 Hz. Hanning’s (referred to as Hann) window function was applied to control spectral leakage phenomenons. The relative power indices for each band were calculated from the absolute power in each frequency band and expressed as a percentage. For comparison of powers at different frequency bands, the area under the computed power density spectrum in specified frequency ranges for theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), and gamma (30–100 Hz) frequency bands were calculated and averaged.

Further, the functional relationships between the SMCtx-ECoGs and LFPs of mPFC, and IC were estimated by means of coherence using methods described by Halliday et al. (1995). The SMCtx signals were recorded via a 1-mm-diameter jeweler’s screw electrode parallel with LFP recorded from the tip of the microelectrode either in the mPFC or in the IC. The coherence was analyzed from simultaneously parallel-recorded signals of either mPFC-LFP with SMCtx and IC-LFP with SMCtx. Coherence is one mathematical method of signal processing that can be used to determine the strength of oscillatory synchronizations across the brain networks in different neurological and neuropsychiatric disorders. High coherence between two brain areas represents higher synchronization and higher network connectivity. Coherence of oscillatory signals provides a frequency-domain measure of the linear phase and amplitude relationships between signals. It is a finite measure of values from 0 to 1, where 0 indicates that there is no linear association and 1 indicates a perfect linear association.




Histology

After electrophysiological recording, animals were euthanized and transcardially perfused with phosphate-buffered saline (PBS), followed by 4% paraformaldehyde in 0.1 m PBS. Brains were removed and postfixed in 4% paraformaldehyde followed by immersion in 30% sucrose for at least 24 h. Each brain was cut into 20-μm sections and stained with a standard hematoxylin and eosin (HE) protocol to verify the position of each electrode.

For histological verification of hearing loss, cochleae were prepared. Immersing with Spalteholz solution (five parts methyl salicylate and three parts benzyl benzoate; MSBB) allowed to take representative images of one deaf and one naïve control rat with a Leica TCS SP8 confocal laser scanning microscope using a 10× -objective [HC PL FLUOTAR 10×/0.30 DRY, Fa. Leica (Scheper et al., 2019)].



Statistics

Rats were first randomly assigned to the deaf, sham, or naïve group. Thereafter, preoperative measures for locomotor activity in open field, Rotarod and social interaction were compared to ensure that groups did not unintentionally differ before surgery for deafening or sham-deafening. Statistical analyses were performed using SigmaStat 4.0 software (Systat Software Inc., San Jose, CA, USA). For behavioral testing, two-way repeated measure analysis of variance (ANOVA) F-test followed by post hoc Bonferroni t-test for multiple comparisons with the factors group and repeated testing was used. For the comparisons of the electrophysiological data between control and the deaf group in either mPFC, IC, or SMCtx, a Mann-Whitney U test was applied to test for significant differences. The characteristics of the ISI histograms (mean, median, mode, and coefficient of variation) did not show normal distributions in most cases and therefore were analyzed with nonparametric multifactorial statistical methods. All tests were used two-sided; a P < 0.05 was considered significant.





Results


Outcome of deafening surgery

A total of 26 male normal hearing rats were used for the present experiments which were randomly assigned to n = 12 in the deaf group, n = 9 in the naïve group, and n = 5 in the sham group. After intracochlear neomycine injection, two animals were excluded from the deaf group because the ABR measurements showed insufficient success of the deafening surgery. These rats were entirely excluded from statistical analysis, leaving n = 10 rats as group size of the deaf rats. During the course of the experiments, two rats of the deaf group had to be sacrificed after testing in week 24, respectively, after testing in week 40 because of bad general condition not associated with the experiments, leaving n = 8 deaf rats for final behavioral testing. One animal of the sham group died during surgery, leaving a total of n = 13 animals for the control group (n = 9 from the naïve, n = 4 from the sham group). Moreover, one rat of the control group had to be sacrificed after testing in week 32, leaving n = 12 for final analysis.



Hearing status over time

The click-evoked ABR thresholds before the deafening surgery did not differ between groups (mean over all groups: 42 dB SPL), whereas directly after the intracochlear injection of neomycin and at the final measurement 56 weeks after surgery the thresholds of the ABR measurements in the deaf group were significantly elevated to at least 100 dB. This was significantly enhanced both compared to the pre-OP time point (two-way ANOVA factor group F1,40 = 3668.7, P < 0.001; post-hoc testing, P < 0.05) and compared to the naïve and sham group (two-way ANOVA, interaction between factors group × week F2,40 = 140, P < 0.001; post-hoc testing, P < 0.05; Figure 1B1). The ABRs of the naive and sham group did not differ (Figure 1B1). Representative examples of ABR measurements of a naive (B2) and a deaf (B3) rat are shown in Figure 1.

Representative cochlea were stained to show hair cell loss after neomycin injection (Supplementary Figure 1). In naive rats, hair cells were preserved in the cochlea, whereas there was cell loss throughout the cochlea in the deaf rats (Supplementary Figure 1).



Motor and social behavior

Since ABR and behavioral data did not differ between sham (n = 4) and naïve (n = 9) rats, both groups were combined as control group (n = 13) for further analysis. For analysis of open field, Rotarod, and social interaction by repeated measure ANOVA missing rat data were replaced by group mean. This affected one rat of the control group after week 32, as well as two rats of the deaf group after week 24, respectively, week 40 on).


Open field

Control and deaf rats did not show differences in the total distance in the open field, except for week 4 after surgery, whereas rats of the deaf group covered more distance than those of the control group (two-way ANOVA factor group × week F10,210 = 2.010, P = 0.034; post-hoc testing, P < 0.05; Figure 2A1).
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FIGURE 2
Performance of rats during testing for motor impairment (A), social behavior (B), and cognitive behavior (C) with data shown as means ± SEM for deaf and sham or naïve controls. Distance in open field (A1), time on Rotarod (A2), and time of social interaction (B1) is shown for the weeks of testing indicated with respect to measures just before surgery. The total duration of interaction with the empty containment versus containment filled with a social partner for all weeks of testing in the social preference paradigm is shown in panel (B2). Total errors of rats initially learning the 4-arm baited 8-arm maze at week 8 after surgery for the different test blocks (C1) and during re-testing 16 weeks after surgery (i.e., 8 weeks after initial learning this paradigm, C2). Differences between deaf rats and controls are shown as asterisks (*P < 0.05 after ANOVA); asterisk in brackets indicate significant intergroup-differences after trend for significance in ANOVA (*). Differences between empty and filled containment are shown by hashtag (#P < 0.05 after ANOVA).




Rotarod

The Rotarod test showed a significantly decreased duration of the time on the Rotarod in deaf rats compared to control animals from week 1 to 16 after surgery (two-way ANOVA factor group × week F10,210 = 2.280, P = 0.015; post-hoc testing week 1–16 P < 0.05; see Figure 2A2), whereas from week 24 on groups did not differ (Figure 2A2).



Social interaction test

The total duration of interaction (sum of playing, following, anogenital, and frontal sniffing) did not differ between groups (Figure 2B1).



Social preference test

In the social preference test, deaf rats interacted less with either object, irrespective whether it was filled with a social partner or empty (Factor groups for “empty”: F1,126 = 4.685, P = 0.042, or “filled”: F1,126 = 7.028, P = 0.015; Supplementary Figure 3). To test whether the deaf group may interact less with the objects when filled with the social partner, we additionally applied repeated measure ANOVA with factor group and factor object (empty or filled). This two-way ANOVA showed a significant difference for the factor group (F1,21 = 7.19, P = 0.014) as well as for the factor empty/filled (F1,21 = 65.67, P < 0.001), whereas the interaction between factors was not significant (F1,21 = 0.351, P = 0.560). Post-hoc testing showed that deaf rats interacted less with the empty and the filled cage than the control group (P < 0.05). Both groups preferred interaction with the filled cage as compared to the empty cage (P < 0.05; Figure 2B2).



4-arms baited 8-arm radial maze

One rat of the control group did not perform at all on the maze, and was therefore excluded from training, leaving n = 12 as control group. As the number of RME and WME during testing did not differ between groups in all sessions, we only report on analysis of total errors (sum of RME and WME). For statistical analysis of all radial maze settings blocks of three runs were used. During initial training for performance in the 4-arms baited 8-arm radial maze, starting week 8 after surgery, deaf rats made more total errors during training than the control group. Although ANOVA only showed a trend for significance for the factor group (F1,280 = 3.258, P = 0.086), we nevertheless performed post-hoc group comparisons, which shows significantly enhanced errors in blocks 1, 2, and 7 (all P < 0.05; Figure 2C1 showed as [*]). Retesting in weeks 16 (Figure 2C2), 24, 40, and 48 (Supplementary Figure 2) with four blocks also revealed no differences between deaf and control rats (Factor group “week 16”: F1,60 = 0.472, P = 0.499; Factor group “week 24”: F1,60 = 0.0158, P = 0.901; Factor group “week 40”: F1,54 = 0.102, P = 0.754; Factor group “week 48”: F1,51 = 0.0285, P = 0.868). Also retraining for performance at weeks 32 and 56 revealed no differences between groups (Factor group “week 32”: F1,266 = 0.1.355, p = 0.259; Factor group “week 56”: F1,224 = 0.042, P = 0.840). Finally, deaf and control rats did not differ during reversal training (Factor group “reversal training”: F1,70 = 0.291, P = 0.598; Supplementary Figure 2).




Electrophysiology

In order to analyze functional status of the underlying neuronal structures, spontaneous SU activities were recorded from the mPFC and the IC. The total number of SUs recorded from the control group in them PFC was n = 617 and in the IC n = 394. In the deaf group, the total number of SUAs in the mPFC was n = 593, and in the IC n = 394, respectively.

The average SUs (mean and SEM) recorded per individual rat in the control group in the mPFC was 47.0 ± 5.4 and in the IC 32.83 ± 6.4. In the deaf group, the average recorded per individual rat for the mPFC was 65.8 ± 6.7 and for the IC 43.77 ± 9.26. An example of 30 s recording epochs of the extracellular single neuron spikes and its raster plots from the mPFC and the IC, together with action potential waveform of the mPFC and of the IC are shown in Figures 3A,B. Histology verified the correct position of the microelectrode used for the recordings in the mPFC and IC (Figures 3C1,C2).
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FIGURE 3
An example of 30 s recording epochs of the extracellular neuronal raw spikes from mPFC and IC are shown in panel (A) (channel 1 in black color). Channel 2 shows the raster plots with all different types of neuronal single units identified by spike sorting. Additionally, individual spikes of single units recorded in mPFC are shown in panel (A1) (channels 3, 4, and 5) and from IC in panel (A2) (channels 3 and 4). Corresponding action potential waveform of the mPFC and of the IC are shown in panels (B1,B2). Representative examples of HE stained recording areas with electrical lesions (arrows) in coronal sections of the mPFC (RC from Bregma + 2.7; C1) and IC (RC from Bregma −8.7;C2). Firing rate (D1), dispersion index (D2), and asymmetry index (D3) for deaf and controls are shown as mean ± S.E.M. Differences between deaf rats and controls are shown as asterisks (*P < 0.05 after ANOVA).




Single unit analysis

The Mann-Whitney U test showed that the FR in the mPFC was lower in the deaf group compared to the control group (P < 0.001), while in the IC this difference did not reach a level of significance (P = 0.11). The DI in the mPFC was higher in rats from the deaf group compared to the control group (P < 0.001). The DI of IC neurons did not differ between the control group and the deaf group. Furthermore, the AI of mPFC and IC neurons did not differ between the control group and the deaf group (Figure 3D).



Local field potentials

For LFP and coherence analysis, we used neuron epochs from the mPFC control group (n = 176), the mPFC deaf group (n = 134), as well as from the IC control group (n = 128) and the IC deaf group (n = 128).

The Mann-Whitney U test revealed that the relative power of theta band activity was lower in deaf rats in all regions (mPFC: P < 0.05, IC area: P < 0.01, SMCtx-ECoG: P < 0.01). In the deaf group, alpha oscillatory activity was higher and beta oscillatory activity was lower only in the SMCtx-ECoG as compared to the control group (P < 0.05), while activity in mPFC and IC did not differ. For gamma oscillatory activity, analysis showed that the relative power was lower in rats from deaf group in the IC area (P < 0.01, SMCtx-ECoG: P < 0.01), while gamma activity in the mPFC did not differ (Figure 4A).
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FIGURE 4
Relative power of theta (A1), alpha (A2), beta (A3), and gamma (A4) oscillatory activity in the mPFC and IC area, as well as their coherence with SM-CtxECoG in the theta (B1), alpha (B2), beta (B3), and gamma (B4) band shown as mean ± S.E.M. for deaf and sham or naïve controls. Differences between deaf rats and controls are shown as asterisks (*P < 0.05).




Coherence with SMCtx-ECoG

Analysis of the coherence between the spontaneous LFP signals recorded from mPFC and SMCtx-ECoG showed that the theta frequency band coherency was reduced in the deaf group, while the gamma frequency band coherency was enhanced as compared to control groups (P < 0.01). For the IC and the SMCtx-ECoG the coherency for alpha (P < 0.05), beta (P < 0.01) and gamma (P < 0.01) was higher in the deaf group as compared to the control group (Figure 4B).




Discussion

We here investigated whether deafening by local intracochlear injection of neomycin in adult rats would have long-term effects on motor function, non-auditory cognition, social interaction, and neuronal activity in brain regions associated with higher cognitive function.

Deaf rats had early learning deficits when training of the 4-arms baited 8-arms radial maze task started 2 months after surgery. Later during training, however, the number of working or reference memory errors did not differ between deaf rats and control groups. Re-testing every 2 months for up to 1 year, or final testing with reversal of baited arms also did not show differences between groups. These findings corroborate a recent study, where 30 days after noise-exposure rats with hearing deficits had difficulty in learning the initial rule of spatial paradigms, but only a tendency to not remember it during retesting (Wieczerzak et al., 2021). In mice, hearing loss induced by noise exposure also significantly decreased non-auditory memory function assessed with spatial learning and memory paradigms up to 3 months after exposure. These deficits correlated with the degree of hearing loss and were associated with synaptic changes in the hippocampus (Yu et al., 2011; Tao et al., 2015; Liu et al., 2016, 2018). However, effects were mainly found directly or within the first few weeks after noise-exposure, and often gradually recovered or were compensated over time (Haider et al., 2012; Uran et al., 2012). So far, only one group found that rats with severe hearing loss had deficits in the radial maze task and object recognition after 6 months (Park et al., 2016), albeit after 12 months these deficits disappeared (Park et al., 2018).

Together, while such data demonstrate effects of hearing loss on cognitive function and social interactions, the rodent data overall do not support the hypothesis that hearing loss by itself could induce a progressive cognitive decline (reviewed in Nadhimi and Llano, 2021). Compared with other findings in rodents about deficits in spatial learning paradigms, the effects observed in the present work after neomycin-induced hearing loss were rather mild. Stress related alterations (e.g., enhanced plasma corticosterone levels, increased hippocampal lipid peroxidation) which have been reported to occur after noise stress may also have contributed to hippocampal dysfunction and disturbed spatial learning (Manikandan et al., 2006; Gai et al., 2017; Hayes et al., 2019). The gradual improvement of performance in these tests may present recovery of early dysfunction or a compensatory mechanism.

In humans, it has been found that hearing loss increases the risk of social isolation and loneliness (Maharani et al., 2019), which also affects personal relationships and mental health (Manrique-Huarte et al., 2016). In the context of our experimental study, however, hearing loss did not affect social interaction, neither immediately after deafening, nor as a long-term consequence, which makes a causal relationship unlikely. In humans, communication by language is tightly linked and interdependent with social interaction (Weinstein and Ventry, 1982), while in rats – although they use ultrasound vocalization for nonspecific communication – “language” in its classical sense does not exist. Nevertheless, although rats did not differ in their preference for the social partner during the social preference test, rats with hearing loss were not as interested in a novel containment, irrespective of whether it was empty or it contained a social partner. Thus, rats with hearing loss may not be as curious about novel objects as controls, with consequences on learning the concept of cognitive paradigms, as seen in the initial phase of radial maze testing of the present study.

After neomycin induced hearing loss, rats were impaired on the Rotarod, a test traditionally used to assess motor deficits in rodents (Hamm et al., 1994; Brooks et al., 2012). In humans, hearing loss in children is associated with motor developmental deficits (Rajendran and Roy, 2011; Kamel et al., 2021), whereas motor function in adults with age-related hearing loss has not been extensively explored. However, reduced motor learning has been described in deaf adults performing a serial reaction-time task (Lévesque et al., 2014), which may be associated with cortical reorganization after age-related hearing loss. Authors speculated that nonauditory regions are upregulated to support speech perception after hearing loss, which may also contribute to the reorganization of resources with potential problems also with regard to cognitive and neural functioning (Slade et al., 2020). As a limitation one has to mention, that rats may learn to jump off by intention during repeated testing (Picciotto and Wickman, 1998). This will likely be the case in the control group, which stayed shorter on the Rotarod at the end of the experiments at week 24 and thereafter. Another limitation of this study may be repeated testing as well as testing all groups in different behavioral paradigms, which may have affected the outcome (Sousa et al., 2006; Bosch et al., 2022).

Despite only minor effects on behavior tested in this study, we found clear long-term effects of deafening on neuronal activity in the mPFC, a core structure for higher-order cognitive and executive functions (Teffer and Semendeferi, 2012). The prefrontal cortex is important for memory formation and retrieval with related executive roles in working memory, decision making, and cognitive flexibility (Cohen, 2011; Zielinski et al., 2020). In the mPFC of deaf rats, SUA was reduced and more irregular as compared to normal hearing controls. A similar pattern has been reported before in rat models for cognitive disturbances and neuropsychiatric disorders, where irregular firing or burst activity have even been considered more relevant for dysfunctional states than just considering mere changes in firing rates (Nambu et al., 2015). Interestingly, in the acute phase after deafening the activity of the mPFC did not differ from normal hearing controls, although the authors of that study already speculated that altered activity may manifest in the PFC at later time points due to long term plastic changes in the neuronal network (Wieczerzak et al., 2021).

In the present study the firing rate of the IC was reduced 1 year after deafening, whereas different groups reported on hyperexcitablity in regions of the central auditory pathway that develop within the first few weeks after hearing loss until up to 6 months after the trauma (Eggermont, 2015, 2017). However, although enhanced firing rates have been found after acoustic trauma (Mulders and Robertson, 2009), the firing rate was reduced 1–4 weeks after destroying cochlear input to the IC (Eggermont, 2015).

The auditory perception depends on the integration of multiple sensory and cognitive domains within the central auditory system as well as non-auditory regions. Nevertheless, the networks sub-serving this integration are unclear. Retrograde tracing studies in rats have shown that the IC of the auditory midbrain receives dense descending projections not only from the auditory cortex, but also from the visual, somatosensory, sensory, motor, and prefrontal cortices (Bajo and King, 2013; Olthof et al., 2019; Cauzzo et al., 2022).

Besides SUA, oscillations and rhythmic activities of functional neural networks are fundamental for complex perceptual and cognitive functions, including speech and social communications (Tendler and Wagner, 2015; Murphy and Benítez-Burraco, 2017), i.e., aspects that are affected in mental disorders, such as autism and schizophrenia (Jochaut et al., 2015; Yu et al., 2018). In the present study, the mPFC oscillatory theta band activity was reduced and gamma band activity was enhanced, also in coherence with the sensorimotor cortex. Altered theta band activity has also often been related to cognitive disturbances. In the mPFC, theta oscillations are modulated by spatial working memory and synchronize with the hippocampus through its ventral subregion (O’Neill et al., 2013). This is evident with complex cognitive functioning such as spatial memory, but also in the context of nonspatial learning (Zielinski et al., 2020). Altered theta band activity has also been described in psychiatric disorders characterized by cognitive disturbances. Together with reduced theta band activity, we demonstrated enhanced gamma band activity after hearing loss. Interestingly, during cognitive performance, especially in the context of spatial learning and memory formation, theta band activity between hippocampus and mPFC interacts with gamma band activity (Kupferschmidt and Gordon, 2018).

In the IC, theta and gamma band oscillatory activity was reduced, whereas coherence of alpha, beta, and gamma between IC and SMCtx was enhanced 12 months after deafening. How altered oscillatory activity may affect processes that contribute to speech processing has not been investigated, yet (Price et al., 2019).

It has been described that altered neuronal activity within frontal cortical areas may serve as a compensatory mechanism for deficits in speech processing in older adults, particularly in more challenging listening conditions such as hearing in noise (Binder et al., 2004; Zekveld et al., 2006; Du et al., 2016). Although with the non-auditory behavioral paradigms used in this study, we did not find major behavioral deficits or cognitive decline, neuronal recordings in the mPFC and IC demonstrated that hearing loss leads to long-term neuronal adaptations that are extensive and potentially detrimental for auditory processing and cognitive behavior not addressed in the present study (Harrison et al., 1998; Kral and Tillein, 2006; Kral and Sharma, 2012; Kral et al., 2019). Indeed, recent studies in auditory cortex demonstrate that top-down interactions in the auditory processing plays a key role for normal cortical processing (Yusuf et al., 2020). The PFC integrates manifold inputs to generate complex responses, such as decision making, cognitive flexibility, or the assessment of stimulus valence (Miller and Cohen, 2001; Vertes, 2006; Puig and Miller, 2015). With that regard, speech recognition not only depends on electrical stimulation of the cochlear implant and processing along the central auditory pathway, but also to processing in the PFC with high cognitive load (Winn, 2016). Our findings of long-term neuronal alterations in PFC and IC therefore support the clinical approach that hearing loss should be readily treated.
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SUPPLEMENTARY FIGURE 1
Representative examples of a cochlea from a naive and a deaf rat. The arrows show preservation (naïve) vs. loss (deaf) of hair cells.

SUPPLEMENTARY FIGURE 2
Total errors of rats in the 4-arm baited 8-arm maze for re-training on weeks 24, 32, 40, 48, and 56, as well as for the reverse training in week 56. No differences were found between the deaf and control groups.

SUPPLEMENTARY FIGURE 3
Duration of interaction with the empty and the filled compartment during testing for social preference is shown as means ± SEM for deaf and sham or naïve controls for the weeks of testing. Differences between lesion rats and controls are shown as asterisks (*P < 0.05).
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AI, asymmetry index; ANOVA, analysis of variance; DI, dispersion index; ECoGs, electrocorticograms; FR, firing rate; HL, hearing loss; IC, inferior colliculus; ISI, inter-spike interval; LFPs, local field potentials; mPFC, medial prefrontal cortex; RME, reference memory error; SMCtx, primary sensorimotor cortex; SUs, single units; WME, working memory error.


References

Akeroyd, M. A. (2008). Are individual differences in speech reception related to individual differences in cognitive ability? A survey of twenty experimental studies with normal and hearing-impaired adults. Int. J. Audiol. 47(Suppl. 2), S53–S71. doi: 10.1080/14992020802301142

Alam, M., Heissler, H. E., Schwabe, K., and Krauss, J. K. (2012). Deep brain stimulation of the pedunculopontine tegmental nucleus modulates neuronal hyperactivity and enhanced beta oscillatory activity of the subthalamic nucleus in the rat 6-hydroxydopamine model. Exp. Neurol. 233, 233–242.

Alam, M., Rumpel, R., Jin, X., von Wrangel, C., Tschirner, S. K., Krauss, J. K., et al. (2017). Altered somatosensory cortex neuronal activity in a rat model of Parkinson’s disease and levodopa-induced dyskinesias. Exp. Neurol. 294, 19–31.

Bajo, V. M., and King, A. J. (2013). Cortical modulation of auditory processing in the midbrain. Front. Neural Circuits 6:114. doi: 10.3389/fncir.2012.00114

Ball, G., Stokes, P. R., Rhodes, R. A., Bose, S. K., Rezek, I., Wink, A.-M., et al. (2011). Executive functions and prefrontal cortex: A matter of persistence? Front. Syst. Neurosci. 5:3. doi: 10.3389/fnsys.2011.00003

Binder, J. R., Liebenthal, E., Possing, E. T., Medler, D. A., and Ward, B. D. (2004). Neural correlates of sensory and decision processes in auditory object identification. Nat. Neurosci. 7, 295–301. doi: 10.1038/nn1198

Bosch, K., Sbrini, G., Burattini, I., Nieuwenhuis, D., Calabrese, F., Schubert, D., et al. (2022). Repeated testing modulates chronic unpredictable mild stress effects in male rats. Behav. Brain Res. 432:113960. doi: 10.1016/j.bbr.2022.113960

Brooks, S. P., Trueman, R. C., and Dunnett, S. B. (2012). Assessment of motor coordination and balance in mice using the rotarod, elevated bridge, and footprint tests. Curr. Protoc. Mouse Biol. 2, 37–53. doi: 10.1002/9780470942390.mo110165

Brück, C., Kreifelts, B., and Wildgruber, D. (2011). Emotional voices in context: A neurobiological model of multimodal affective information processing. Phys. Life Rev. 8, 383–403. doi: 10.1016/j.plrev.2011.10.002

Cardon, G., Campbell, J., and Sharma, A. (2012). Plasticity in the developing auditory cortex: Evidence from children with sensorineural hearing loss and auditory neuropathy spectrum disorder. J. Am. Acad. Audiol. 23, 396–411; quiz 495. doi: 10.3766/jaaa.23.6.3

Carter, R. J., Lione, L. A., Humby, T., Mangiarini, L., Mahal, A., Bates, G. P., et al. (1999). Characterization of progressive motor deficits in mice transgenic for the human Huntington’s disease mutation. J. Neurosci. 19, 3248–3257. doi: 10.1523/JNEUROSCI.19-08-03248.1999

Casado-Román, L., Carbajal, G. V., Pérez-González, D., and Malmierca, M. S. (2020). Prediction error signaling explains neuronal mismatch responses in the medial prefrontal cortex. PLoS Biol. 18:e3001019. doi: 10.1371/journal.pbio.3001019

Cauzzo, S., Singh, K., Stauder, M., García-Gomar, M. G., Vanello, N., Passino, C., et al. (2022). Functional connectome of brainstem nuclei involved in autonomic, limbic, pain and sensory processing in living humans from 7 Tesla resting state fMRI. Neuroimage 250:118925. doi: 10.1016/j.neuroimage.2022.118925

Chang, M., Kim, H. J., Mook-Jung, I., and Oh, S. H. (2019). Hearing loss as a risk factor for cognitive impairment and loss of synapses in the hippocampus. Behav. Brain Res. 372:112069. doi: 10.1016/j.bbr.2019.112069

Cohen, M. X. (2011). Hippocampal-prefrontal connectivity predicts midfrontal oscillations and long-term memory performance. Curr. Biol. 21, 1900–1905. doi: 10.1016/j.cub.2011.09.036

Crawley, J. N. (1999). Behavioral phenotyping of transgenic and knockout mice: Experimental design and evaluation of general health, sensory functions, motor abilities, and specific behavioral tests. Brain Res. 835, 18–26. doi: 10.1016/s0006-8993(98)01258-x

Du, Y., Buchsbaum, B. R., Grady, C. L., and Alain, C. (2016). Increased activity in frontal motor cortex compensates impaired speech perception in older adults. Nat. Commun. 7:12241. doi: 10.1038/ncomms12241

Eggermont, J. J. (2015). Animal models of spontaneous activity in the healthy and impaired auditory system. Front. Neural Circuits 9:19. doi: 10.3389/fncir.2015.00019

Eggermont, J. J. (2017). Acquired hearing loss and brain plasticity. Hear. Res. 343, 176–190. doi: 10.1016/j.heares.2016.05.008

Elle, T., Alam, M., Voigt, C., Krauss, J. K., John, N., and Schwabe, K. (2020). Deep brain stimulation of the thalamic centromedian-parafascicular nucleus improves behavioural and neuronal traits in a rat model of Tourette. Behav. Brain Res. 378:112251. doi: 10.1016/j.bbr.2019.112251

Gai, Z., Su, D., Wang, Y., Li, W., Cui, B., Li, K., et al. (2017). Effects of chronic noise on the corticotropin-releasing factor system in the rat hippocampus: Relevance to Alzheimer’s disease-like tau hyperphosphorylation. Environ. Health Prev. Med. 22:79. doi: 10.1186/s12199-017-0686-8

Galloway, E. M., Woo, N. H., and Lu, B. (2008). Persistent neural activity in the prefrontal cortex: A mechanism by which BDNF regulates working memory? Prog. Brain Res. 169, 251–266. doi: 10.1016/S0079-6123(07)00015-5

Gruters, K. G., and Groh, J. M. (2012). Sounds and beyond: Multisensory and other non-auditory signals in the inferior colliculus. Front. Neural Circuits 6:96. doi: 10.3389/fncir.2012.00096

Haider, S., Khaliq, S., Tabassum, S., and Haleem, D. J. (2012). Role of somatodendritic and postsynaptic 5-HT1A receptors on learning and memory functions in rats. Neurochem. Res. 37, 2161–2166. doi: 10.1007/s11064-012-0839-5

Halliday, D. M., Rosenberg, J. R., Amjad, A. M., Breeze, P., Conway, B. A., and Farmer, S. F. (1995). A framework for the analysis of mixed time series/point process data–theory and application to the study of physiological tremor, single motor unit discharges and electromyograms. Prog. Biophys. Mol. Biol. 64, 237–278. doi: 10.1016/s0079-6107(96)00009-0

Hamm, R. J., Pike, B. R., O’Dell, D. M., Lyeth, B. G., and Jenkins, L. W. (1994). The rotarod test: An evaluation of its effectiveness in assessing motor deficits following traumatic brain injury. J. Neurotrauma 11, 187–196. doi: 10.1089/neu.1994.11.187

Harrison, R. V., Ibrahim, D., and Mount, R. J. (1998). Plasticity of tonotopic maps in auditory midbrain following partial cochlear damage in the developing chinchilla. Exp. Brain Res. 123, 449–460. doi: 10.1007/s002210050589

Hayes, S. H., Manohar, S., Majumdar, A., Allman, B. L., and Salvi, R. (2019). Noise-induced hearing loss alters hippocampal glucocorticoid receptor expression in rats. Hear. Res. 379, 43–51. doi: 10.1016/j.heares.2019.04.013

Jin, X., Schwabe, K., Krauss, J. K., and Alam, M. (2016). Coherence of neuronal firing of the entopeduncular nucleus with motor cortex oscillatory activity in the 6-OHDA rat model of Parkinson’s disease with levodopa-induced dyskinesias. Exp. Brain Res. 234, 1105–1118. doi: 10.1007/s00221-015-4532-1

Jochaut, D., Lehongre, K., Saitovitch, A., Devauchelle, A.-D., Olasagasti, I., Chabane, N., et al. (2015). Atypical coordination of cortical oscillations in response to speech in autism. Front. Hum. Neurosci. 9:171. doi: 10.3389/fnhum.2015.00171

Kamel, R. M., Mehrem, E. S., Mounir, S. M., Essa, M. M., Fergany, L. A., and Elbedewy, M. A. (2021). Sensorineural hearing loss imprint on fine motor skills: A pediatric and adolescent innovative study. NeuroRehabilitation 48, 285–292. doi: 10.3233/NRE-201589

Kim, H., Choo, O.-S., Ha, J., Jang, J. H., Park, H. Y., and Choung, Y.-H. (2021). A new CT parameter for predicting residual hearing preservation in cochlear implantation: The &quot;Basal Turn-Facial Ridge Angle&quot. Otol. Neurotol. 42, e161–e167. doi: 10.1097/MAO.0000000000002918

Kral, A., and Sharma, A. (2012). Developmental neuroplasticity after cochlear implantation. Trends Neurosci. 35, 111–122. doi: 10.1016/j.tins.2011.09.004

Kral, A., and Tillein, J. (2006). Brain plasticity under cochlear implant stimulation. Adv. Otorhinolaryngol. 64, 89–108. doi: 10.1159/000094647

Kral, A., Dorman, M. F., and Wilson, B. S. (2019). Neuronal development of hearing and language: Cochlear implants and critical periods. Annu. Rev. Neurosci. 42, 47–65. doi: 10.1146/annurev-neuro-080317-061513

Kral, A., Kronenberger, W. G., Pisoni, D. B., and O’Donoghue, G. M. (2016). Neurocognitive factors in sensory restoration of early deafness: A connectome model. Lancet Neurol. 15, 610–621. doi: 10.1016/S1474-4422(16)00034-X

Kronenberger, W. G., Colson, B. G., Henning, S. C., and Pisoni, D. B. (2014). Executive functioning and speech-language skills following long-term use of cochlear implants. J. Deaf Stud. Deaf Educ. 19, 456–470. doi: 10.1093/deafed/enu011

Kronenberger, W. G., Pisoni, D. B., Henning, S. C., and Colson, B. G. (2013). Executive functioning skills in long-term users of cochlear implants: A case control study. J. Pediatr. Psychol. 38, 902–914. doi: 10.1093/jpepsy/jst034

Kupferschmidt, D. A., and Gordon, J. A. (2018). The dynamics of disordered dialogue: Prefrontal, hippocampal and thalamic miscommunication underlying working memory deficits in schizophrenia. Brain Neurosci. Adv 2:2398212818771821. doi: 10.1177/2398212818771821

Laubach, M., Amarante, L. M., Swanson, K., and White, S. R. (2018). What, if anything, is rodent prefrontal cortex? eNeuro 5:ENEURO.0315-18.2018. doi: 10.1523/ENEURO.0315-18.2018

Lazard, D. S., Vincent, C., Venail, F., Van de Heyning, P., Truy, E., Sterkers, O., et al. (2012). Pre-, per- and postoperative factors affecting performance of postlinguistically deaf adults using cochlear implants: A new conceptual model over time. PLoS One 7:e48739. doi: 10.1371/journal.pone.0048739

Lévesque, J., Théoret, H., and Champoux, F. (2014). Reduced procedural motor learning in deaf individuals. Front. Hum. Neurosci. 8:343. doi: 10.3389/fnhum.2014.00343

Li, M., Long, C., and Yang, L. (2015). Hippocampal-prefrontal circuit and disrupted functional connectivity in psychiatric and neurodegenerative disorders. Biomed Res. Int. 2015:810548. doi: 10.1155/2015/810548

Lin, F. R., and Albert, M. (2014). Hearing loss and dementia–who is listening? Aging Ment. Health 18, 671–673. doi: 10.1080/13607863.2014.915924

Lin, F. R., Yaffe, K., Xia, J., Xue, Q.-L., Harris, T. B., Purchase-Helzner, E., et al. (2013). Hearing loss and cognitive decline in older adults. JAMA Intern. Med. 173, 293–299. doi: 10.1001/jamainternmed.2013.1868

Liu, L., Shen, P., He, T., Chang, Y., Shi, L., Tao, S., et al. (2016). Noise induced hearing loss impairs spatial learning/memory and hippocampal neurogenesis in mice. Sci. Rep. 6:20374. doi: 10.1038/srep20374

Liu, L., Xuan, C., Shen, P., He, T., Chang, Y., Shi, L., et al. (2018). Hippocampal mechanisms underlying impairment in spatial learning long after establishment of noise-induced hearing loss in CBA Mice. Front. Syst. Neurosci. 12:35. doi: 10.3389/fnsys.2018.00035

Livingston, G., Huntley, J., Sommerlad, A., Ames, D., Ballard, C., Banerjee, S., et al. (2020). Dementia prevention, intervention, and care: 2020 report of the Lancet Commission. Lancet (Lond. Engl.) 396, 413–446. doi: 10.1016/S0140-6736(20)30367-6

Luan, Y., Wang, C., Jiao, Y., Tang, T., Zhang, J., and Teng, G.-J. (2019). Prefrontal-temporal pathway mediates the cross-modal and cognitive reorganization in sensorineural hearing loss with or without tinnitus: A multimodal MRI study. Front. Neurosci. 13:222. doi: 10.3389/fnins.2019.00222

Magill, P. J., Bolam, J. P., and Bevan, M. D. (2000). Relationship of activity in the subthalamic nucleus–globus pallidus network to cortical electroencephalogram. J. Neurosci. 20, 820–833.

Maharani, A., Pendleton, N., and Leroi, I. (2019). Hearing impairment, loneliness, social isolation, and cognitive function: Longitudinal analysis using english longitudinal study on ageing. Am. J. Geriatr. Psychiatry 27, 1348–1356. doi: 10.1016/j.jagp.2019.07.010

Mallet, N., Pogosyan, A., Sharott, A., Csicsvari, J., Bolam, J. P., Brown, P., et al. (2008). Disrupted dopamine transmission and the emergence of exaggerated beta oscillations in subthalamic nucleus and cerebral cortex. J. Neurosci. 28, 4795–4806. doi: 10.1523/JNEUROSCI.0123-08.2008

Mamo, S. K., Reed, N. S., Price, C., Occhipinti, D., Pletnikova, A., Lin, F. R., et al. (2018). Hearing loss treatment in older adults with cognitive impairment: A systematic review. J. Speech. Lang. Hear. Res. 61, 2589–2603. doi: 10.1044/2018_JSLHR-H-18-0077

Manikandan, S., Padma, M. K., Srikumar, R., Jeya Parthasarathy, N., Muthuvel, A., and Sheela Devi, R. (2006). Effects of chronic noise stress on spatial memory of rats in relation to neuronal dendritic alteration and free radical-imbalance in hippocampus and medial prefrontal cortex. Neurosci. Lett. 399, 17–22. doi: 10.1016/j.neulet.2006.01.037

Manrique-Huarte, R., Calavia, D., Huarte Irujo, A., Girón, L., and Manrique-Rodríguez, M. (2016). Treatment for hearing loss among the elderly: Auditory outcomes and impact on quality of life. Audiol. Neurootol. 21(Suppl. 1), 29–35. doi: 10.1159/000448352

Marschark, M., Kronenberger, W. G., Rosica, M., Borgna, G., Convertino, C., Durkin, A., et al. (2017). Social maturity and executive function among deaf learners. J. Deaf Stud. Deaf Educ. 22, 22–34. doi: 10.1093/deafed/enw057

Melcher, J. R., Knudson, I. M., Fullerton, B. C., Guinan, J. J., Norris, B. E., and Kiang, N. Y. (1996). Generators of the brainstem auditory evoked potential in cat. I. An experimental approach to their identification. Hear. Res. 93, 1–27. doi: 10.1016/0378-5955(95)00178-6

Melo-Thomas, L., and Thomas, U. (2015). Deep brain stimulation of the inferior colliculus: A possible animal model to study paradoxical kinesia observed in some parkinsonian patients? Behav. Brain Res. 279, 1–8. doi: 10.1016/j.bbr.2014.10.035

Miller, E. K., and Cohen, J. D. (2001). An integrative theory of prefrontal cortex function. Annu. Rev. Neurosci. 24, 167–202. doi: 10.1146/annurev.neuro.24.1.167

Mosnier, I., Vanier, A., Bonnard, D., Lina-Granade, G., Truy, E., Bordure, P., et al. (2018). Long-term cognitive prognosis of profoundly deaf older adults after hearing rehabilitation using cochlear implants. J. Am. Geriatr. Soc. 66, 1553–1561. doi: 10.1111/jgs.15445

Mulders, W. H. A. M., and Robertson, D. (2009). Hyperactivity in the auditory midbrain after acoustic trauma: Dependence on cochlear activity. Neuroscience 164, 733–746. doi: 10.1016/j.neuroscience.2009.08.036

Murphy, E., and Benítez-Burraco, A. (2017). Language deficits in schizophrenia and autism as related oscillatory connectomopathies: An evolutionary account. Neurosci. Biobehav. Rev. 83, 742–764. doi: 10.1016/j.neubiorev.2016.07.029

Nadhimi, Y., and Llano, D. A. (2021). Does hearing loss lead to dementia? A review of the literature. Hear. Res. 402:108038. doi: 10.1016/j.heares.2020.108038

Nambu, A., Tachibana, Y., and Chiken, S. (2015). Cause of parkinsonian symptoms: Firing rate, firing pattern or dynamic activity changes? Basal Ganglia 5, 1–6. doi: 10.1016/j.baga.2014.11.001

Naples, J. G., Sadler, S., Watson, N., Miller, L. E., and Alterman, R. L. (2021). A tale of two tinnituses: Does hearing status influence central tinnitus localization? Med. Hypotheses 146:110444. doi: 10.1016/j.mehy.2020.110444

O’Neill, P.-K., Gordon, J. A., and Sigurdsson, T. (2013). Theta oscillations in the medial prefrontal cortex are modulated by spatial working memory and synchronize with the hippocampus through its ventral subregion. J. Neurosci. 33, 14211–14224. doi: 10.1523/JNEUROSCI.2378-13.2013

Olthof, B. M. J., Rees, A., and Gartside, S. E. (2019). Multiple nonauditory cortical regions innervate the auditory midbrain. J. Neurosci. 39, 8916–8928. doi: 10.1523/JNEUROSCI.1436-19.2019

Oualian, C., and Gisquet-Verrier, P. (2010). The differential involvement of the prelimbic and infralimbic cortices in response conflict affects behavioral flexibility in rats trained in a new automated strategy-switching task. Learn. Mem. 17, 654–668. doi: 10.1101/lm.1858010

Park, S. Y., Kim, M. J., Kim, H. L., Kim, D. K., Yeo, S. W., and Park, S. N. (2018). Cognitive decline and increased hippocampal p-tau expression in mice with hearing loss. Behav. Brain Res. 342, 19–26. doi: 10.1016/j.bbr.2018.01.003

Park, S. Y., Kim, M. J., Sikandaner, H., Kim, D.-K., Yeo, S. W., and Park, S. N. (2016). A causal relationship between hearing loss and cognitive impairment. Acta Otolaryngol. 136, 480–483. doi: 10.3109/00016489.2015.1130857

Picciotto, M. R., and Wickman, K. (1998). Using knockout and transgenic mice to study neurophysiology and behavior. Physiol. Rev. 78, 1131–1163. doi: 10.1152/physrev.1998.78.4.1131

Powell, D. S., Jiang, K., Deal, J. A., and Reed, N. S. (2021). Do hearing aids prevent falls? Commentary on study from the national health and nutrition examination survey. Am. J. Audiol. 30, 1146–1147. doi: 10.1044/2021_AJA-21-00120

Price, C. N., Alain, C., and Bidelman, G. M. (2019). Auditory-frontal channeling in α and β bands is altered by age-related hearing loss and relates to speech perception in noise. Neuroscience 423, 18–28. doi: 10.1016/j.neuroscience.2019.10.044

Puig, M. V., and Miller, E. K. (2015). Neural substrates of dopamine D2 receptor modulated executive functions in the monkey prefrontal cortex. Cereb. Cortex 25, 2980–2987. doi: 10.1093/cercor/bhu096

Rajendran, V., and Roy, F. G. (2011). An overview of motor skill performance and balance in hearing impaired children. Ital. J. Pediatr. 37:33. doi: 10.1186/1824-7288-37-33

Ramos, L., Hicks, C., Caminer, A., Couto, K., Narlawar, R., Kassiou, M., et al. (2016). MDMA (’Ecstasy’), oxytocin and vasopressin modulate social preference in rats: A role for handling and oxytocin receptors. Pharmacol. Biochem. Behav. 150–151, 115–123. doi: 10.1016/j.pbb.2016.10.002

Rumpel, R., Alam, M., Schwarz, L. M., Ratzka, A., Jin, X., Krauss, J. K., et al. (2017). Neuronal firing activity in the basal ganglia after striatal transplantation of dopamine neurons in hemiparkinsonian rats. Neuroscience 360, 197–209.

Russo, S. J., and Nestler, E. J. (2013). The brain reward circuitry in mood disorders. Nat. Rev. Neurosci. 14, 609–625. doi: 10.1038/nrn3381

Scheper, V., Hoffmann, A., Gepp, M. M., Schulz, A., Hamm, A., Pannier, C., et al. (2019). Stem cell based drug delivery for protection of auditory neurons in a guinea pig model of cochlear implantation. Front. Cell. Neurosci. 13:177. doi: 10.3389/fncel.2019.00177

Schopf, C., Zimmermann, E., Tünsmeyer, J., Kästner, S. B. R., Hubka, P., and Kral, A. (2014). Hearing and age-related changes in the gray mouse lemur. J. Assoc. Res. Otolaryngol. 15, 993–1005. doi: 10.1007/s10162-014-0478-4

Schormans, A. L., Typlt, M., and Allman, B. L. (2018). Adult-onset hearing impairment induces layer-specific cortical reorganization: Evidence of crossmodal plasticity and central gain enhancement. Cereb. Cortex 29, 1875–1888. doi: 10.1093/cercor/bhy067

Slade, K., Plack, C. J., and Nuttall, H. E. (2020). The effects of age-related hearing loss on the brain and cognitive function. Trends Neurosci. 43, 810–821. doi: 10.1016/j.tins.2020.07.005

Sousa, N., Almeida, O. F., and Wotjak, C. T. (2006). A hitchhiker’s guide to behavioral analysis in laboratory rodents. Genes Brain Behav. 5(Suppl. 2), 5–24. doi: 10.1111/j.1601-183X.2006.00228.x

Tao, S., Liu, L., Shi, L., Li, X., Shen, P., Xun, Q., et al. (2015). Spatial learning and memory deficits in young adult mice exposed to a brief intense noise at postnatal age. J. Otol. 10, 21–28. doi: 10.1016/j.joto.2015.07.001

Teffer, K., and Semendeferi, K. (2012). Human prefrontal cortex: Evolution, development and pathology. Prog. Brain Res. 195, 191–218. doi: 10.1016/B978-0-444-53860-4.00009-X

Tendler, A., and Wagner, S. (2015). Different types of theta rhythmicity are induced by social and fearful stimuli in a network associated with social memory. Elife 4:e03614. doi: 10.7554/eLife.03614

Tillein, J., Heid, S., Lang, E., Hartmann, R., and Kral, A. (2012). Development of brainstem-evoked responses in congenital auditory deprivation. Neural Plast. 2012:182767. doi: 10.1155/2012/182767

Uran, S. L., Aon-Bertolino, M. L., Caceres, L. G., Capani, F., and Guelman, L. R. (2012). Rat hippocampal alterations could underlie behavioral abnormalities induced by exposure to moderate noise levels. Brain Res. 1471, 1–12. doi: 10.1016/j.brainres.2012.06.022

Vertes, R. P. (2006). Interactions among the medial prefrontal cortex, hippocampus and midline thalamus in emotional and cognitive processing in the rat. Neuroscience 142, 1–20. doi: 10.1016/j.neuroscience.2006.06.027

Wefstaedt, P., Scheper, V., Rieger, H., Lenarz, T., and Stöver, T. (2006). [Neurotrophic factors of the GDNF family and their receptors are detectable in spiral ganglion cells of normal hearing as well as of deafened rats]. Laryngorhinootologie 85, 802–808. doi: 10.1055/s-2006-925287

Weinstein, B. E., and Ventry, I. M. (1982). Hearing impairment and social isolation in the elderly. J. Speech Hear. Res. 25, 593–599. doi: 10.1044/jshr.2504.593

Wieczerzak, K. B., Patel, S. V., MacNeil, H., Scott, K. E., Schormans, A. L., Hayes, S. H., et al. (2021). Differential plasticity in auditory and prefrontal cortices, and cognitive-behavioral deficits following noise-induced hearing loss. Neuroscience 455, 1–18. doi: 10.1016/j.neuroscience.2020.11.019

Wingfield, A., and Peelle, J. E. (2015). The effects of hearing loss on neural processing and plasticity. Front. Syst. Neurosci. 9:35. doi: 10.3389/fnsys.2015.00035

Winn, M. B. (2016). Rapid release from listening effort resulting from semantic context, and effects of spectral degradation and cochlear implants. Trends Hear. 20:2331216516669723. doi: 10.1177/2331216516669723

World Health Organization (2012). WHO global estimates on prevalence of hearing loss. Geneva: World Health Organization, 1–15. doi: 10.1002/2014GB005021

Yu, L., Wang, S., Huang, D., Wu, X., and Zhang, Y. (2018). Role of inter-trial phase coherence in atypical auditory evoked potentials to speech and nonspeech stimuli in children with autism. Clin. Neurophysiol. 129, 1374–1382. doi: 10.1016/j.clinph.2018.04.599

Yu, Y.-F., Zhai, F., Dai, C.-F., and Hu, J.-J. (2011). The relationship between age-related hearing loss and synaptic changes in the hippocampus of C57BL/6J mice. Exp. Gerontol. 46, 716–722. doi: 10.1016/j.exger.2011.04.007

Yusuf, P. A., Hubka, P., Tillein, J., Vinck, M., and Kral, A. (2020). Deafness weakens interareal couplings in the auditory cortex. Front. Neurosci. 14:625721. doi: 10.3389/fnins.2020.625721

Zekveld, A. A., Heslenfeld, D. J., Festen, J. M., and Schoonhoven, R. (2006). Top-down and bottom-up processes in speech comprehension. Neuroimage 32, 1826–1836. doi: 10.1016/j.neuroimage.2006.04.199

Zielinski, M. C., Tang, W., and Jadhav, S. P. (2020). The role of replay and theta sequences in mediating hippocampal-prefrontal interactions for memory and cognition. Hippocampus 30, 60–72. doi: 10.1002/hipo.22821



OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Processing of auditory information in forebrain regions after hearing loss in adulthood: Behavioral and electrophysiological studies in a rat model



		Introduction



		Materials and methods



		Animals



		Study design



		Surgery for deafening



		Hearing threshold measurements



		Behavioral testing



		Motor behavior (open field, Rotarod) and social interaction



		Open field



		Rotarod



		Social interaction







		Social preference and 4-arm baited 8-arm maze



		Social preference



		4-arm baited 8-arm maze







		Electrophysiological recordings



		Single unit analysis



		Local field potentials and coherence analysis







		Histology



		Statistics











		Results



		Outcome of deafening surgery



		Hearing status over time



		Motor and social behavior



		Open field



		Rotarod



		Social interaction test



		Social preference test



		4-arms baited 8-arm radial maze







		Electrophysiology



		Single unit analysis



		Local field potentials



		Coherence with SMCtx-ECoG







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Processing of auditory
iInformation in forebrain
regions after hearing loss
in adulthood: Behavioral
and electrophysiological
studies in a rat model







OPS/images/fnins-16-966568-g003.jpg
A1

B1

C1

D2

Dispersion index [DI]

of interspike intervals

MmPFC
0.25
2> o.oojnlnmululln 0 0 O D O 0 1
0.25
0.25
25 [T
2 oco) (I 00D 0 OO 0000 OGO 10
0.25
0.25
2% ooo%lllllll R R RN R LT TTRR AR
-0.25
0.25
2 - MM WO
0.25
2 025
=E% 0004 -
u:-> iy
= 403
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
S
Code 02: 212 Spikes Code 03: 140 Spikes
0,8
0,7 -
0,6 -
0,5-
0,4-
0,3-
017
0,0-

mPFC

Chl

A2
025
<
e | e
0.25
025
2= oood | L0000 ONE AN AAN O A
SE
0.25
025
Q=
0.25
Bl 111 I M
:-:', = 0.00
‘ 0.25
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
S
B2 Code 02: 305 Spikes Code 01: 305 Spikes
>
- % JV
n
N
O
T loms T toms
D1 12
11 -
1 - control
10 -
9- deaf
N ]
XL
=
Q
©
o))
£
=
mPFC
D3
0,36 -
0,32
= o 0,28 1
< o0,24-
o O
p= = ozo-
— O
2= 0,164
g 2
ES o12-
=
2% 008—
0,01
o,oo

mPFC






OPS/images/fnins-16-966568-g004.jpg
N
<

L -

<

—-e—- control
deaf

\

I T
N
- o

10-
9_

obejuaoiad ul s447 pueq Aouanbaly
(zH Z1-8) eydje jo Jamod aAije|oy

\
T

o
<

wW © ®w o ®w o
™ ™ N N
abejuaolad ul s447 pueq Aouanbauly

(zH 8-¥) e32y) Jo Jamod aAnje|ay

IC SMCtx

mPFC

=T = 1T * T * 01 * 1
0O N~ © U T «— O

SMCitx

IC

mPFC

<
<

)
<

I
©
-

L T T
< N o 0 © - O
-— L = -

abejuaoitad ul s447 pueq Aouanbaly

IC SMCtx

mPFC

(zH 001-0¢) ewweb jo Jamod aAne|oy

abejuaosiad ul s447 pueq Aouanbauy
(zH 0¢-21) B32q Jo Jamod annejay

IC SMCtx

mPFC

B1

IC

mPFC

| Y I I | ' I I I |
o (=] © < N o oo o
2., - e - - - nUan, AU.,
o o o o o o oo o
pueq Aousnbauy
(zH Z1-8) eydje jo Aouaiayon
I o
O
L
o
S
N\
| : I | | , ] Y | I\ |
o [Tp] (o= 7o) (=) wn o W (o=
T M 0 4 N v w9 <
o (=] (=] (o= (=] (=] o O (o=

pueq Aouanbauly
(zH 8-v) e38y3 jJo Aduasayo)

<
11]

B3

1)
i &
L
o
=
\\
| L | v | . | | | | AN ; |
(o0 © wn < ™ N - o
S R e @ 8 = 9 @9 &
o o o o o o o o o
pueq Aousnbaly
(zH 001-0¢) ewweb jJo Aouaiayon
*
X
i m
O
LL
o
£
\\
| Y I ’ | | | Y | L LAY I . |
(Lo < N o (o] © < N o
T L T e o 99 <
o o o o o (= o O o

pueq Aousnba.y
(zH 0¢-21) B12q jo Aouaiayon






OPS/images/fnins-16-966568-g001.jpg
A Experimental design

Behavioral testing part 1

* Open field
* Rotarod
* Social interaction

T

Behavioral testing part 2

* Social preference test
* 4-arms baited 8-arm radial maze

Electrophysiology

» mPFCand IC (SU/LFP)

I ABR

Surgery
B1 ABR: anaesthetized B2 ABR of a naive rat B3 ABR of a deaf rat
150- # # 90 dB Wf”/\’\/vf\/w e o
Bl naive 70 dB NM/\W e e Y s A T
) Bl sham
3 SOdB e
< 30 dB I
" 20 dB P _ | 001mv
pre-OP  post-OP final 10 dB — 2 ms







OPS/images/fnins-16-966568-g002.jpg
A Tests for motor impairment

Rotarod

A2

Open Field

A1

-o- control
-o- deaf

I
o =
(o0

|
o

(09s) poJejoy uo awij

I I
o o
< N

40

(

| |
(e ] O
N b

w) aosuejsi

B Social tests

Social preference

B2

Social interaction

B1

Mean of all weeks

X

X

|
L=
(T

| ! |
= = <
< ™ N

|
o
1

(09s) uoneang

I
o
N

n o 0
- -—

(99s) uoneung

C  Cognitive test 4-arm baited 8-arm maze

Week 16

C2

Week 8

. [*]

C1

M1 1 | M1 1 I 1 |
OO0 MNOUTMAN«—™O
=
S10.449 |e}0)
% -
P 1 1@ 1 1 1T 11
OO MN O O TOHOAN«—™O

10—

S10.119 |e)0)








OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience







