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Abstract 30 

Auditory neuropathy (AN) is a form of sensorineural deafness specifically affecting the 31 

conduction of the nerve impulse from the cochlear hair cells to the auditory centres of the brain. As 32 

such, the condition is a potential clinical target for ‘cell replacement therapy’, in which a functioning 33 

auditory nerve is regenerated by transplanting an appropriated neural progenitor. 34 

In this review, we survey the current literature and examine possible experimental models for 35 

this condition, with particular reference to their compatibility as suitable hosts for transplantation. 36 

The use of exogenous neurotoxic agents such as ouabain or β-bungarotoxin is discussed, as are 37 

ageing and noise-induced synaptopathy models. Lesioning of the nerve by mechanical damage 38 

during surgery and the neuropathy resulting from infectious diseases may be very relevant clinically, 39 

and we discuss whether there are good models for these situations. We also address genetic models 40 

for AN, examining whether the phenotypes truly model the clinical situation in their human 41 

counterpart syndromes - we use the example of the hyperbilirubinaemic Gunn rat as a particular 42 

instance in this regard.  43 

 44 

 45 

 46 

1. Introduction 47 

The death of the spiral ganglion neuron is a sombre affair. Damage to the auditory nerve may 48 

happen for a number of reasons and can occur as the cause or consequence of hair cell loss - in 49 

either case, the neural lesion is permanent and can be devastating for the patient. In the situation of 50 

profound hair cell loss, the therapeutic option of cochlear implantation is open to some patients, but 51 

this is reliant on there being a degree of neural reserve within the cochlea, so for some this is not a 52 

suitable option. The ability to restock the auditory nerve with a stem cell/progenitor transplant and 53 

restore functionality in patients with auditory neuropathy (AN) would be of significant benefit for 54 

both those with a pure neural lesion and those potential cochlear implant (CI) recipients.  55 

Morphologically, spiral ganglion neurons (SGNs) are bipolar, with a peripheral process 56 

innervating the inner hair cells (IHCs) and a central projection relaying the acoustic stimulus to the 57 

cochlear nucleus in the brainstem. Consequently, any transplanted cells must possess the intrinsic 58 

capacity to ‘rewire’ in both directions, in a host environment which can support this regeneration.  59 

1.1 Scope 60 

The scope of this review will be restricted to the discussion of potential cell therapies for the 61 

neural aspect of sensorineural hearing loss (SNHL). Although significant progress has been made in 62 

the in vitro production of hair cells (Koehler et al., 2017; Li et al., 2003), there still remain several 63 

major technical hurdles to overcome, as current protocols are starkly inefficient at generating 64 

numbers adequate for meaningful hearing restoration. And while it can be argued that highly 65 

differentiated hair cells are not necessary for cell replacement - given that the progenitor population 66 

is the one to be transplanted - the approaches to cell delivery into the scala media and successful 67 

integration of the exogenous cells into the epithelium are as yet in their infancy, with limited 68 

success. It will be a future biological challenge to have cells home and orient correctly within the 69 

exquisitely regimented array of the organ of Corti. 70 
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1.2 Sensorineural pathology in the human ear 71 

Auditory neuropathy (AN) can be described as a complex of conditions affecting neural 72 

output between the cochlea and the brain, specifically when hair cell function is apparently normal 73 

(Starr and Rance, 2015). For example in the audiology clinic, a patient may have a normal distortion 74 

product otoacoustic emission (DPOAE) response, but abnormal auditory brainstem response (ABR) 75 

wave patterns. Determining the site of the underlying dysfunction, for instance whether it lies within 76 

the SGNs and damage to their bipolar processes, is key to understanding the aetiology of the hearing 77 

deficit (Moser and Starr, 2016; Rance and Starr, 2015; Santarelli, 2010). Within AN, a subset of 78 

disorders may be caused by synaptopathy - a degradation of the specialised ribbon synapse at the 79 

level of the IHC. The faithful transmission of the signal between the hair cell and the auditory centres 80 

is necessary for the spatial and temporal integration of incoming sounds; degradation of this 81 

information may be causative factors for age-related and noise-induced hearing loss (Moser and 82 

Starr, 2016) 83 

Detailed and systematic histopathological studies of the damage induced by various causes 84 

to the human cochlea in general, and to the spiral ganglion in particular, are still scarce. However, a 85 

few key papers have explored the underlying pathology in human ears developed as a consequence 86 

of ageing, some genetic conditions and exposure to ototoxic drugs (briefly discussed in Sagers et al. 87 

(2017). A comprehensive study was performed by Makary et al. (2011) reporting the decline of the 88 

spiral ganglion population in the human cochlea induced by ageing. They counted neurons in 100 89 

cochleae from 100 individuals from a broad age range and cases were selected to include only those 90 

with a normal complement of inner or outer hair cells. Neuronal counts declined from a mean of 91 

33679 in the first decade of life, to 22,444 in the tenth decade. This represents approximately a third 92 

of the normal neuronal complement being lost thorough primary degeneration, i.e. not following the 93 

loss of hair cells. Sagers et al. (2017) described the analysis of 30 ears from 23 patients, and showed 94 

that primary neuronal degeneration produced by several different pathologies correlated with the 95 

elevation of auditory thresholds and, more importantly, poor word recognition. Based on their data, 96 

the study developed a model that predicts that mean hearing thresholds are increased by 6.0dB for 97 

each 10% of neurons lost. 98 

Progress in the transplantation field has been steady, with a few groups showing cell 99 

integration and functional restoration in ‘deafened’ animal models - but are these models a good 100 

facsimile of the clinical situation? It is likely that an initial good model for transplantation should 101 

have a near total loss of the host’s SGNs, so that any restored function or innervation can be 102 

attributed with confidence to the transplanted cells. However, given the partial loss seen in some 103 

human conditions, it will be good in the future to develop a subtler approach with a graded deficit, 104 

which might replicate some of the clinical situations more accurately. 105 

This review will cover some of the animal models available currently, with an analysis of 106 

which are, in our opinion, the most appropriate for these studies, at this stage.  107 

 108 

2. Ototoxic lesions of the auditory nerve 109 

2.1 β-Bungarotoxin 110 

β-bungarotoxin is a potent neurotoxin isolated from the venom of the krait family of snakes. 111 

Its activity is manifold, and it can paralyse the neuromuscular junction by transiently increasing and 112 

then blocking acetylcholine release. It is also lethal in the central nervous system – in vitro studies 113 
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have elucidated how it kills hippocampal neurons by the binding to and internalisation of voltage-114 

gated potassium channels, leading to an increase in intracellular calcium ions and reactive oxygen 115 

species generation, resulting in apoptosis (Herkert et al., 2001; Shakhman et al., 2003). 116 

As an ototoxic agent, it may have application through its more selective actions on neurons 117 

rather than hair cells – in the developing chick embryo, application of the toxin gave rise to a loss of 118 

afferent and efferent nerve fibres in the basilar papilla and saccular macula and a degeneration in 119 

the neurons of the acoustic-vestibular ganglion, in the context of developmentally normal hair cells 120 

(Hirokawa, 1977). In mammalian studies, β-bungarotoxin has been use to de-innervate mouse 121 

cochlea explants in vitro (Corrales et al., 2006) and to de-afferent the rat cochlea in vivo prior to 122 

stem cell transplants (Jiao et al., 2014; Palmgren et al., 2010; 2012). However, direct application of β-123 

bungarotoxin to the rat round window niche using gelfoam, led to substantial increments of the ABR 124 

thresholds with no immediately evident spiral ganglion loss. A significant death of SGNs was only 125 

detectable 3 weeks post intervention. This time window between intervention and cellular damage 126 

would suggest that the effect is indirect and, although hair cells are preserved, other structures 127 

could have been affected such as the stria vascularis. This may limit the use of this model for a 128 

targeted reparative strategy to the spiral ganglion 129 

Furthermore, when we modified these protocols and applied them to the gerbil, mixed results 130 

were achieved. Local application of β-bungarotoxin to the gerbil round window membrane (RWM) 131 

on a gelfoam plug showed no evidence of threshold shift, when concentrations comparable to those 132 

used in previously published work were used. At a higher concentration though, a substantial raising 133 

of the ABR threshold to a click stimulus could be attained within a few days of treatment, with a 134 

concomitant loss of Type I SGNs found by immunofluorescence after 5 weeks (Fig.1F, H, N, P) 135 

compared with the untreated condition (Fig.1B, D, J, L). Both the Type II SGNs (Fig. 1E, H) and the 136 

hair cells (Fig. 1M, P) were unaffected by the treatment. However, in order to achieve this neural 137 

loss, the toxin concentration had to be increased to a level whereby unpalatable ‘off-target’ effects 138 

such as hind-limb paresis and urinary incontinence were evident, prompting the termination of 139 

these experiments for welfare reasons. The potential for intra- and extra-cochlear off-target effects 140 

would lead to it being a less than ideal candidate for use as a neuropathy-inducing agent, particularly 141 

since it was no more effective than ouabain (see section 2.5, below).  142 

2.2 Pyridoxine 143 

Pyridoxine, or Vitamin B6 in common parlance, has been associated with the onset of toxic 144 

sensory neuropathy in patients consuming high daily doses (van Hunsel et al., 2018), and has been 145 

employed as a neuropathological agent in animal models (Umapathi and Chaudhry, (2005) and 146 

references therein). There are limited reports of pyridoxine’s use as a specific agent to target 147 

auditory neurons. Hong et al. (2009) showed that daily systemic injections of the compound at 175, 148 

350 or 700mg/kg gave a dose-dependent threshold shift of up to 60dB for both click and 8kHz tone 149 

stimuli. Interestingly, the onset of the deficit was around 5 weeks after the initiation of the 150 

treatment and gradually worsened until the experiments ceased at 10 weeks; the histology of the 151 

auditory nerve showed atrophy of the nerve fibres and thinning of their myelin sheaths. Notably, off-152 

target effects such as the ataxia seen in rat pyridoxine models (Perry et al., 2004) were absent in 153 

these mice, save for a mild effect on the tail flick latency. There may also be an outer hair cell (OHC) 154 

loss associated with this pathology, shown by a loss of otoacoustic emission (OAE) signals arising 8 155 

weeks after the onset of treatment – however this loss could be ameliorated by the neuroprotective 156 

effects of trigonellone or freeze-dried coffee, implying that the hair cell loss may arise as a secondary 157 

consequence of SGN deterioration rather than a primary insult by the pyridoxine (Hong et al., 2009). 158 

Further work is required to shade in the details of these intriguing findings - as such, this may prove 159 
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a good model for a slow and chronic neuropathy, as opposed to the rapid and catastrophic neural 160 

loss found with other agents.  161 

2.3 Sodium salicylate 162 

Transient SNHL and tinnitus have been well characterised as side effects of high doses of sodium 163 

salicylate, the active ingredient in aspirin. There is a breadth of data suggesting that salicylate has 164 

pleotropic effects on the hearing system – it is posited that salicylate-induced upregulation of the 165 

electromotility protein prestin in the OHCs may lead to their overactivity. The consequent imbalance 166 

with IHC firing may lead then lead to the perception of tinnitus, which itself may be exacerbated by 167 

salicylate’s central effects on GABAergic and serotonergic activity in auditory areas of the brain 168 

(Sheppard et al., 2014). There is, however, conflicting evidence from in vitro and in vivo studies to 169 

suggest that chronic salicylate exposure may lead to a selective and permanent loss of SGNs via 170 

superoxide-mediated apoptosis. In organotypic cultures from young rat pups, Deng et al. (2013) saw 171 

a salicylate-mediated SGN loss which spared the adjacent hair cells and support cells; their in vivo 172 

experiments showed that chronic exposure led to a decrease in the compound action potential 173 

(CAP) measured at the round window (RW) (Sheppard et al., 2014). However, the I/O function 174 

produced indicated that the OHCs were functioning normally and the anomaly lay with the discharge 175 

from damaged SGNs. Conversely in the guinea pig, Feng and co-workers (2011a; 2011b) saw an 176 

upregulation of caspase-mediated apoptosis in both hair cells and SGNs after chronic salicylate 177 

administration.  178 

So, although salicylate intoxication of the cochlea may represent a physiological model in terms 179 

of a ‘real world’ situation, it may not give a ‘clean’ neuropathy model. Thus, it may be difficult to 180 

interpret the results of a neural cell transplant in the potential context of concomitant hair cell 181 

damage and altered cortical activity.  182 

2.4 Glutamatergic excitotoxicity 183 

Excessive stimulation of the afferent dendrites by glutamate (or some of its analogues such as 184 

kainic acid) can lead to the loss of SGNs and may be the pathological process bringing about the 185 

damage caused by cochlear ischaemia, age related hearing loss with underlying vascular atrophy 186 

(Pujol et al., 1990) and even sepsis (Schmutzhard et al., 2013). The excitotoxic loss is worst in SGNs 187 

with low spontaneous discharge rates (‘low-SR’ fibres) and high sound thresholds (Furman et al., 188 

2013) and so could lead to impaired speech comprehension, which may be particularly relevant in 189 

patients presenting with so-called ‘hidden hearing loss’ (HHL) caused by cochlear synaptopathy. 190 

For many years, signalling at the afferent post-synaptic density remained opaque. The most 191 

established view is that afferent neurotransmission between the IHCs and the SGNs is 192 

predominantly mediated by AMPA receptors (Takago and Oshima-Takago, 2018). However, using a 193 

combination of RT-PCR and immunohistochemistry, Peppi et al. (2012) suggested that the 5 kainate 194 

receptor subunits (GluK1-5) were localised to the post-synaptic density of the afferent fibres, where 195 

they were coexpressed with AMPA receptors - this receptor mix may be underlying the transmission 196 

of the signal from the IHCs. This localisation was further refined by Fujikawa et al. (2014), who 197 

showed that GluK2 and GluK5 were present at the post-synaptic side of the afferent cleft, with, 198 

intriguingly, GluK2 also being present on the IHC, suggesting that the recycling of glutamate may be 199 

occurring on both sides of the synapse.  200 

Overstimulation of the cochlea with kainic acid has been used as a model for glutamatergic 201 

damage. Although at lower doses, the loss of neural responses has been found to be reversible in 202 

the guinea pig (Sakai et al., 2008) and chinchilla (Zheng et al., 1997; Zheng et al., 1999), an increased 203 
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dose has been shown to lead to a 34% loss in Type I SGNs in the rat (Juiz et al., 1989). Using the 204 

different components of the ABR wave complex as a metric for the health of different aspects of 205 

auditory neural transmission, Henry and Abrams (2018) found that kainate intoxication caused a 206 

persistent reduction in wave i amplitude in the budgerigar, implying a selective damage or 207 

synaptopathy had occurred at the level of the auditory nerve. The differing susceptibility of the SGNs 208 

may reflect current thinking as to the heterogeneity of the sensory afferent population (Petitpre et 209 

al., 2018; Shrestha et al., 2018). There may be species-differences in the susceptibility of the hair 210 

cells to excitotoxic damage. For instance, in the rat, the hair cells were unscathed by the kainate 211 

insult (Juiz et al., 1989) but in the gerbil, the glutamate agonist AMPA was found to induce IHC death 212 

at high concentrations (Hyodo et al., 2009).  213 

There is potential in the use of kainic acid or other glutamatergic agonists as a method of 214 

inducing AN - if the dose can be titrated correctly, it may give a clean loss of neurons, or more 215 

intriguingly, the loss of a subset of neurons, which may have implications for the treatment of 216 

cochlear synaptopathy-based HHL. 217 

 218 

2.5 Ouabain 219 

Ouabain is derived from Stropanthus gratus, a member of the liana family, whose leaves and 220 

seeds have been used for both traditional medicine and arrow poison in many African countries. 221 

Latterly, it has been adopted in Western medicine as an agent for the treatment of hypotension and 222 

cardiac issues (Whayne, 2018). It acts by inhibiting the α subunit of the Na
+
, K

+
-ATPase pump (NKA); 223 

NKA is a ubiquitous heterotrimeric enzyme consisting of catalytic α and β subunits and a regulatory γ 224 

subunit which work together to move sodium and potassium ions across cell membranes against 225 

their concentration gradient using ATP as an energy source. The different α subunits (ATP1A1-4) 226 

have varying sensitivities to ouabain, with α3 being more strongly inhibited than α2, and α1 being 227 

the least affected by the drug. ATP1A3 is particularly abundant in neurons, particularly throughout 228 

the peripheral processes and somata of the Type I SGNs (Delprat et al., 2007; McLean et al., 2009), 229 

whereas ATP1A2 is expressed by glia and ATP1A1 has a broad distribution. The topical application of 230 

ouabain to the RWM can be used as a tool to induce cell death in the spiral ganglion neurons 231 

without damaging the organ of Corti - this is advantageous as a model for cellular transplantation, as 232 

it preserves the putative trophic support given by the hair cells and support cells to the grafted 233 

progenitors. 234 

The use of ouabain as a neurotoxic agent has been widespread in the field. Early work 235 

demonstrated the effects of ouabain on the endocochlear potential by direct infusion of the drug 236 

into the perilymph of the guinea pig (Konishi and Mendelsohn, 1970) or application at the RW in the 237 

chinchilla (Rybak et al., 1984), brought about by its actions on the stria vascularis. However, these 238 

effects were transient and almost completely absent in the gerbil (Schmiedt et al., 2002). Ouabain’s 239 

use as neuropathy-inducing agent was therefore pioneered in the gerbil (Lang et al., 2005; Matsuoka 240 

et al., 2007; Schmiedt et al., 2002) where it has been shown to induce apoptosis of Type I SGNs 241 

within a few hours post-application, leading to robust obliteration of this cell type by 4-8d post-242 

treatment. This provides an ideal backdrop for cell transplantation studies (Chen et al., 2012; 243 

Matsuoka et al., 2007). The mechanism of cell death being induced has been a matter of debate, 244 

with the term ‘necroptosis’ being coined. Cultured cortical neurons begin by swelling transiently in 245 

response to ouabain treatment, similar to neurons undergoing an excitotoxic lesion (see section 2.4), 246 

followed by intracellular Ca
2+

 build-up and a K
+
 efflux which triggers cell shrinkage characteristic of 247 

necrosis and caspase activation leading to apoptosis (Xiao et al., 2002); these processes are thought 248 
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to occur concurrently within single cells, leading to a ‘hybrid death’ phenotype. In vivo, this process 249 

may be triggered by ouabain-mediated upregulation of Receptor Interacting Protein 3 (Rip3), a 250 

necroptosis pathway activator - Wang et al. (2014) showed that the ~50dB ABR threshold shift 251 

induced in the rat by 10mM ouabain could be prevented by the concurrent application of apoptosis 252 

and necroptosis inhibitors. This may have implications clinically for acute ototoxic incidents, with 253 

there being scope for the prevention of cell death with such drugs. Intriguingly, Type II SGNs are 254 

spared and do not die after ouabain treatment, and there remains debate as to why this should be 255 

the case. A simple explanation would be that they do not express ATP1A3 (McLean et al., 2009) and 256 

so are relatively ouabain resistant, due to their expression of a less-sensitive subunit. However, their 257 

perdurance even after exposure to high concentrations of the drug (Chen et al., 2012; Lang et al., 258 

2005) suggests that they may be more efficient at invoking protective mechanisms - the toxic influx 259 

of Ca
2+

 caused by ouabain might be being buffered by the higher levels of calcineurin present in the 260 

Type II SGNs compared to the Type I (Lang et al., 2005), and so the necroptosis pathways remain 261 

untriggered. 262 

Indeed, the use of low doses (10-100µM) in the gerbil gives a gradation of fibre loss which 263 

may be a relevant clinical model for synaptopathy-based HHL, wherein a patient’s pure tone 264 

audiogram may be normal but speech becomes unintelligible to them in a noisy environment. 265 

Bourien (2014) and Huet and co-workers (2018) demonstrated in the gerbil that a 33µM dose of 266 

ouabain led to the loss of low-SR nerve fibres which did not affect the CAP threshold or amplitude, 267 

but which could lead to a reduced discriminatory ability in noisy circumstances. Increasing this dose 268 

to 66µM again did not alter the CAP threshold, but did reduce its amplitude due to the loss of 269 

medium- and high-SR fibres and a loss of synchrony in the response onset. Similar work in the mouse 270 

(Parthasarathy and Kujawa, 2018; Yuan et al., 2014) set out to titrate the ouabain treatment to give 271 

differing degrees of deafferentation and look at the effects on synaptic density and auditory 272 

responses. A loss of presynaptic ribbons and a decrease in the post-synaptic density at the IHCs was 273 

found, alongside tantalising evidence of neural plasticity - abnormal giant terminals were also seen 274 

in aberrant locations on the IHC, indicative of a neural remodelling which has failed to associate 275 

correctly with the hair cell ribbon synapses. Concomitantly, a raising of ABR thresholds was found, 276 

but only once a substantial number (>80%) of synapses had been lost. Thus, by using ouabain at 277 

these lower doses, there may be scope for uncovering the subtleties of the progressive loss of 278 

synapses, fibres and cell bodies which may be causative for the AN phenotype. 279 

The concept of ‘central compensation’ can also be addressed with ouabain treatment. In 280 

some intricate and elegant experiments, Chambers and co-workers (2016a; 2016b) have 281 

demonstrated the plasticity of central processing after an auditory lesion. In mice treated with 1mM 282 

ouabain, the ABR and acoustic startle responses were both eliminated, but a behavioural paradigm 283 

for tone detection still gave a positive response, even in animals who had lost >90% of their 284 

synapses. Incredibly, activity in the auditory centres of the brain was maintained: in the inferior 285 

colliculus and the auditory cortex, activity recovers during the month following the lesion, and in 286 

some cases is more robust than in control animals. An explanation for this finding could be that the 287 

basic features of sound, encoded by variations in spike rate, can be reinstated and that the central 288 

gain on signals from the peripheral afferents can be increased to compensate for erosion of this 289 

input. These higher-level, hyperexcitable circuits might amplify signals which are too weak to be 290 

picked up in the form of an ABR in the brainstem. Thus, ouabain might provide a good model for the 291 

over-reaction of central systems thought to underlie the tinnitus and hyperacusis comorbidities 292 

sometimes found with AN. 293 
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It is important to consider the condition of the cochlea post-ouabain, particularly if the 294 

onward goal is cell transplantation. The inflammatory response post-ouabain in the mouse has been 295 

carefully characterised, revealing a recruitment of macrophages after a 3mM treatment (Brown et 296 

al., 2017) which are seen to engulf the dying SGNs and an upregulation of haematopoietic stem cell 297 

homing factors (Noble et al., 2018). There also must be consideration of the effect on the resident 298 

glial population - a 200µM dose in vitro (Xiao et al., 2002) does not affect glia. It has been reported 299 

that 3mM ouabain can trigger proliferation of the resident Schwann cell population in the mouse 300 

cochlea with an increase in BrdU
+
/Sox10

+
 cells. There is also an upregulation of neurogenesis 301 

markers such as GFAP and nestin in these cells, suggesting that the glia of the injured nerve may 302 

possess neural stem cell-like properties (2011; 2015). There may be, however, some discrepancies 303 

over this result - Zhang et al. (2017) applied this same 3mM dose in the same mouse strain and saw 304 

a loss of S100+ Schwann cells; and in our lab, we see a loss of these cells in both mouse and gerbil 305 

with a 5mM dosing regimen (Mallick et al., manuscript in preparation). 306 

Despite its widespread usage, there has been a wide variation in the literature as to the 307 

dosage and treatment regimens - ‘application at the RWM’ seems to have a range of interpretations 308 

- and so, there are somewhat mixed results, which may also reflect anatomical differences between 309 

species, alongside differential drug sensitivities. In the guinea pig, some workers have shown that 310 

comparatively little damage was done to the SGNs after RW application in spite of spiral ligament, 311 

stria vascularis and OHC damage being present (Hamada and Kimura, 1999), whereas others have 312 

observed diverse and unpredictable responses with no damage to the stria and variable SGN 313 

damage (Schomann et al., 2018). Results from ouabain treatment in the rat suggest that its toxic 314 

phenotype may lie somewhere between that of the gerbil and the guinea pig - a basal to apical 315 

gradient in the severity of SGN loss was found, with a substantial loss of both IHCs and OHCs (Fu et 316 

al., 2012). Suggestions have been made to explain these disparities, with a likely explanation being 317 

the underlying anatomy of the species in question. For example, the modiolus of the gerbil cochlea is 318 

closer to the RWM than that of the guinea pig or rat (Chamberlain, 1977; Schmiedt et al., 2002) and 319 

so there may be more direct access for the drug to intoxicate the neurons. Additionally, there may 320 

be an effect between different experimenters - numerous, short applications of the drug may give 321 

rise to a more severe and consistent toxic phenotype than a single incubation, since the steepness of 322 

the concentration gradient is repeatedly replenished. 323 

The clinical relevance of ouabain application as a model for human hearing loss conditions 324 

may extend beyond selective fibre loss and synaptopathies. There have been reports of patients 325 

with mutations in ATP1A3 presenting with CAPOS syndrome (cerebellar ataxia, areflexia, pes cavus, 326 

optic atrophy and SNHL) (Demos et al., 2014; Han et al., 2017). More recently, the hearing loss has 327 

been revealed as a form of AN, with normal OAEs but abnormal ABRs indicative of a neural 328 

dyssynchrony (Tranebjaerg et al., 2018), suggesting that ouabain application may be a good model 329 

for the deafness aspect of this rare condition. 330 

 331 

3. Mechanical lesions of the auditory nerve 332 

In chemically-lesioned AN models (e.g. by the application of ouabain), the primary insult 333 

occurs at the level of the soma or the peripheral processes of the spiral ganglion fibres. But in 334 

surgical situations, for instance when a patient undergoes the excision of an acoustic neuroma via a 335 

retro-sigmoidal approach, the VIIIth nerve can be damaged within its more central portion, beyond 336 

the internal auditory meatus. Earlier studies by Spoendlin and Suter (1975; 1976) described some 337 

intriguing results after resection of the auditory nerve in the cat and the guinea pig. He observed a 338 
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gradual loss of the Type I fibres which began in the basal turn and progressed over the course of 339 

several months; after two years however, the majority of SGNs had been lost and only the Type II 340 

neurons perdured - their resilience, also observed after ouabain damage to the peripheral processes, 341 

is surely worthy of note. This cut lesion model also showed evidence of neural regeneration - 342 

Spoendlin described the presence of ‘giant’ fibre endings packed with mitochondria which form 343 

some form of synapse at the IHC, and remarkably this phenomenon endured for nearly two years 344 

post-lesion. Alas, the data trail for this potential recovery from such central-process lesions went 345 

cold for over two decades until Sekiya, Ito and co-workers published a series of papers elucidating a 346 

method for generating an alternative auditory nerve injury model to the central axonal processes. By 347 

gently crushing the nerve at the level of the internal auditory meatus in the rat, they could induce a 348 

progressive, apoptotic loss of Type I SGNs whereby the extent of damage could be titrated according 349 

to the speed and depth of compression (Sekiya et al., 2000; Sekiya et al., 2003). Again, the 350 

extraordinary resistance of the Type II neurons to this damage was noted - even after 8 months, they 351 

remained intact, as did the hair cells (Matsumoto et al., 2008). However, there was a reduction in 352 

cell numbers centrally in the posterior ventral cochlear nucleus and the dorsal cochlear nucleus 353 

(Sekiya et al., 2009) implying an anterograde degeneration progressing centrally as well as the 354 

retrograde losses in the cochlea itself. Critically however, this lesioning spared the internal auditory 355 

artery - a key factor in this model, since loss of blood supply to the cochlea is known to result in 356 

complete fibrosis of the organ within a couple of weeks (Sekiya et al., 2000). 357 

The response of the glia to the crush injury is a key feature of this model which may lend it 358 

clinical relevance. In patients undergoing surgery to remove tumours from this area, there is often a 359 

delayed hearing loss observed - on waking, their hearing seems to have been preserved, only to 360 

degrade over the subsequent couple of months. This degeneration may correlate with the amount 361 

of mechanical trauma the auditory nerve receives during the course of the surgery (Sekiya et al., 362 

2011). In the rat model, after 8 weeks a dense, gliotic ‘scar’ had formed, spanning the lesion and 363 

extending beyond the Obersteiner-Redlich zone into the peripheral cochlear nerve. However, the 364 

overgrowth of these GFAP- positive, astrocytic fibres has the potential to be a blessing in disguise. 365 

Although this scar tissue may squeeze the life from any remaining auditory nerve fibres (Sekiya et al., 366 

2011) and is  generally considered to inhibit the growth of neural fibres, it could be induced to act as 367 

a scaffold for a cell transplant. It may have the potential to bridge any gaps and give a route along 368 

which cells can migrate into the periphery of the cochlea (Sekiya et al., 2006; Sekiya et al., 2015). The 369 

crush lesion also recruits a large influx of macrophages at the compression site and it was found that 370 

treatment of injured animals with methylprednisolone could reduce this inflammatory response and 371 

protect the SGNs (Sekiya et al., 2001). Thus, steroid treatment may provide an effective therapeutic 372 

avenue for hearing preservation in patients undergoing, for instance, vestibular Schwannoma 373 

surgery. 374 

 375 

4. Ischaemia 376 

Ischaemia induces swelling of the afferent dendrites beneath the IHCs, in a mechanism 377 

thought to be mediated by glutamate (see section 2.4 above, regarding the similarities of this with 378 

excitotoxic damage). A loss of blood flow to the cochlea rapidly starves its cells of ATP, and this 379 

energy depletion leads to a drop in the endocochlear potential (Tabuchi et al., 2010). This causes 380 

glutamate to build up in the synaptic cleft and accrue in the perilymph as it is no longer taken up 381 

correctly by cells, via transporters such as GLAST, with the effect of a loss of ionic homeostasis and 382 

water and ion influx into the dendritic processes of the afferents. However, as catastrophic as this 383 

may seem at initial examination, the synapse is remarkably plastic and, if the episode of anoxia is 384 
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brief (5 minutes or shorter), then there is repair of dendrite and the hearing loss is transient. If there 385 

is a prolonged period of starvation though, the damage becomes irreversible, leading to cell 386 

blebbing and eventual death. This may require some finessing to be used as a cell transplantation 387 

model, as there is evidence of a hair cell loss in conjunction with SGN losses after an ischaemic 388 

incident, as found in the guinea pig by Lin and coworkers (Lin et al., 2010). Although in the gerbil, 389 

there is contradictory evidence regarding whether the damage occurs mostly at the level of the hair 390 

cells rather than the SGNs after transient ligation of the vertebral arteries (Okada et al., 2013; 391 

Taniguchi et al., 2002; Watanabe et al., 2009; Yoshida et al., 2007) - the outcome may depend on the 392 

duration of the anoxia. 393 

 394 

5. Metabolic causes of neuropathy 395 

5.1 Diabetes 396 

An under-reported but impactful consequence of Type 1 and Type 2 diabetes mellitus is the 397 

increased prevalence of hearing loss amongst patients (Bainbridge et al., 2008) and, with the global 398 

increase in diabetes and pre-diabetic conditions, this is likely to become a significant contributing 399 

factor in adding to the deafness burden world-wide. The aetiology of this hearing loss is currently 400 

unclear, with speculation based on other, hyperglycaemic consequences that the microvasculature 401 

of the cochlea may be affected, with consequences for the stria vascularis and maintenance of the 402 

endolymph. Chronically-raised blood glucose levels also leads to oxidative stress, microglial 403 

activation and neuropathy (Helzner and Contrera, 2016) and there are strong indications of 404 

degeneration in the peripheral auditory fibres (Bainbridge et al., 2008). ABR testing in Type 1 405 

patients revealed changes in the latency of waves i, iii and iv (Mujica-Mota et al. (2018) and 406 

references therein); and, in the limited histology data from diabetic patients, degenerative changes 407 

in the SGNs have been observed, amongst other pathologies (Makishima and Tanaka, 1971). Animal 408 

models for these conditions are known to have hearing pathologies as part of their phenotypic 409 

spectrum - for instance, the Zucker Diabetic Fatty rat has a moderate increase in ABR thresholds 410 

(Meyer zum Gottesberge et al., 2015) - and there is evidence for AN in the mouse model of Type 1 411 

diabetes (Hong and Kang, 2008). The condition can be induced by a single injection of streptozotocin 412 

(STZ) and animals show aberrant ABR responses when tested 4-10 weeks later, with raised click 413 

thresholds and altered inter-peak latencies, with the severity of the delay being directly related to 414 

the initial dose of STZ (Hong and Kang, 2008; 2014; Hong et al., 2008). Thus, this model may be 415 

useful for examining AN with differing severity levels; information is, as yet, lacking regarding the 416 

histology of the cochlea in these animals and it will be key for taking this important model forward. 417 

5.2 Neonatal jaundice 418 

Neonatal jaundice is a risk factor for damage within the auditory system. It arises due to 419 

elevated levels of bilirubin in the bloodstream, for example because of the high levels of red blood 420 

cell turnover in the newborn, and leads to a characteristic yellowing of the skin. Although common, 421 

particularly in pre-term infants, it is usually self-limiting, requiring minimal intervention for 422 

successful resolution. However, in cases with an early and rapid onset (less than 24 hours post 423 

partum) or with a prolonged duration (2-3 weeks of symptoms), this severe jaundice may reflect an 424 

underlying metabolic issue and become pathological, resulting in kernicterus (bilirubin 425 

encephalopathy) - babies are left with lasting and often severe neurological damage, not least of 426 

which is an auditory phenotype (Ramachandran, 2016). Lesions are thought to occur in the cochlear 427 

nucleus, the superior olive and the lateral lemniscus amongst other components of the central 428 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

11 

 

auditory processing pathway - Perlman et al. (1983) showed a variety of disruptions to the ABR 429 

waves measured from jaundiced babies. There is some controversial evidence for the existence of 430 

peripheral lesions, with reports of high frequency hearing loss and ‘word aphasia’, which could be 431 

indicative of a cochlear synaptopathy condition (Shapiro and Nakamura, 2001). Despite the 432 

therapeutic options available, neonatal jaundice remains a leading cause of neurodevelopmental 433 

disorders, particularly in developing nations, with the financial and societal costs that accompany 434 

the care of neurodisability (Amin et al., 2017). 435 

Modelling neonatal hyperbilirubinaemia in animals has been approached in a number of 436 

ways. The injection of bilirubin alone is adequate to induce mild auditory damage in the guinea pig 437 

(Ye et al., 2012) and rat (Gokdogan et al., 2016). However, in order to model the more severe 438 

damage seen in affected children, accompanying the bilirubin with sulphonamide-based compounds 439 

such as sulfadimethoxine (‘sulfa’) has been an effective strategy in mice (Schiavon et al., 2018), rats 440 

(Karplus et al., 1988) and Rhesus monkeys (Ahlfors et al., 1986). These sulphonamides outcompete 441 

bilirubin for serum albumin binding sites, causing it to be displaced and to leach out into tissues 442 

where it causes damage by inducing neuroinflammation and triggering intracellular stress 443 

mechanisms (Schiavon et al., 2018). In addition, hyperbilirubinaemia may occur as a secondary 444 

consequence of haemolytic disease in the newborn - the impaired recycling of red blood cells causes 445 

both iron and bilirubin levels to rise, with associated neurotoxic consequences. To model this 446 

condition, the drug phenylhydrazine (PHZ) has been used to exacerbate haemolysis in young rats (Li 447 

et al., 2014; Mejia et al., 2008). This causes an increase in circulating bilirubin levels and thereby 448 

induces a transient auditory impairment in young rats (Li et al., 2014) with a longer-lasting loss of 449 

Neurofilament-200 immunoreactivity in the SGNs. Coupled with the apparent sparing of the hair 450 

cells, this model warrants further investigation as a potential candidate for neural progenitor 451 

transplant. As might be expected, the PHZ-induced damage can be exacerbated by co-injection with 452 

sulfa (Amini et al., 2017). 453 

The Gunn rat (Gunn, 1938) is a spontaneously-arising animal model for Crigler-Najjar type 1 454 

syndrome, a recessive familial metabolic disorder in which a deficiency in the uridine-diphosphate-455 

glucuronosyl transferase A1 (UDP-GT1A1) enzyme prevents the conjugation of bilirubin to 456 

glucuronide in the liver. Consequently, bilirubin cannot be excreted as normal in the bile and 457 

accumulates at toxic levels in the bloodstream – the lipid solubility of this unconjugated bilirubin 458 

facilitates its transfer across the blood-brain barrier and its subsequent deposition in brain tissue, 459 

causing kernicterus. Rats carrying the jj genotype are phenotypically similar to affected human 460 

patients, displaying a pronounced jaundice (Fig 2A, B) - pups can be identified with 100% confidence 461 

on the basis of their skin colouration prior to confirmation by genotyping. They may also display 462 

neurological deficits such as ataxia – rats display a pronounced ‘wobble’ when walking (Chaniary et 463 

al. (2009) and our unpublished observations), cerebellar hypoplasia (Fig. 2C and Conlee and Shapiro 464 

(1997)) and mild hearing loss. A similar phenotype is seen when the UGT1 locus is targeted in the 465 

mouse (Bortolussi et al., 2012; Nguyen et al., 2008; Ronzitti et al., 2016). 466 

However, the Gunn mutation in isolation may not give rise to an adequate auditory 467 

dysfunction as a result of the bilirubin-induced neurotoxicity – for instance, mild aberrations in the 468 

latency of certain components of the ABR wave complex were found (Shapiro and Hecox, 1988; Uziel 469 

et al., 1983), whereas other workers found no deficit in the jj mutants (Levi et al., 1981). There was 470 

also evidence of normal ECoch recordings and an intact organ of Corti (Uziel et al., 1983). 471 

Consequently, it has become routine to enhance the phenotype either by inducing haemolysis to 472 

increase circulating bilirubin with phenylhydrazine (Rice and Shapiro, 2008) or, more commonly, by 473 

injecting affected animals with sulphonamide-based compounds such as sulfasoxisole (Blanc and 474 
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Johnson, 1959) or ‘sulfa’ (Schutta and Johnson, 1969), which cause the circulating bilirubin to leach 475 

out into the tissues. Sulfa injections produce a more severe form of the ABR latency irregularities 476 

seen in untreated jj animals, ranging from interwave latency anomalies through to an absence of 477 

waves i to iv (Shapiro, 1993; Shapiro and Hecox, 1988; Shapiro and Conlee, 1991) and for many 478 

years, these effects were assumed to be a problem intrinsic to central auditory processing deficits – 479 

sulfa injections were seen to result in significant reductions in cell size in the medial nucleus of the 480 

trapezoid body (MNTB), alongside a reduction in the volume of the cochlear nucleus which was 481 

directly correlated to the amplitudes of the different wave components of the ABRs in those animals 482 

(Conlee and Shapiro, 1991; Shapiro and Conlee, 1991). Evidence of a failure of synaptic transmission 483 

at the glutamatergic Calyx of Held terminals in the MNTB was demonstrated in some very elegant 484 

experiments where degeneration of the excitatory presynapse was shown by multi-photon imaging 485 

(Haustein et al., 2010). However, hints at a peripheral lesion in the cochlea itself or in the auditory 486 

nerve were shown by the diminution of wave i in the ABRs of sulfa treated animals (Shapiro and 487 

Conlee, 1991) and evidence of damage to the SGNs was shown by Shaia et al. (2005). Three days 488 

after being injected with sulfa, the SGNs appeared shrunken and demyelinated compared to saline-489 

injected controls, accompanied by axonal degeneration in the central portion of the nerve but in the 490 

context of good preservation of both inner and OHCs. There is a preferential loss of large-diameter 491 

axons, which may underlie the temporal dyssynchrony observed in both these animals and in 492 

patients diagnosed with AN. 493 

This animal would, in theory, represent an ideal candidate for a neuropathy/transplantation 494 

model, since it loses the neuronal reserve but spares the mechanotransduction machinery. The 495 

Gunn rat has already been used as a transplant model for other aspects of its pathology. Animals 496 

have undergone liver transplants with hepatocytes derived from human neonatal livers (Tolosa et 497 

al., 2015) or induced hepatocytes derived from reprogrammed human skin fibroblasts (Chen et al., 498 

2015), and in both reports, long term correction of the enzymatic defect and a lowering of serum 499 

bilirubin levels was achieved. There have also been shorter-term studies looking at the potential of 500 

human neural progenitor transplants to repair the kernicterus-induced damage in the brains of jj 501 

animals, with the intriguing observation that the raised levels of bilirubin may actually act as an anti-502 

inflammatory and immunosuppressive agent, protecting the transplanted cells from the host’s 503 

immune system (Yang et al., 2018; Yang et al., 2017). 504 

We have directed our attention to the use of the Gunn rat as a host for human otic neural 505 

progenitor (hONP) transplants, as a parallel model to the ouabain paradigm we currently employ. 506 

However, despite our best efforts, the results in our hands were disappointing. We took two 507 

approaches for the development of a neuropathy model - namely, the investigation of the 508 

phenotype in older animals to see if a long-term neurotoxicity would arise from a lifetime of high 509 

serum bilirubin levels and a repeat of the sulfa administration experiments in young pups to assess 510 

the resultant auditory phenotype (Fig. 3). The results on both accounts were unexpected. Firstly, an 511 

aged cohort of Jj (n=7) and jj rats (n=10) ranging from 6 to 18 months of age were tested in our 512 

standard ABR paradigm. There was no shift in ABR threshold for the click (Jj - 28dB SPl, jj - 27.6dB 513 

SPl; Fig. 3A) or pure tone (Fig. 3C) protocols. There was no reduction in the amplitude of wave ii-iii in 514 

the click ABR complex (Fig. 3B) at any of the measured sound intensities, or in any of the individual 515 

peak latencies (data not shown) for the jj animals compared with their Jj siblings, implying that 516 

neural conduction along the auditory pathway is occurring normally. When serum bilirubin levels 517 

were measured using the ultramicromethod (Walters and Gerarde, 1970), the jj animals were found 518 

to have an average serum bilirubin level of 8.15mg/dl (n=11 animals, range of 3.21 to 13.14mg/dl) 519 

compared to 0.21mg/dl in their Jj relatives (n=7 animals, range of 0.01 to 0.4mg/dl), confirming a 520 
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lifelong bilirubinaemia. Injecting jj pups with sulfadimethoxine at early ages had no effect on the 521 

auditory system when ABRs were measured 4-6 weeks later - auditory thresholds were not 522 

significantly different in sulfa-treated animals compared with saline-treated sibs at the click (saline - 523 

20.8dB SPl, sulfa - 23.2dB SPl; Fig. 3D) or tone (Fig. 3F) levels, with no change in wave ii-iii amplitude 524 

(Fig. 3E) or peak latencies (data not shown). Both injected cohorts were hyperbilirubinaemic, with 525 

levels of 5.9mg/dl in saline treated jj animals (n=9, range 4.66mg/dl to 8.96mg/dl). In neither the 526 

aged jj cohort nor the sulfa-injected jj animals did we see a significant reduction of spiral ganglion 527 

neurons - when we compare this with the rapid and catastrophic neural loss we achieve with 528 

ouabain (Chen et al., 2012), it becomes apparent that, currently, the Gunn rat is not an appropriate 529 

model for ONP transplantation.  530 

Notwithstanding the apparent lack of a neuronal phenotype, the Gunn rat proved difficult as 531 

a consistent model for neuropathy and transplantation in our experience. There was a marked 532 

difference in the life outcomes for jj mutant pups. Mutant homozygotes broadly fell into two 533 

populations, being either nominally healthy (notwithstanding their tendency to being underweight 534 

compared with siblings, see Gunn (1944) for the first description of this), or moribund - this is in 535 

marked contrast to the six-point clinical rating scale described by Spencer et al. (2002). Pups, 536 

particularly from larger litters would fail to thrive and enter a vicious downward spiral from around 537 

P10 to weaning age, at around 3-4 weeks (also described by Graham et al. (1980). They would 538 

become irritable, hyperactive (Stanford et al., 2015) and hypervocal (Lenhardt, 1982) followed by a 539 

descent into lethargy. A lack of feeding, either due a failure of the pups to navigate to the mother or 540 

by active maternal neglect (Cahalan and Graham, 1978), would result in dehydration which is 541 

thought to enhance transfer of bilirubin across the blood-brain-barrier (Bratlid et al., 1983).Despite 542 

the best attempts at supportive therapies with fluid replacement, nutritional supplementation and 543 

the use of activated charcoal or calcium phosphate chews to reduce serum bilirubin levels (Davis et 544 

al., 1983; Van Der Veere et al., 1996) there was an inexorable slide into further neural deterioration 545 

and animals would require euthanasia. Our experience with the colony mirrored that described by 546 

both Gunn (1944) and Johnson et al. (1959), in which a substantial proportion of jj pups were lost, 547 

whilst the survivors remained remarkably unscathed. This bimodal phenotypic distribution may 548 

underline the importance of the contribution of the genetic background to the expressivity of the 549 

condition, similar to the results seen by Stobie et al. (1991), who saw a four-fold increase in jj pup 550 

mortality when the mutation was carried on the ACI genetic background as opposed to the RHA 551 

background. Indeed, these observations mirror those of Bortolussi et al. (2014) who saw a marked 552 

difference in survival of UGT1
-/-

 mouse pups depending on the background strain harbouring the 553 

mutation. After a couple of generations in our facility, it was discovered that our Gunn colony was 554 

not an inbred line, as initially thought, with the appearance of albino progeny from Agouti ‘hooded’ 555 

parents arising from outcrossing of the colony at their previous institution - the effect of modifiers 556 

within the genetic background should not be taken for granted and may well have been influencing 557 

the Gunn phenotype.  558 

An unexpected consequence of the Gunn phenotype was also revealed in animals surviving 559 

in the longer term. At the age of 6-9 months and beyond, animals developed haematuria, with post 560 

mortem examination revealing scarring and cystic lesions on the kidneys. There is little evidence of 561 

this in the Gunn rat literature - Martinez-Maldonado et al. (1969) and Call and Tisher (1975) both 562 

address a urinary concentrating defect which may be due to crystalline bilirubin affecting kidney 563 

function; and bilirubin-induced nephropathy was described by Odell et al. (1967) – but it is clearly a 564 

problem in terms of keeping animals for a longer procedural duration, particularly since transplanted 565 

animals would require immunosuppression using drugs which may cause additional nephrotoxicity 566 

(Whiting and Simpson, 1983).  567 
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 568 

6. Genetic models  569 

Having a genetically inducible, ‘clean’ model of AN, in which the hearing loss is purely at the 570 

level of the neurons without the added complication of hair cell involvement, would be a boon for 571 

hearing researchers. It is known that human patients carrying mutations in genes expressed in the 572 

SGNs or auditory nerve have worse outcomes after cochlear implantation. For example, pathogenic 573 

variants of TMPRSS3, a gene of unknown function, lead to a profound deafness with normal cochlear 574 

microphonics but reduced auditory nerve activity and therefore poorer results in implanted patients 575 

(Shearer et al., 2018). 576 

A few reports exist describing mouse mutants, in which the criteria of SGN 577 

degeneration/loss without apparent effects on the hair cells are fulfilled. The saposinB knock-out 578 

mouse models a slow and progressive demyelination and ultimate loss of the SGNs, triggered by a 579 

primary loss of the satellite cells cosseting the sensory afferent fibres, whilst the efferent system and 580 

hair cells are preserved intact (Akil et al., 2015). The deafness in these animals becomes apparent 581 

from 6 months old, which is roughly equivalent to 30 years of age in humans; thus these mice may 582 

effectively mirror the inexorable hearing loss experienced by many of us with advancing age - 583 

although, to be used as a neuroprogenitor transplant host, it may require the grafting of a bi-potent 584 

cell population which have the capacity to differentiate as both SGNs and Schwann cells.  585 

Demyelination of the auditory nerve is thought to contribute to AN, particularly where 586 

neural dyssynchrony may be occurring (Long et al., 2018). To this end, there have been reports of 587 

mouse models which may model this problem. In the Trembler
J
 mouse, peripheral demyelination of 588 

the auditory nerve is predicted to underlie the latency and wave i amplitude anomalies seen in the 589 

ABR traces; a similar but less severe phenotype was seen in mice harbouring a conditional disruption 590 

of the Schwann cells (Zhou et al., 1995a; Zhou et al., 1995b). A targeted and specific reduction of the 591 

SGNs with diphtheria toxin (Pan et al., 2017) did not alter ABR thresholds in the recipient mice, but 592 

dramatically reduced the amplitude of the CAP response. Alongside a significant drop in the 593 

numbers of SGNs post-treatment, there was also evidence of degenerative pathology in terms of the 594 

thickness of the myelin sheath, albeit with the caveat that this may have occurred as a secondary 595 

consequence of the neural intoxication. 596 

Intriguingly, there is evidence that demyelination may be causative for some forms of HHL 597 

(Kohrman et al., 2019). In a mouse model where the cochlear Schwann cells were genetically 598 

ablated, the resulting transient loss in myelination of the SGNs resulted in a permanent drop in the 599 

amplitude of wave i of the ABR complex at suprathreshold sound intensities, in the absence of any 600 

synaptic loss (Wan and Corfas, 2017). Rather, persistent damage was observed at the first 601 

heminodes of the SGNs, implying that the propagation of the neural response was being affected. 602 

This may underlie the anomalous hearing phenotypes found in patients with demyelinating 603 

neuropathy conditions such as Guillain-Barré syndrome or Charcot-Marie-Tooth disease (Kohrman et 604 

al., 2019; Rance and Starr, 2015). 605 

There is also scope for the further characterisation of the auditory neural phenotype in 606 

mouse models of diseases known to cause neuropathy in patients. For example, the mitochondrial 607 

disease Friedrich’s ataxia causes SNHL in many patients, with dyssynchrony in AN firing patterns 608 

(Santarelli et al., 2015): mouse models of this condition are known to recapitulate many of the 609 

disease symptoms, but the physiology or histology of the auditory system has not yet been 610 

described (Chandran et al., 2017). As a caveat to relying too heavily on extrapolation between 611 
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species however, in the dominant mitochondrial condition optic atrophy 1 (Opa1), human patients 612 

have no activity in the auditory nerve in spite of apparently normal hair cell function (Huang et al., 613 

2009), whereas the mouse model shows normal hearing (Davies et al., 2007).  614 

On the other hand, some genetic models of AN, whilst being invaluable for their contribution 615 

to our knowledge of exactly how the cochlea functions, may not be currently suitable as models for 616 

cell transplantation. For example, the otoferlin mouse mutants model the autosomal recessive 617 

human DFNB9 condition, in which a profound, prelingual deafness with the hallmarks of AN arise 618 

(Pangrsic et al., 2010; Roux et al., 2006). However, the lesion affects the replenishment of vesicles at 619 

the IHC ribbon synapse; consequently, the deafness phenotype would not necessarily be improved 620 

by a neural progenitor transplant replacing the SGNs. In the case of bone remodelling disorders such 621 

as Paget’s disease, there is often an accompanying hearing loss (Amilibia Cabeza et al., 2018). A 622 

mouse knockout for the osteoprotegerin protein models such a condition (Kao et al., 2013), and 623 

there is clear evidence for a substantial degeneration of the SGNs in these animals which does not 624 

affect the hair cells, so this could be, in theory, a target for transplantation - however, the 625 

confounding effects of the conductive loss also found in this model could hinder the physiological 626 

assessment of any recovery.  627 

Menière’s disease (MD) is a complex and debilitating disorder characterised by 628 

endolymphatic hydrops and, in many cases, a fluctuating hearing loss. There is a wealth of literature 629 

and much debate in the field regarding the underlying pathology and this is largely beyond the scope 630 

of this review. However, the Phex mouse mutant may be a useful adjunct to the canon of MD 631 

research (Semaan et al., 2013). A mutation in the X-linked phosphate regulating gene (Phex) 632 

produces, amongst other bone-related abnormalities, endolymphatic hydrops. Moreover, there is a 633 

progressive loss of SGNs in an apical to basal gradient, which recapitulates the degenerative pattern 634 

seen in patients; the hair cells are preserved until advanced stages and it would be interesting to see 635 

if they could be preserved with an early progenitor transplant. 636 

 637 

7. Noise-Induced Hearing Loss (NIHL) 638 

A scourge of modern-day living is the constant bombardment of noise, at levels of exposure 639 

never previously experienced in human history - traffic, machinery, the ubiquitous ‘ear bud’ piping 640 

music into the external auditory meatus - all of these add up to contribute to increasing levels of 641 

hearing impairment, increasingly amongst younger adults. Permanent damage due to noise-induced 642 

hearing loss (NIHL) is brought about by pathological levels of sound which blast through the hair 643 

cells, ripping away the stereociliary bundle. However, a more insidious, pervasive damage is thought 644 

to underlie the concept of the ‘temporary threshold shift’ - noise which causes a steep increase in 645 

ABR threshold, which rapidly and subsequently returns to normal. The landmark study by Kujawa 646 

and Liberman (2009) laid the groundwork for the creation of animal models of NIHL, with careful 647 

titration of the noise ‘dose’ in order to maximally damage the ANFs without harming the hair cells, 648 

save for a little damage to the OHCs in the ‘hook’ region at the extreme base of the cochlea. The 649 

work demonstrated that although ABR thresholds remained normal, there was a reduction in wave i 650 

amplitude, specifically in the same tonotopic regions corresponding to the toxic noise frequencies. 651 

Examination of the synapses showed a degradation of the contacts between the IHCs and the ANFs; 652 

in subsequent studies, refinements in staining techniques showed that both the pre- (using CtBP2) 653 

and post-synaptic (using Glu2/3 or PSD-95) densities were affected and for a comprehensive 654 

overview of the work in this field, the reader is pointed to the review of Hickox and Whitton (Hickox 655 

et al., 2017). The synaptic loss then leads to a slow degeneration of the SGNs, caused by a gradual 656 
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retraction of the afferent fibres and death of the cell bodies, possibly due to a loss of trophic support 657 

from the organ of Corti. Indeed, in mice where the ErbB-neuregulin signalling axis has been 658 

disrupted by the expression of a dominant negative ErbB receptor in the supporting cells of the 659 

organ of Corti, the SGNs loss their trophic support and die back, due to an apparent drop in 660 

neurotrophin (NT-3) expression, demonstrating the critical feedback and support mechanisms the 661 

SGNs rely upon for their health (Stankovic et al., 2004). 662 

Close examination of the electrophysiological aspects of the synaptopathic phenotype using 663 

single unit recordings uncovered again a particular vulnerability to damage in the low-SR fibres in the 664 

guinea pig (Furman et al., 2013) and mouse (Liberman et al., 2015), somewhat akin to their peculiar 665 

sensitivity to ouabain (see section 2.5). The loss of these high-threshold fibres has been proposed to 666 

underlie the phenomenon of cochlear synaptopathy described above. When levels of ambient noise 667 

increase, the hypothesis is that the low-SR fibres are pressed into action on account of their large 668 

dynamic range and their relative insensitivity to noise masking. However, there is considerable 669 

recent controversy regarding the relevance of these animal models. In a cohort of human patients 670 

with known ‘speech in noise’ deficits, there was no correlation with (albeit self-reported) noise 671 

exposure. Moreover, no anomalies were found during electrophysiological testing - ABR wave i 672 

amplitude was normal (if anything, with a trend to be slightly higher than in ‘normal’ hearing 673 

controls) and there was no alteration in the wave i-v ratio (Guest et al., 2018). There is currently 674 

little evidence in humans that low-SR fibres have high response thresholds or that synaptopathy 675 

leads to perceptual consequences. There may be so many other confounding effects in human sound 676 

processing that while animal models are of use for understanding the cellular and biochemical 677 

mechanisms of sound intoxication, they may be limited for deeper perceptual interpretation. 678 

There is an intriguing finding in animals exposed to low level noise (LLN), equivalent in human terms 679 

to working in a relatively noisy, but not superficially ‘pathogenic’, environment. This degree of noise 680 

exposure is enough to give temporary shifts in ABR threshold, which return to normal when the LLN 681 

ceases with apparently no damage to the SGNs or hair cells. However, Frye et al. (2018) showed that 682 

there was an infiltration of macrophages which took two months to return to normal; it is tempting 683 

to speculate what harm this could lead to in the longer term, with repeated exposure. Indeed, an 684 

increase in inflammatory mediators by glia and the neurons themselves, alongside leukocyte 685 

recruitment post-noise exposure could represent an amenable target for therapeutic intervention to 686 

prevent noise-induced damage (Arslan et al. (2017); Fuentes-Santamaria et al. (2017); Tan et al. 687 

(2013) and references therein). 688 

8. Ageing 689 

One of the seemingly inevitable consequences of the march of time is our decreased ability 690 

to hear that clock ticking. By the age of 65, half of us will suffer from some degree of age-related 691 

hearing loss (ARHL), and with the advances in public health and medicine which have so dramatically 692 

increased our lifespan, we are still trying to understand how to improve this aspect of our 693 

healthspan. 694 

For many years, the dogma seemed to be that the cumulative daily insults we expose our 695 

hair cells to would ultimately lead to their dysfunction and death, with the subsequent die-back of 696 

the SGNs as they lost support from the organ of Corti. There is a change in thought about this direct 697 

pathway though, based on information from different animal models and also the recognition of 698 

cochlear synaptopathy-mediated HHL in older adults (see section 7, above), where hair cell function 699 

is clinically normal but neural responses are affected under certain acoustic conditions. There may 700 

exist a selection of differing pathologies resulting from independent degeneration of the hair cells, 701 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

17 

 

SGNs or stria vascularis; there is also some evidence that degeneration of the fibrocytes of the spiral 702 

limbus may be the primary insult resulting in neural loss, particularly in the apical region of the 703 

cochlea (Ohlemiller and Gagnon, 2004). The value of an animal neuropathy model for ageing must lie 704 

in its ability to recapitulate the pathology seen in human patients. As explained in the introduction, 705 

this becomes a Gordian knot in hearing research, due to the paucity of post-mortem human samples 706 

and the conflicting range of lesions which have been documented in these tissues. Counts from 707 

cochlear samples from the over-60s showed a 30-40% loss of OHCs, but with a greater than 60% loss 708 

of SGNs in the majority of cases - meanwhile, the IHCs were mostly intact (Wu et al., 2018). This SGN 709 

loss is slower than in most comparable animal models, and there is also the phenomenon of ‘neuritic 710 

presbycusis’, in which the peripheral fibres of the SGNs are lost, but the cell bodies survive. This 711 

could be a therapeutic window of opportunity for repair – work by Suzuki et al. (2016) has shown in 712 

the noise-induced model that it may be possible to regrow these peripheral fibres and re-establish 713 

synapsis by the judicious application of neurotrophic factors such as NT3 or BDNF. At the very least, 714 

the protection afforded by these factors may stall any further damage and allow for greater success 715 

in CI patients (Landry et al., 2011; 2013). 716 

The ageing human neuropathy has a parallel with the ouabain neuropathy model (see 717 

section 2.5 above) - in both the ageing human and the intoxicated animal cochlea, the Type II SGNs 718 

remain steadfast and persist. Perhaps herein lies the secret to neural survival; if we could install the 719 

Type II afferents’ protective mechanisms across the afferent population, we may be to stop neural 720 

degeneration in its tracks. Current advances in genomics have shed light on the different ‘flavours’ of 721 

SGNs and so a deeper analysis of these datasets may shed light on these key differences (Petitpre et 722 

al., 2018; Shrestha et al., 2018). 723 

Whereas a model for an age-related pure neuropathy still requires work, there is a 724 

substantial body of work on the synaptopathy aspect of ageing, and its relationship with noise 725 

exposure. Experiments with mice experiencing noise at young ages showed a deterioration of neural 726 

responses and SGN degeneration in old age compared to noise-naïve animals of the same age 727 

(Kujawa and Liberman, 2006), implying that the sublethal changes introduced by this early noise 728 

exposure made the cochlea more vulnerable to age-related damage. A single dose of synaptopathic 729 

noise early in life could accelerate the loss of synapses in older age, spreading out along to the 730 

cochlea to encompass even regions which were not initially covered by the pathological noise 731 

frequency band (Fernandez et al., 2015; Kujawa and Liberman, 2015). There is also a tendency to 732 

lose the low-SR synaptic contacts as a result of noise exposure, so maybe carefully-titred noise 733 

lesions will be an appropriate facsimile for the human condition, where temporal degradation of the 734 

neural signal and a diminishing of hearing acuity could be a sequela of low-SR loss (Kujawa and 735 

Liberman, 2015; Parthasarathy and Kujawa, 2018). 736 

Modelling the synaptic loss in the ageing mouse using a machine learning approach may give 737 

us an invaluable tool to take to the clinic. By populating their model with wave i ABR amplitudes and 738 

DPOAE responses, Bramhall et al. (2018) were able to predict the number of remaining synapses in 739 

mice aged between 1 month and over 2 years to an astonishing degree of accuracy, confirming their 740 

computational results with immunofluorescence for synaptic, hair cell and afferent fibre markers. 741 

Using this model in a clinical setting could be a revolutionary tool - being able to accurately predict 742 

the benefit a patient would receive from a given prosthesis would save the heartache of crushed 743 

hopes and be of significant gain from a healthcare economics perspective. 744 

There are genetic conditions whereby the clinical manifestations of hearing loss appear to 745 

mimic ARHL but on a more accelerated timescale - in patients carrying mitochondrial (mtDNA) 746 

mutations, the phenotypic spectrum of the resulting syndrome can often encompass progressive 747 
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deafness similar to that seen in ARHL. By creating a ‘mutator’ mouse strain with a progressive 748 

accumulation of mtDNA lesions, Niu et al. (2007) demonstrated how the resultant mutations 749 

resulted in a progressive hearing loss with an apoptotic degeneration of both peripheral and central 750 

auditory neurons which spared the IHCs, alongside a loss of neural density centrally in the cochlear 751 

nucleus. When comparing the ABR profiles of the 10 month old ‘mutator’ mice with 2 year old wild-752 

types of the same strain, there was a similar and profound raising of the hearing threshold, the 753 

suggestion being that the mutator mice were showing an accelerated presbyacusis phenotype. This 754 

mouse strain could be of great benefit to the field of ARHL because it may develop the relevant 755 

phenotypes without the attendant financial and ethical considerations of maintaining an ageing 756 

mouse colony. 757 

Despite many years of research, the mechanisms underlying ARHL, largely remain opaque. 758 

There are, however, some interesting hints that the symbiotic relationship between the SGNs and 759 

their glia (Wang et al., 2009). Mice were generated carrying a conditional knock-out of two of the 760 

fibroblast growth factor receptors (FGFR1 and FGFR2), specifically affecting the peripheral Schwann 761 

cells and central oligodendrocytes of the auditory nerve. These animals displayed a late-onset and 762 

progressive loss of hearing, the underlying pathology of which was a ‘pure’ neuropathy: animals had 763 

a significant (ca. 50%) loss of SGNs across all three cochlear turns without any losses in the hair cells 764 

or mutant glia. The authors proposed a breakdown in the reciprocal signalling arrangement between 765 

the SGNs and the glia: in the normal situation, they hypothesised that FGF secreted by said neurons 766 

activates FGF-responsive pathways in the glia, which respond by secreting the neurotrophins the 767 

SGNs need for support. Consequently, there could be a protective role for FGF in neuropathy 768 

models, both in ageing and acute situations.  769 

ARHL is likely to be a multifactorial problem, with a number of contributing features such as 770 

ageing, genetics, and environmental influences e.g. exposure to chemicals or noise pathologies.  771 

 772 

9. Infectious diseases 773 

9.1 Viruses 774 

Many viral diseases are known to result sensorineural deafness, either by a direct cytotoxic 775 

effect on cochlear tissues, or by secondary damage caused by inflammation. For some viral 776 

infections e.g. herpes simplex virus, the damage is thought to occur in the stria vascularis or the 777 

organ of Corti and so discussion of these conditions is outwith the scope of this review. 778 

Advances in public health have led to a reduced incidence in these viral causes of deafness, 779 

particularly in developed nations - for instance, mass vaccination for measles, mumps and rubella in 780 

the U.K. has almost eliminated post-infection deafness for the former two diseases and greatly 781 

reduced cases of congenital rubella syndrome in infants. In some cases, anti-viral therapies have 782 

helped with the outcomes for infected patients - for example, treatment with ganciclovir can halt 783 

the progression of cytomegalovirus (CMV)-induced SNHL (Cohen et al., 2014). However, CMV still 784 

remains an unfortunate burden when untreated or in its asymptomatic form: it has a high incidence, 785 

occurring in 0.2-0.5% of live births, of whom 10% will go on to develop hearing loss, accounting 786 

overall for a quarter of childhood deafness cases (Usami et al., 2017). The virus causes a wide variety 787 

of hearing loss phenotypes, which may be profound, asymmetric, and, in some cases, progressive 788 

with a delayed onset which may occur up to 16 years of age (Riga et al., 2018). As may be expected, 789 

there is debate regarding the underlying pathology, with an understandably limited amount of post-790 

mortem tissue available for examination; there is evidence of damage to the stria vascularis and 791 
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supporting cells with an infiltration of inflammatory cells around both infected and non-infected 792 

cells (Teissier et al., 2011). 793 

Modelling CMV infection in vivo has proved difficult, with conflicting opinions as to the 794 

optimal method of infection (intra-cerebral or intra-peritoneal?) and differing patterns of damage 795 

seen in the mouse and guinea pig (Bradford et al., 2015; Carraro et al., 2017; Li et al., 2015; Schraff 796 

et al., 2007; Tian et al., 2015; Wang et al., 2013; White et al., 2006). Perhaps of use as an AN model 797 

would be the neonatal intra-peritoneal injection model used by Bradford et al. (2015) - 6 weeks 798 

post-infection, infected mice had raised ABR thresholds, in some instances with unilateral and/or 799 

fluctuating hearing loss, thus mirroring the phenotypic spectrum of human patients. Histological 800 

examination showed infection, followed by a substantial loss, of the SGNs, accompanied by an 801 

infiltration of CD3+ cells and an upregulation of proinflammatory cytokines. Indeed, a prolonged 802 

inflammatory insult with high levels of IL-6, TNFα, ROS and the activation of the ‘inflammasome’ 803 

(Schachtele et al., 2011; Zhuang et al., 2018) may bring about the demise of the SGNs as a secondary 804 

insult rather than the primary viral infection itself, and this may be comparable to the macrophage 805 

infiltration found in the spiral ganglion region after ouabain intoxication (Brown et al., 2017). 806 

Lassa fever is a haemorrhagic virus with over 500,000 cases diagnosed annually, mainly in 807 

West Africa. When considering that one third of surviving patients develop SNHL during the latter 808 

stages of their infection or during convalescence (Mateer et al., 2018), there is a considerable long-809 

term healthcare and socio-economic burden from this neglected disease. A lack of biopsy or post-810 

mortem specimens entails that currently, the aetiology of the deafness is as yet unclassified. 811 

Developing a mouse model for this disease has proved challenging - somewhat unsurprisingly, there 812 

is a very high attrition rate in animals when they are infected with a virulent human strain (Yun et al., 813 

2015). However, when a milder variant is used, the animals develop SNHL 1-2 months after the 814 

initial infection - similar to the human situation - with degeneration of the SGNs which spares the 815 

vast majority of the hair cells. Notwithstanding the regulatory difficulties of working with human 816 

pathogens, there is scope for exciting research with this model, as it may fulfil the criteria for being a 817 

‘pure’ AN model - it would be interesting to observe the CAP and ABR measurements over time and 818 

in the presence of ribavirin, the anti-viral therapy for Lassa infections. There is again an influx of 819 

CD3+ lymphocytes into the auditory nerve tissue, which may be a unifying feature when considering 820 

models of auditory nerve damage - perhaps one is intrinsic to the other. 821 

 822 

9.2 Bacterial infections 823 

Although recurrent bacterial infections in the middle ear cleft (known as ‘glue ear’ or otitis 824 

media) can result in deafness, this is usually a conductive loss brought about by fusion of the middle 825 

ear bones - rarely, there may be damage to the auditory nerve accompanying this, giving a ‘mixed’ 826 

hearing loss. Nevertheless, there are bacterial diseases which can result in AN. Hearing loss is one of 827 

the most common complications of bacterial meningitis, with nearly 10% of patients being left with 828 

some degree of deafness due to hair cell or auditory nerve damage from the bacteria themselves, 829 

the exotoxins they produce, or the immune response mounted to the infection (Perny et al., 2016). 830 

Henceforth, an animal model for this infection is important for the understanding of the underlying 831 

pathological mechanisms. In an infant rat model of Streptococcus pneumoniae infection, a dose-832 

dependent hearing loss was observed - the higher the initial bacterial inoculum, the greater the shift 833 

in hearing thresholds, with the focus of damage being in the basal turn. This was also reflected in the 834 

degree of SGN loss, which was more substantial in high frequency rather than low frequency regions. 835 

The OHCs were severely affected too, but whilst the IHCs remained unscathed superficially, an 836 
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investigation of the remaining afferent synapses revealed a significant loss of presynaptic ribbons. 837 

Consequently, this model may be good for recapitulating the post-meningitic sensory deficits, and be 838 

of use for investigating drug-based interventions to prevent such damage. Interestingly, there was a 839 

positive correlation between the increase in threshold with the level of TNFα in the cerebrospinal 840 

fluid - still more evidence that the immune system may play both the role of superhero and 841 

supervillain in the cochlea. At the moment, however, this model has some limitations for its use in 842 

neural cell transplantation studies. The severe damage suffered by the hair cells (primarily the OHCs) 843 

would be a barrier to measure functional recovery. Moreover, the health of the central pathway has 844 

not yet been properly explored; it is likely that it would also be compromised given the 845 

administration of the bacterial inoculum into the cisterna magna.  846 

 847 

10. Concluding remarks 848 

In summary, the causes leading to the loss of SGNs in humans and experimental animals are 849 

multiple, and the underlying physiopathogenic mechanisms are better understood in some 850 

conditions than in others. However, and as mentioned in the introduction, an ideal model to study 851 

cell replacement of the cochlear neurons by cell transplantation should have a phenotype that is 852 

robust, reproducible and, ideally, affects mostly the SGNs preserving, at least partially, other cell 853 

types.  854 

We believe that the ouabain model has been reasonably well characterised and offers an 855 

appropriate framework from which to develop a cell-based strategy. In our own experience, it is far 856 

more reproducible and robust than other models we have explored, such as the β-bungarotoxin 857 

application or the Gunn rat. Reproducibility and the limited ability to accurately control the extent of 858 

the damage are still the limitations of the subtler, graded models. Future studies will, hopefully, 859 

develop even better model systems that could be used to further advance cell therapy technologies 860 

in the ear. 861 
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 867 

Figure legends 868 

 869 

Fig. 1 – Effects of 0.5µM β-bungarotoxin application to RWM, 5 weeks post-treatment. There is a loss 870 

of Type I SGNs in the treated (E-H; M-P) vs. the untreated ear (A-D, I-L), as shown by the drastic 871 

reduction in βIII-TUBULIN positive cells (green cells in F, N; compared to B, J). There is preservation 872 

of Type II neurons shown by the perdurance of PERIPHERIN positive cells (arrowheads, A, E). The 873 

continued presence of MYOSIN7A in the treated ear (M) compared with the untreated (I) shows that 874 

both inner (*) and outer ([) hair cells are unharmed by the treatment (I, M). 875 

 876 

Fig. 2 - Gunn rat phenotypes. Gunn rat pups are obvious by d7 due to their yellow colouration (A, jj) 877 

compared to their pink heterozygous siblings (A, Jj). Adults retain a yellow tinge to their ears, paws 878 

and tail (B - ‘Archie’ - 18 month old homozygous male), and have a smaller cerebellum (cb) (jj vs. Jj in 879 

C). Some animals also develop kidney lesions (D) - the organ becomes misshapen and may have 880 

urine-filled cysts (arrow, D). Genotyping the animals is simple and based on a RFLP - the Gunn 881 

mutant allele loses an MvaI site. PCR products from genomic DNA covering this region are digested 882 

and the resulting fragments are visualised by standard agarose gel electrophoresis (E), allowing Jj 883 

hets and jj homs to be identified. Differences in serum bilirubin levels (F) are obvious in all jj animals; 884 

quantification of this in pre- and post-weaning (ca.22-28d) animals shows this to be highly 885 

statistically significant (one-way ANOVA, p<0.0001). Mean bilirubin levels were 0.81mg/dl for 886 

heterozygous pups (n=12), compared to 17.34mg/dl for their homozygous siblings (n=20); and 887 

0.23mg/dl for adult heterozygotes (n=31) vs. 10.54mg/dl for adult homozygotes (n=26). 888 

 889 

Fig. 3 - Comparison of auditory responses in aged het (Jj; age range 8-18 months, n=7) vs. hom (jj; 890 

age range 6-18 months, n=10) animals (A-C) and hom pups injected with saline (n=9) or sulfa (n=9) 891 

and assayed 4-6 weeks post exposure (D-F). There is no significant difference in ABR click threshold 892 

in aged jj mutant animals compared to Jj hets (A), nor is there any alteration in the wave ii-iii 893 

complex amplitude (B). Pure tone thresholds are statistically similar at all tested frequencies (C; 2-894 

32kHz). Similarly, sulfa injections have no effect in the longer term - click thresholds (D), wave ii-iii 895 

complex amplitude (E) and pure tone thresholds (F) are all unaffected in jj animals treated with sulfa 896 

compared to those injected with saline. 897 

  898 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

22 

 

References 899 

 900 

Ahlfors, C.E., Bennett, S.H., Shoemaker, C.T., Ellis, W.G., Davis, S.L., Wennberg, R.P., Goetzman, B.W. 901 

1986. Changes in the auditory brainstem response associated with intravenous infusion of 902 

unconjugated bilirubin into infant rhesus monkeys. Pediatr Res 20, 511-5. 903 

Akil, O., Sun, Y., Vijayakumar, S., Zhang, W., Ku, T., Lee, C.K., Jones, S., Grabowski, G.A., Lustig, L.R. 904 

2015. Spiral ganglion degeneration and hearing loss as a consequence of satellite cell death 905 

in saposin B-deficient mice. J Neurosci 35, 3263-75. 906 

Amilibia Cabeza, E., Holgado Perez, S., Perez Grau, M., Moragues Pastor, C., Roca-Ribas Serda, F., 907 

Quer Agusti, M. 2018. Hearing in Paget's disease of bone. Acta Otorrinolaringol Esp. 908 

Amin, S.B., Saluja, S., Saili, A., Laroia, N., Orlando, M., Wang, H., Agarwal, A. 2017. Auditory toxicity in 909 

late preterm and term neonates with severe jaundice. Dev Med Child Neurol 59, 297-303. 910 

Amini, N., Vousooghi, N., Soleimani, M., Samadikuchaksaraei, A., Akbari, M., Safakheil, H., 911 

Atafimanesh, P., Shahbazi, A., Brouki Milan, P., Ramezani, S., Mozafari, M., Joghataei, M.T. 912 

2017. A new rat model of neonatal bilirubin encephalopathy (kernicterus). J Pharmacol 913 

Toxicol Methods 84, 44-50. 914 

Arslan, H.H., Satar, B., Serdar, M., Yilmaz, E. 2017. Changes in Proinflammatory Cytokines in the 915 

Cochlea in Relation to Hearing Thresholds in Noise-Exposed Rats. J Int Adv Otol 13, 308-312. 916 

Bainbridge, K.E., Hoffman, H.J., Cowie, C.C. 2008. Diabetes and hearing impairment in the United 917 

States: audiometric evidence from the National Health and Nutrition Examination Survey, 918 

1999 to 2004. Ann Intern Med 149, 1-10. 919 

Blanc, W.A., Johnson, L. 1959. Studies on kernicterus; relationship with sulfonamide intoxication, 920 

report on kernicterus in rats with glucuronyl transferase deficiency and review of 921 

pathogenesis. J Neuropathol Exp Neurol 18, 165-87; discussion 187-9. 922 

Bortolussi, G., Baj, G., Vodret, S., Viviani, G., Bittolo, T., Muro, A.F. 2014. Age-dependent pattern of 923 

cerebellar susceptibility to bilirubin neurotoxicity in vivo in mice. Dis Model Mech 7, 1057-924 

68. 925 

Bortolussi, G., Zentilin, L., Baj, G., Giraudi, P., Bellarosa, C., Giacca, M., Tiribelli, C., Muro, A.F. 2012. 926 

Rescue of bilirubin-induced neonatal lethality in a mouse model of Crigler-Najjar syndrome 927 

type I by AAV9-mediated gene transfer. FASEB J 26, 1052-63. 928 

Bourien, J., Tang, Y., Batrel, C., Huet, A., Lenoir, M., Ladrech, S., Desmadryl, G., Nouvian, R., Puel, J.L., 929 

Wang, J. 2014. Contribution of auditory nerve fibers to compound action potential of the 930 

auditory nerve. J Neurophysiol 112, 1025-39. 931 

Bradford, R.D., Yoo, Y.G., Golemac, M., Pugel, E.P., Jonjic, S., Britt, W.J. 2015. Murine CMV-induced 932 

hearing loss is associated with inner ear inflammation and loss of spiral ganglia neurons. 933 

PLoS Pathog 11, e1004774. 934 

Bramhall, N.F., McMillan, G.P., Kujawa, S.G., Konrad-Martin, D. 2018. Use of non-invasive measures 935 

to predict cochlear synapse counts. Hear Res 370, 113-119. 936 

Bratlid, D., Cashore, W.J., Oh, W. 1983. Effect of serum hyperosmolality on opening of blood-brain 937 

barrier for bilirubin in rat brain. Pediatrics 71, 909-12. 938 

Brown, L.N., Xing, Y., Noble, K.V., Barth, J.L., Panganiban, C.H., Smythe, N.M., Bridges, M.C., Zhu, J., 939 

Lang, H. 2017. Macrophage-Mediated Glial Cell Elimination in the Postnatal Mouse Cochlea. 940 

Front Mol Neurosci 10, 407. 941 

Cahalan, K.J., Graham, D.L. 1978. Differential maternal retrieval of jaundiced versus non-jaundiced 942 

Gunn rat pups. Dev Psychobiol 11, 1-4. 943 

Call, N.B., Tisher, C.C. 1975. The urinary concentrating defect in the Gunn strain of rat. Role of 944 

bilirubin. J Clin Invest 55, 319-29. 945 

Carraro, M., Almishaal, A., Hillas, E., Firpo, M., Park, A., Harrison, R.V. 2017. Cytomegalovirus (CMV) 946 

Infection Causes Degeneration of Cochlear Vasculature and Hearing Loss in a Mouse Model. 947 

J Assoc Res Otolaryngol 18, 263-273. 948 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

23 

 

Chamberlain, S.C. 1977. Neuroanatomical aspects of the gerbil inner ear: light microscope 949 

observations. J Comp Neurol 171, 193-204. 950 

Chambers, A.R., Salazar, J.J., Polley, D.B. 2016a. Persistent Thalamic Sound Processing Despite 951 

Profound Cochlear Denervation. Front Neural Circuits 10, 72. 952 

Chambers, A.R., Resnik, J., Yuan, Y., Whitton, J.P., Edge, A.S., Liberman, M.C., Polley, D.B. 2016b. 953 

Central Gain Restores Auditory Processing following Near-Complete Cochlear Denervation. 954 

Neuron 89, 867-79. 955 

Chandran, V., Gao, K., Swarup, V., Versano, R., Dong, H., Jordan, M.C., Geschwind, D.H. 2017. 956 

Inducible and reversible phenotypes in a novel mouse model of Friedreich's Ataxia. Elife 6. 957 

Chaniary, K.D., Baron, M.S., Rice, A.C., Wetzel, P.A., Ramakrishnan, V., Shapiro, S.M. 2009. 958 

Quantification of gait in dystonic Gunn rats. J Neurosci Methods 180, 273-7. 959 

Chen, W., Jongkamonwiwat, N., Abbas, L., Eshtan, S.J., Johnson, S.L., Kuhn, S., Milo, M., Thurlow, J.K., 960 

Andrews, P.W., Marcotti, W., Moore, H.D., Rivolta, M.N. 2012. Restoration of auditory 961 

evoked responses by human ES-cell-derived otic progenitors. Nature 490, 278-82. 962 

Chen, Y., Li, Y., Wang, X., Zhang, W., Sauer, V., Chang, C.J., Han, B., Tchaikovskaya, T., Avsar, Y., 963 

Tafaleng, E., Madhusudana Girija, S., Tar, K., Polgar, Z., Strom, S., Bouhassira, E.E., Guha, C., 964 

Fox, I.J., Roy-Chowdhury, J., Roy-Chowdhury, N. 2015. Amelioration of Hyperbilirubinemia in 965 

Gunn Rats after Transplantation of Human Induced Pluripotent Stem Cell-Derived 966 

Hepatocytes. Stem Cell Reports 5, 22-30. 967 

Cohen, B.E., Durstenfeld, A., Roehm, P.C. 2014. Viral causes of hearing loss: a review for hearing 968 

health professionals. Trends Hear 18. 969 

Conlee, J.W., Shapiro, S.M. 1991. Morphological changes in the cochlear nucleus and nucleus of the 970 

trapezoid body in Gunn rat pups. Hear Res 57, 23-30. 971 

Conlee, J.W., Shapiro, S.M. 1997. Development of cerebellar hypoplasia in jaundiced Gunn rats: a 972 

quantitative light microscopic analysis. Acta Neuropathol 93, 450-60. 973 

Corrales, C.E., Pan, L., Li, H., Liberman, M.C., Heller, S., Edge, A.S. 2006. Engraftment and 974 

differentiation of embryonic stem cell-derived neural progenitor cells in the cochlear nerve 975 

trunk: growth of processes into the organ of Corti. J Neurobiol 66, 1489-500. 976 

Davies, V.J., Hollins, A.J., Piechota, M.J., Yip, W., Davies, J.R., White, K.E., Nicols, P.P., Boulton, M.E., 977 

Votruba, M. 2007. Opa1 deficiency in a mouse model of autosomal dominant optic atrophy 978 

impairs mitochondrial morphology, optic nerve structure and visual function. Hum Mol 979 

Genet 16, 1307-18. 980 

Davis, D.R., Yeary, R.A., Lee, K. 1983. Activated charcoal decreases plasma bilirubin levels in the 981 

hyperbilirubinemic rat. Pediatr Res 17, 208-9. 982 

Delprat, B., Schaer, D., Roy, S., Wang, J., Puel, J.L., Geering, K. 2007. FXYD6 is a novel regulator of 983 

Na,K-ATPase expressed in the inner ear. J Biol Chem 282, 7450-6. 984 

Demos, M.K., van Karnebeek, C.D., Ross, C.J., Adam, S., Shen, Y., Zhan, S.H., Shyr, C., Horvath, G., 985 

Suri, M., Fryer, A., Jones, S.J., Friedman, J.M., Consortium, F.C. 2014. A novel recurrent 986 

mutation in ATP1A3 causes CAPOS syndrome. Orphanet J Rare Dis 9, 15. 987 

Deng, L., Ding, D., Su, J., Manohar, S., Salvi, R. 2013. Salicylate selectively kills cochlear spiral ganglion 988 

neurons by paradoxically up-regulating superoxide. Neurotox Res 24, 307-19. 989 

Feng, H., Yin, S.H., Tang, A.Z. 2011a. Blocking caspase-3-dependent pathway preserves hair cells 990 

from salicylate-induced apoptosis in the guinea pig cochlea. Mol Cell Biochem 353, 291-303. 991 

Feng, H., Yin, S.H., Tang, A.Z., Tan, S.H. 2011b. Salicylate initiates apoptosis in the spiral ganglion 992 

neuron of guinea pig cochlea by activating caspase-3. Neurochem Res 36, 1108-15. 993 

Fernandez, K.A., Jeffers, P.W., Lall, K., Liberman, M.C., Kujawa, S.G. 2015. Aging after noise exposure: 994 

acceleration of cochlear synaptopathy in "recovered" ears. J Neurosci 35, 7509-20. 995 

Frye, M.D., Zhang, C., Hu, B.H. 2018. Lower level noise exposure that produces only TTS modulates 996 

the immune homeostasis of cochlear macrophages. J Neuroimmunol 323, 152-166. 997 

Fu, Y., Ding, D., Jiang, H., Salvi, R. 2012. Ouabain-induced cochlear degeneration in rat. Neurotox Res 998 

22, 158-69. 999 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

24 

 

Fuentes-Santamaria, V., Alvarado, J.C., Melgar-Rojas, P., Gabaldon-Ull, M.C., Miller, J.M., Juiz, J.M. 1000 

2017. The Role of Glia in the Peripheral and Central Auditory System Following Noise 1001 

Overexposure: Contribution of TNF-alpha and IL-1beta to the Pathogenesis of Hearing Loss. 1002 

Front Neuroanat 11, 9. 1003 

Fujikawa, T., Petralia, R.S., Fitzgerald, T.S., Wang, Y.X., Millis, B., Morgado-Diaz, J.A., Kitamura, K., 1004 

Kachar, B. 2014. Localization of kainate receptors in inner and outer hair cell synapses. Hear 1005 

Res 314, 20-32. 1006 

Furman, A.C., Kujawa, S.G., Liberman, M.C. 2013. Noise-induced cochlear neuropathy is selective for 1007 

fibers with low spontaneous rates. J Neurophysiol 110, 577-86. 1008 

Gokdogan, C., Genc, A., Gulbahar, O., Gokdogan, O., Helvaci, A., Bezgin, S.U., Memis, L. 2016. 1009 

Auditory evoked potentials in a newborn Wistar rat model of hyperbilirubinemia. Braz J 1010 

Otorhinolaryngol 82, 144-50. 1011 

Graham, D.L., Hasenstab, L.L., Kinney, L., Kuntz, J.A. 1980. The effects of litter size on the 1012 

expressiviity of the jaundice genotype in Gunn rats. Dev Psychobiol 13, 55-60. 1013 

Guest, H., Munro, K.J., Prendergast, G., Millman, R.E., Plack, C.J. 2018. Impaired speech perception in 1014 

noise with a normal audiogram: No evidence for cochlear synaptopathy and no relation to 1015 

lifetime noise exposure. Hear Res 364, 142-151. 1016 

Gunn, C.K. 1938. Hereditary acholuric jaundice in a new mutant strain of rats. Journal of Heredity 29, 1017 

137-139. 1018 

Gunn, C.K. 1944. Hereditary Acholuric Jaundice in the Rat. Can Med Assoc J 50, 230-7. 1019 

Hamada, M., Kimura, R.S. 1999. Morphological changes induced by administration of a Na+,K+-1020 

ATPase inhibitor in normal and hydropic inner ears of the guinea pig. Acta Otolaryngol 119, 1021 

778-86. 1022 

Han, K.H., Oh, D.Y., Lee, S., Lee, C., Han, J.H., Kim, M.Y., Park, H.R., Park, M.K., Kim, N.K.D., Lee, J., Yi, 1023 

E., Kim, J.M., Kim, J.W., Chae, J.H., Oh, S.H., Park, W.Y., Choi, B.Y. 2017. ATP1A3 mutations 1024 

can cause progressive auditory neuropathy: a new gene of auditory synaptopathy. Sci Rep 7, 1025 

16504. 1026 

Haustein, M.D., Read, D.J., Steinert, J.R., Pilati, N., Dinsdale, D., Forsythe, I.D. 2010. Acute 1027 

hyperbilirubinaemia induces presynaptic neurodegeneration at a central glutamatergic 1028 

synapse. J Physiol 588, 4683-93. 1029 

Helzner, E.P., Contrera, K.J. 2016. Type 2 Diabetes and Hearing Impairment. Curr Diab Rep 16, 3. 1030 

Henry, K.S., Abrams, K.S. 2018. Persistent Auditory Nerve Damage Following Kainic Acid 1031 

Excitotoxicity in the Budgerigar (Melopsittacus undulatus). J Assoc Res Otolaryngol 19, 435-1032 

449. 1033 

Herkert, M., Shakhman, O., Schweins, E., Becker, C.M. 2001. Beta-bungarotoxin is a potent inducer 1034 

of apoptosis in cultured rat neurons by receptor-mediated internalization. Eur J Neurosci 14, 1035 

821-8. 1036 

Hickox, A.E., Larsen, E., Heinz, M.G., Shinobu, L., Whitton, J.P. 2017. Translational issues in cochlear 1037 

synaptopathy. Hear Res 349, 164-171. 1038 

Hirokawa, N. 1977. Disappearance of afferent and efferent nerve terminals in the inner ear of the 1039 

chick embryo after chronic treatment with beta-bungarotoxin. J Cell Biol 73, 27-46. 1040 

Hong, B.N., Kang, T.H. 2008. Auditory neuropathy in streptozotocin-induced diabetic mouse. 1041 

Neurosci Lett 431, 268-72. 1042 

Hong, B.N., Kang, T.H. 2014. Distinction between auditory electrophysiological responses in type 1 1043 

and type 2 diabetic animal models. Neurosci Lett 566, 309-14. 1044 

Hong, B.N., Yi, T.H., Kim, S.Y., Kang, T.H. 2009. High-dosage pyridoxine-induced auditory neuropathy 1045 

and protection with coffee in mice. Biol Pharm Bull 32, 597-603. 1046 

Hong, B.N., Yi, T.H., Park, R., Kim, S.Y., Kang, T.H. 2008. Coffee improves auditory neuropathy in 1047 

diabetic mice. Neurosci Lett 441, 302-6. 1048 

Huang, T., Santarelli, R., Starr, A. 2009. Mutation of OPA1 gene causes deafness by affecting function 1049 

of auditory nerve terminals. Brain Res 1300, 97-104. 1050 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

25 

 

Huet, A., Batrel, C., Wang, J., Desmadryl, G., Nouvian, R., Puel, J.L., Bourien, J. 2018. Sound Coding in 1051 

the Auditory Nerve: From Single Fiber Activity to Cochlear Mass Potentials in Gerbils. 1052 

Neuroscience. 1053 

Hyodo, J., Hakuba, N., Hato, N., Takeda, S., Okada, M., Omotehara, Y., Gyo, K. 2009. Glutamate 1054 

agonist causes irreversible degeneration of inner hair cells. Neuroreport 20, 1255-9. 1055 

Jiao, Y., Palmgren, B., Novozhilova, E., Englund Johansson, U., Spieles-Engemann, A.L., Kale, A., 1056 

Stupp, S.I., Olivius, P. 2014. BDNF increases survival and neuronal differentiation of human 1057 

neural precursor cells cotransplanted with a nanofiber gel to the auditory nerve in a rat 1058 

model of neuronal damage. Biomed Res Int 2014, 356415. 1059 

Johnson, L., Sarmiento, F., Blanc, W.A., Day, R. 1959. Kernicterus in rats with an inherited deficiency 1060 

of glucuronyl transferase. AMA J Dis Child 97, 591-608. 1061 

Juiz, J.M., Rueda, J., Merchan, J.A., Sala, M.L. 1989. The effects of kainic acid on the cochlear 1062 

ganglion of the rat. Hear Res 40, 65-74. 1063 

Kao, S.Y., Kempfle, J.S., Jensen, J.B., Perez-Fernandez, D., Lysaght, A.C., Edge, A.S., Stankovic, K.M. 1064 

2013. Loss of osteoprotegerin expression in the inner ear causes degeneration of the 1065 

cochlear nerve and sensorineural hearing loss. Neurobiol Dis 56, 25-33. 1066 

Karplus, M., Lee, C., Cashore, W.J., Oh, W. 1988. The effects of brain bilirubin deposition on auditory 1067 

brain stem evoked responses in rats. Early Hum Dev 16, 185-94. 1068 

Koehler, K.R., Nie, J., Longworth-Mills, E., Liu, X.P., Lee, J., Holt, J.R., Hashino, E. 2017. Generation of 1069 

inner ear organoids containing functional hair cells from human pluripotent stem cells. Nat 1070 

Biotechnol 35, 583-589. 1071 

Kohrman, D.C., Wan, G., Cassinotti, L., Corfas, G. 2019. Hidden Hearing Loss: A Disorder with 1072 

Multiple Etiologies and Mechanisms. Cold Spring Harb Perspect Med. 1073 

Konishi, T., Mendelsohn, M. 1970. Effect of ouabain on cochlear potentials and endolymph 1074 

composition in guinea pigs. Acta Otolaryngol 69, 192-9. 1075 

Kujawa, S.G., Liberman, M.C. 2006. Acceleration of age-related hearing loss by early noise exposure: 1076 

evidence of a misspent youth. J Neurosci 26, 2115-23. 1077 

Kujawa, S.G., Liberman, M.C. 2009. Adding insult to injury: cochlear nerve degeneration after 1078 

"temporary" noise-induced hearing loss. J Neurosci 29, 14077-85. 1079 

Kujawa, S.G., Liberman, M.C. 2015. Synaptopathy in the noise-exposed and aging cochlea: Primary 1080 

neural degeneration in acquired sensorineural hearing loss. Hear Res 330, 191-9. 1081 

Landry, T.G., Wise, A.K., Fallon, J.B., Shepherd, R.K. 2011. Spiral ganglion neuron survival and 1082 

function in the deafened cochlea following chronic neurotrophic treatment. Hear Res 282, 1083 

303-13. 1084 

Landry, T.G., Fallon, J.B., Wise, A.K., Shepherd, R.K. 2013. Chronic neurotrophin delivery promotes 1085 

ectopic neurite growth from the spiral ganglion of deafened cochleae without compromising 1086 

the spatial selectivity of cochlear implants. J Comp Neurol 521, 2818-32. 1087 

Lang, H., Schulte, B.A., Schmiedt, R.A. 2005. Ouabain induces apoptotic cell death in type I spiral 1088 

ganglion neurons, but not type II neurons. J Assoc Res Otolaryngol 6, 63-74. 1089 

Lang, H., Li, M., Kilpatrick, L.A., Zhu, J., Samuvel, D.J., Krug, E.L., Goddard, J.C. 2011. Sox2 up-1090 

regulation and glial cell proliferation following degeneration of spiral ganglion neurons in the 1091 

adult mouse inner ear. J Assoc Res Otolaryngol 12, 151-71. 1092 

Lang, H., Xing, Y., Brown, L.N., Samuvel, D.J., Panganiban, C.H., Havens, L.T., Balasubramanian, S., 1093 

Wegner, M., Krug, E.L., Barth, J.L. 2015. Neural stem/progenitor cell properties of glial cells 1094 

in the adult mouse auditory nerve. Sci Rep 5, 13383. 1095 

Lenhardt, M.L. 1982. Effects of hyperbilirubinemia on the hearing and vocal development in Gunn 1096 

rats. Arch Otolaryngol 108, 339-42. 1097 

Levi, G., Sohmer, H., Kapitulnik, J. 1981. Auditory nerve and brain stem responses in homozygous 1098 

jaundiced Gunn rats. Arch Otorhinolaryngol 232, 139-43. 1099 

Li, H., Roblin, G., Liu, H., Heller, S. 2003. Generation of hair cells by stepwise differentiation of 1100 

embryonic stem cells. Proc Natl Acad Sci U S A 100, 13495-500. 1101 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

26 

 

Li, Q., Chen, P., Guo, W., Fang, R., Yang, S. 2014. Hemolysis in neonatal rats results in auditory 1102 

impairment. Acta Otolaryngol 134, 1114-20. 1103 

Li, X., Shi, X., Wang, C., Niu, H., Zeng, L., Qiao, Y., Xu, K. 2015. Pathological changes of the inner ear 1104 

cochlea in different time windows of murine cytomegalovirus-induced hearing loss in a 1105 

mouse model. Acta Otolaryngol 135, 536-41. 1106 

Liberman, L.D., Suzuki, J., Liberman, M.C. 2015. Dynamics of cochlear synaptopathy after acoustic 1107 

overexposure. J Assoc Res Otolaryngol 16, 205-19. 1108 

Lin, C.D., Wei, I.H., Tsai, M.H., Kao, M.C., Lai, C.H., Hsu, C.J., Oshima, T., Tsai, M.H. 2010. Changes in 1109 

guinea pig cochlea after transient cochlear ischemia. Neuroreport 21, 968-75. 1110 

Long, P., Wan, G., Roberts, M.T., Corfas, G. 2018. Myelin development, plasticity, and pathology in 1111 

the auditory system. Dev Neurobiol 78, 80-92. 1112 

Makary, C.A., Shin, J., Kujawa, S.G., Liberman, M.C., Merchant, S.N. 2011. Age-related primary 1113 

cochlear neuronal degeneration in human temporal bones. J Assoc Res Otolaryngol 12, 711-1114 

7. 1115 

Makishima, K., Tanaka, K. 1971. Pathological changes of the inner ear and central auditory pathway 1116 

in diabetics. Ann Otol Rhinol Laryngol 80, 218-28. 1117 

Martinez-Maldonado, M., Suki, W.N., Schenker, S. 1969. Nature of the urinary concentrating defect 1118 

in the Gunn strain of rat. Am J Physiol 216, 1386-91. 1119 

Mateer, E.J., Huang, C., Shehu, N.Y., Paessler, S. 2018. Lassa fever-induced sensorineural hearing 1120 

loss: A neglected public health and social burden. PLoS Negl Trop Dis 12, e0006187. 1121 

Matsumoto, M., Sekiya, T., Kojima, K., Ito, J. 2008. An animal experimental model of auditory 1122 

neuropathy induced in rats by auditory nerve compression. Exp Neurol 210, 248-56. 1123 

Matsuoka, A.J., Kondo, T., Miyamoto, R.T., Hashino, E. 2007. Enhanced survival of bone-marrow-1124 

derived pluripotent stem cells in an animal model of auditory neuropathy. The Laryngoscope 1125 

117, 1629-35. 1126 

McLean, W.J., Smith, K.A., Glowatzki, E., Pyott, S.J. 2009. Distribution of the Na,K-ATPase alpha 1127 

subunit in the rat spiral ganglion and organ of corti. J Assoc Res Otolaryngol 10, 37-49. 1128 

Mejia, G.B., Sanz, C.R., Avila, M.M., Peraza, A.V., Guzman, D.C., Olguin, H.J., Ramirez, A.M., Cruz, E.G. 1129 

2008. Experimental hemolysis model to study bilirubin encephalopathy in rat brain. J 1130 

Neurosci Methods 168, 35-41. 1131 

Meyer zum Gottesberge, A.M., Massing, T., Sasse, A., Palma, S., Hansen, S. 2015. Zucker diabetic 1132 

fatty rats, a model for type 2 diabetes, develop an inner ear dysfunction that can be 1133 

attenuated by losartan treatment. Cell Tissue Res 362, 307-15. 1134 

Moser, T., Starr, A. 2016. Auditory neuropathy--neural and synaptic mechanisms. Nat Rev Neurol 12, 1135 

135-49. 1136 

Mujica-Mota, M.A., Patel, N., Saliba, I. 2018. Hearing loss in type 1 diabetes: Are we facing another 1137 

microvascular disease? A meta-analysis. Int J Pediatr Otorhinolaryngol 113, 38-45. 1138 

Nguyen, N., Bonzo, J.A., Chen, S., Chouinard, S., Kelner, M.J., Hardiman, G., Belanger, A., Tukey, R.H. 1139 

2008. Disruption of the ugt1 locus in mice resembles human Crigler-Najjar type I disease. J 1140 

Biol Chem 283, 7901-11. 1141 

Niu, X., Trifunovic, A., Larsson, N.G., Canlon, B. 2007. Somatic mtDNA mutations cause progressive 1142 

hearing loss in the mouse. Exp Cell Res 313, 3924-34. 1143 

Noble, K.V., Reyzer, M.L., Barth, J.L., McDonald, H., Tuck, M., Schey, K.L., Krug, E.L., Lang, H. 2018. 1144 

Use of Proteomic Imaging Coupled With Transcriptomic Analysis to Identify Biomolecules 1145 

Responsive to Cochlear Injury. Front Mol Neurosci 11, 243. 1146 

Odell, G.B., Natzschka, J.C., Storey, G.N. 1967. Bilirubin nephropathy in the Gunn strain of rat. Am J 1147 

Physiol 212, 931-8. 1148 

Ohlemiller, K.K., Gagnon, P.M. 2004. Cellular correlates of progressive hearing loss in 129S6/SvEv 1149 

mice. J Comp Neurol 469, 377-90. 1150 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

27 

 

Okada, M., Kawaguchi, A.T., Hakuba, N., Hyodo, J., Hato, N., Gyo, K. 2013. Liposome-encapsulated 1151 

hemoglobin alleviates hearing loss after transient cochlear ischemia: an experimental study 1152 

in the gerbil. Neurosci Lett 553, 176-80. 1153 

Palmgren, B., Jin, Z., Ma, H., Jiao, Y., Olivius, P. 2010. beta-Bungarotoxin application to the round 1154 

window: an in vivo deafferentation model of the inner ear. Hear Res 265, 70-6. 1155 

Palmgren, B., Jiao, Y., Novozhilova, E., Stupp, S.I., Olivius, P. 2012. Survival, migration and 1156 

differentiation of mouse tau-GFP embryonic stem cells transplanted into the rat auditory 1157 

nerve. Exp Neurol 235, 599-609. 1158 

Pan, H., Song, Q., Huang, Y., Wang, J., Chai, R., Yin, S., Wang, J. 2017. Auditory Neuropathy after 1159 

Damage to Cochlear Spiral Ganglion Neurons in Mice Resulting from Conditional Expression 1160 

of Diphtheria Toxin Receptors. Sci Rep 7, 6409. 1161 

Pangrsic, T., Lasarow, L., Reuter, K., Takago, H., Schwander, M., Riedel, D., Frank, T., Tarantino, L.M., 1162 

Bailey, J.S., Strenzke, N., Brose, N., Muller, U., Reisinger, E., Moser, T. 2010. Hearing requires 1163 

otoferlin-dependent efficient replenishment of synaptic vesicles in hair cells. Nat Neurosci 1164 

13, 869-76. 1165 

Parthasarathy, A., Kujawa, S.G. 2018. Synaptopathy in the Aging Cochlea: Characterizing Early-Neural 1166 

Deficits in Auditory Temporal Envelope Processing. J Neurosci 38, 7108-7119. 1167 

Peppi, M., Landa, M., Sewell, W.F. 2012. Cochlear kainate receptors. J Assoc Res Otolaryngol 13, 199-1168 

208. 1169 

Perlman, M., Fainmesser, P., Sohmer, H., Tamari, H., Wax, Y., Pevsmer, B. 1983. Auditory nerve-1170 

brainstem evoked responses in hyperbilirubinemic neonates. Pediatrics 72, 658-64. 1171 

Perny, M., Roccio, M., Grandgirard, D., Solyga, M., Senn, P., Leib, S.L. 2016. The Severity of Infection 1172 

Determines the Localization of Damage and Extent of Sensorineural Hearing Loss in 1173 

Experimental Pneumococcal Meningitis. J Neurosci 36, 7740-9. 1174 

Perry, T.A., Weerasuriya, A., Mouton, P.R., Holloway, H.W., Greig, N.H. 2004. Pyridoxine-induced 1175 

toxicity in rats: a stereological quantification of the sensory neuropathy. Exp Neurol 190, 1176 

133-44. 1177 

Petitpre, C., Wu, H., Sharma, A., Tokarska, A., Fontanet, P., Wang, Y., Helmbacher, F., Yackle, K., 1178 

Silberberg, G., Hadjab, S., Lallemend, F. 2018. Neuronal heterogeneity and stereotyped 1179 

connectivity in the auditory afferent system. Nat Commun 9, 3691. 1180 

Pujol, R., Rebillard, G., Puel, J.L., Lenoir, M., Eybalin, M., Recasens, M. 1990. Glutamate neurotoxicity 1181 

in the cochlea: a possible consequence of ischaemic or anoxic conditions occurring in ageing. 1182 

Acta Otolaryngol Suppl 476, 32-6. 1183 

Ramachandran, A. 2016. Neonatal hyperbilirubinaemia. Paediatrics and Child Health 26, 162-168. 1184 

Rance, G., Starr, A. 2015. Pathophysiological mechanisms and functional hearing consequences of 1185 

auditory neuropathy. Brain 138, 3141-58. 1186 

Rice, A.C., Shapiro, S.M. 2008. A new animal model of hemolytic hyperbilirubinemia-induced 1187 

bilirubin encephalopathy (kernicterus). Pediatr Res 64, 265-9. 1188 

Riga, M., Korres, G., Chouridis, P., Naxakis, S., Danielides, V. 2018. Congenital cytomegalovirus 1189 

infection inducing non-congenital sensorineural hearing loss during childhood; a systematic 1190 

review. Int J Pediatr Otorhinolaryngol 115, 156-164. 1191 

Ronzitti, G., Bortolussi, G., van Dijk, R., Collaud, F., Charles, S., Leborgne, C., Vidal, P., Martin, S., 1192 

Gjata, B., Sola, M.S., van Wittenberghe, L., Vignaud, A., Veron, P., Bosma, P.J., Muro, A.F., 1193 

Mingozzi, F. 2016. A translationally optimized AAV-UGT1A1 vector drives safe and long-1194 

lasting correction of Crigler-Najjar syndrome. Mol Ther Methods Clin Dev 3, 16049. 1195 

Roux, I., Safieddine, S., Nouvian, R., Grati, M., Simmler, M.C., Bahloul, A., Perfettini, I., Le Gall, M., 1196 

Rostaing, P., Hamard, G., Triller, A., Avan, P., Moser, T., Petit, C. 2006. Otoferlin, defective in 1197 

a human deafness form, is essential for exocytosis at the auditory ribbon synapse. Cell 127, 1198 

277-89. 1199 

Rybak, L.P., Wright, L.B., Whitworth, C. 1984. Cochlear effects of locally applied inhibitors. Arch 1200 

Otorhinolaryngol 240, 207-13. 1201 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

28 

 

Sagers, J.E., Landegger, L.D., Worthington, S., Nadol, J.B., Stankovic, K.M. 2017. Human Cochlear 1202 

Histopathology Reflects Clinical Signatures of Primary Neural Degeneration. Sci Rep 7, 4884. 1203 

Sakai, S., Tabuchi, K., Murashita, H., Hara, A. 2008. Activation of the GABA(A) receptor ameliorates 1204 

the cochlear excitotoxicity caused by kainic acid in the guinea pig. Tohoku J Exp Med 215, 1205 

279-85. 1206 

Santarelli, R. 2010. Information from cochlear potentials and genetic mutations helps localize the 1207 

lesion site in auditory neuropathy. Genome Med 2, 91. 1208 

Santarelli, R., Cama, E., Pegoraro, E., Scimemi, P. 2015. Abnormal Cochlear Potentials in Friedreich's 1209 

Ataxia Point to Disordered Synchrony of Auditory Nerve Fiber Activity. Neurodegener Dis 15, 1210 

114-20. 1211 

Schachtele, S.J., Mutnal, M.B., Schleiss, M.R., Lokensgard, J.R. 2011. Cytomegalovirus-induced 1212 

sensorineural hearing loss with persistent cochlear inflammation in neonatal mice. J 1213 

Neurovirol 17, 201-11. 1214 

Schiavon, E., Smalley, J.L., Newton, S., Greig, N.H., Forsythe, I.D. 2018. Neuroinflammation and ER-1215 

stress are key mechanisms of acute bilirubin toxicity and hearing loss in a mouse model. 1216 

PLoS One 13, e0201022. 1217 

Schmiedt, R.A., Okamura, H.O., Lang, H., Schulte, B.A. 2002. Ouabain application to the round 1218 

window of the gerbil cochlea: a model of auditory neuropathy and apoptosis. J Assoc Res 1219 

Otolaryngol 3, 223-33. 1220 

Schmutzhard, J., Glueckert, R., Pritz, C., Blumer, M.J., Bitsche, M., Lackner, P., Fille, M., Riechelmann, 1221 

H., Harkamp, M., Sitthisak, T., Schrott-Fischer, A. 2013. Sepsis otopathy: experimental sepsis 1222 

leads to significant hearing impairment due to apoptosis and glutamate excitotoxicity in 1223 

murine cochlea. Dis Model Mech 6, 745-54. 1224 

Schomann, T., Ramekers, D., de Groot, J., van der Ploeg, C.H., Hendriksen, F.G.J., Bohringer, S., Klis, 1225 

S.F.L., Frijns, J.H.M., Huisman, M.A. 2018. Ouabain Does Not Induce Selective Spiral Ganglion 1226 

Cell Degeneration in Guinea Pigs. Biomed Res Int 2018, 1568414. 1227 

Schraff, S.A., Schleiss, M.R., Brown, D.K., Meinzen-Derr, J., Choi, K.Y., Greinwald, J.H., Choo, D.I. 1228 

2007. Macrophage inflammatory proteins in cytomegalovirus-related inner ear injury. 1229 

Otolaryngol Head Neck Surg 137, 612-8. 1230 

Schutta, H.S., Johnson, L. 1969. Clinical signs and morphologic abnormalities in Gunn rats treated 1231 

with sulfadimethoxine. J Pediatr 75, 1070-9. 1232 

Sekiya, T., Hatayama, T., Shimamura, N., Suzuki, S. 2000. An in vivo quantifiable model of cochlear 1233 

neuronal degeneration induced by central process injury. Exp Neurol 161, 490-502. 1234 

Sekiya, T., Tanaka, M., Shimamura, N., Suzuki, S. 2001. Macrophage invasion into injured cochlear 1235 

nerve and its modification by methylprednisolone. Brain Res 905, 152-60. 1236 

Sekiya, T., Kojima, K., Matsumoto, M., Kim, T.S., Tamura, T., Ito, J. 2006. Cell transplantation to the 1237 

auditory nerve and cochlear duct. Exp Neurol 198, 12-24. 1238 

Sekiya, T., Yagihashi, A., Shimamura, N., Asano, K., Suzuki, S., Matsubara, A., Namba, A., Shinkawa, H. 1239 

2003. Apoptosis of auditory neurons following central process injury. Exp Neurol 184, 648-1240 

58. 1241 

Sekiya, T., Canlon, B., Viberg, A., Matsumoto, M., Kojima, K., Ono, K., Yoshida, A., Kikkawa, Y.S., 1242 

Nakagawa, T., Ito, J. 2009. Selective vulnerability of adult cochlear nucleus neurons to de-1243 

afferentation by mechanical compression. Exp Neurol 218, 117-23. 1244 

Sekiya, T., Holley, M.C., Hashido, K., Ono, K., Shimomura, K., Horie, R.T., Hamaguchi, K., Yoshida, A., 1245 

Sakamoto, T., Ito, J. 2015. Cells transplanted onto the surface of the glial scar reveal hidden 1246 

potential for functional neural regeneration. Proc Natl Acad Sci U S A 112, E3431-40. 1247 

Sekiya, T., Matsumoto, M., Kojima, K., Ono, K., Kikkawa, Y.S., Kada, S., Ogita, H., Horie, R.T., Viola, A., 1248 

Holley, M.C., Ito, J. 2011. Mechanical stress-induced reactive gliosis in the auditory nerve 1249 

and cochlear nucleus. J Neurosurg 114, 414-25. 1250 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

29 

 

Semaan, M.T., Zheng, Q.Y., Han, F., Zheng, Y., Yu, H., Heaphy, J.C., Megerian, C.A. 2013. 1251 

Characterization of neuronal cell death in the spiral ganglia of a mouse model of 1252 

endolymphatic hydrops. Otol Neurotol 34, 559-69. 1253 

Shaia, W.T., Shapiro, S.M., Spencer, R.F. 2005. The jaundiced gunn rat model of auditory 1254 

neuropathy/dyssynchrony. The Laryngoscope 115, 2167-73. 1255 

Shakhman, O., Herkert, M., Rose, C., Humeny, A., Becker, C.M. 2003. Induction by beta-bungarotoxin 1256 

of apoptosis in cultured hippocampal neurons is mediated by Ca(2+)-dependent formation 1257 

of reactive oxygen species. J Neurochem 87, 598-608. 1258 

Shapiro, S.M. 1993. Reversible brainstem auditory evoked potential abnormalities in jaundiced Gunn 1259 

rats given sulfonamide. Pediatr Res 34, 629-33. 1260 

Shapiro, S.M., Hecox, K.E. 1988. Development of brainstem auditory evoked potentials in 1261 

heterozygous and homozygous jaundiced Gunn rats. Brain Res 469, 147-57. 1262 

Shapiro, S.M., Conlee, J.W. 1991. Brainstem auditory evoked potentials correlate with morphological 1263 

changes in Gunn rat pups. Hear Res 57, 16-22. 1264 

Shapiro, S.M., Nakamura, H. 2001. Bilirubin and the auditory system. J Perinatol 21 Suppl 1, S52-5; 1265 

discussion S59-62. 1266 

Shearer, A.E., Tejani, V.D., Brown, C.J., Abbas, P.J., Hansen, M.R., Gantz, B.J., Smith, R.J.H. 2018. In 1267 

Vivo Electrocochleography in Hybrid Cochlear Implant Users Implicates TMPRSS3 in Spiral 1268 

Ganglion Function. Sci Rep 8, 14165. 1269 

Sheppard, A., Hayes, S.H., Chen, G.D., Ralli, M., Salvi, R. 2014. Review of salicylate-induced hearing 1270 

loss, neurotoxicity, tinnitus and neuropathophysiology. Acta Otorhinolaryngol Ital 34, 79-93. 1271 

Shrestha, B.R., Chia, C., Wu, L., Kujawa, S.G., Liberman, M.C., Goodrich, L.V. 2018. Sensory Neuron 1272 

Diversity in the Inner Ear Is Shaped by Activity. Cell 174, 1229-1246 e17. 1273 

Spencer, R.F., Shaia, W.T., Gleason, A.T., Sismanis, A., Shapiro, S.M. 2002. Changes in calcium-binding 1274 

protein expression in the auditory brainstem nuclei of the jaundiced Gunn rat. Hear Res 171, 1275 

129-141. 1276 

Spoendlin, H. 1975. Retrograde degeneration of the cochlear nerve. Acta Otolaryngol 79, 266-75. 1277 

Spoendlin, H., Suter, R. 1976. Regeneration in the VIII nerve. Acta Otolaryngol 81, 228-36. 1278 

Stanford, J.A., Shuler, J.M., Fowler, S.C., Stanford, K.G., Ma, D., Bittel, D.C., Le Pichon, J.B., Shapiro, 1279 

S.M. 2015. Hyperactivity in the Gunn rat model of neonatal jaundice: age-related 1280 

attenuation and emergence of gait deficits. Pediatr Res 77, 434-9. 1281 

Stankovic, K., Rio, C., Xia, A., Sugawara, M., Adams, J.C., Liberman, M.C., Corfas, G. 2004. Survival of 1282 

adult spiral ganglion neurons requires erbB receptor signaling in the inner ear. J Neurosci 24, 1283 

8651-61. 1284 

Starr, A., Rance, G. 2015. Auditory neuropathy. Handb Clin Neurol 129, 495-508. 1285 

Stobie, P.E., Hansen, C.T., Hailey, J.R., Levine, R.L. 1991. A difference in mortality between two 1286 

strains of jaundiced rats. Pediatrics 87, 88-93. 1287 

Suzuki, J., Corfas, G., Liberman, M.C. 2016. Round-window delivery of neurotrophin 3 regenerates 1288 

cochlear synapses after acoustic overexposure. Sci Rep 6, 24907. 1289 

Tabuchi, K., Nishimura, B., Tanaka, S., Hayashi, K., Hirose, Y., Hara, A. 2010. Ischemia-reperfusion 1290 

injury of the cochlea: pharmacological strategies for cochlear protection and implications of 1291 

glutamate and reactive oxygen species. Curr Neuropharmacol 8, 128-34. 1292 

Takago, H., Oshima-Takago, T. 2018. Pre- and postsynaptic ionotropic glutamate receptors in the 1293 

auditory system of mammals. Hear Res 362, 1-13. 1294 

Tan, W.J.T., Thorne, P.R., Vlajkovic, S.M. 2013. Noise-induced cochlear inflammation. World Journal 1295 

of Otorhinolaryngology 3, 89-99. 1296 

Taniguchi, M., Hakuba, N., Koga, K., Watanabe, F., Hyodo, J., Gyo, K. 2002. Apoptotic hair cell death 1297 

after transient cochlear ischemia in gerbils. Neuroreport 13, 2459-62. 1298 

Teissier, N., Delezoide, A.L., Mas, A.E., Khung-Savatovsky, S., Bessieres, B., Nardelli, J., Vauloup-1299 

Fellous, C., Picone, O., Houhou, N., Oury, J.F., Van Den Abbeele, T., Gressens, P., Adle-1300 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

30 

 

Biassette, H. 2011. Inner ear lesions in congenital cytomegalovirus infection of human 1301 

fetuses. Acta Neuropathol 122, 763-74. 1302 

Tian, Y., Liu, X., Liu, H., Xing, J. 2015. Pathological changes of cochlear in deaf mice at different time 1303 

after mouse cytomegalovirus infection. Int J Clin Exp Med 8, 7192-7. 1304 

Tolosa, L., Lopez, S., Pareja, E., Donato, M.T., Myara, A., Nguyen, T.H., Castell, J.V., Gomez-Lechon, 1305 

M.J. 2015. Human neonatal hepatocyte transplantation induces long-term rescue of 1306 

unconjugated hyperbilirubinemia in the Gunn rat. Liver Transpl 21, 801-11. 1307 

Tranebjaerg, L., Strenzke, N., Lindholm, S., Rendtorff, N.D., Poulsen, H., Khandelia, H., Kopec, W., 1308 

Lyngbye, T.J.B., Hamel, C., Delettre, C., Bocquet, B., Bille, M., Owen, H.H., Bek, T., Jensen, H., 1309 

Ostergaard, K., Moller, C., Luxon, L., Carr, L., Wilson, L., Rajput, K., Sirimanna, T., Harrop-1310 

Griffiths, K., Rahman, S., Vona, B., Doll, J., Haaf, T., Bartsch, O., Rosewich, H., Moser, T., 1311 

Bitner-Glindzicz, M. 2018. The CAPOS mutation in ATP1A3 alters Na/K-ATPase function and 1312 

results in auditory neuropathy which has implications for management. Hum Genet 137, 1313 

111-127. 1314 

Umapathi, T., Chaudhry, V. 2005. Toxic neuropathy. Curr Opin Neurol 18, 574-80. 1315 

Usami, S.I., Kitoh, R., Moteki, H., Nishio, S.Y., Kitano, T., Kobayashi, M., Shinagawa, J., Yokota, Y., 1316 

Sugiyama, K., Watanabe, K. 2017. Etiology of single-sided deafness and asymmetrical 1317 

hearing loss. Acta Otolaryngol 137, S2-S7. 1318 

Uziel, A., Marot, M., Pujol, R. 1983. The Gunn rat: an experimental model for central deafness. Acta 1319 

Otolaryngol 95, 651-6. 1320 

Van Der Veere, C.N., Schoemaker, B., Bakker, C., Van Der Meer, R., Jansen, P.L., Elferink, R.P. 1996. 1321 

Influence of dietary calcium phosphate on the disposition of bilirubin in rats with 1322 

unconjugated hyperbilirubinemia. Hepatology 24, 620-6. 1323 

van Hunsel, F., van de Koppel, S., van Puijenbroek, E., Kant, A. 2018. Vitamin B6 in Health 1324 

Supplements and Neuropathy: Case Series Assessment of Spontaneously Reported Cases. 1325 

Drug Saf 41, 859-869. 1326 

Walters, M.I., Gerarde, H.W. 1970. An ultramicromethod for the determination of conjugated and 1327 

total bilirubin in serum or plasma. Microchemical Journal 15, 231-243. 1328 

Wan, G., Corfas, G. 2017. Transient auditory nerve demyelination as a new mechanism for hidden 1329 

hearing loss. Nat Commun 8, 14487. 1330 

Wang, S.J., Furusho, M., D'Sa, C., Kuwada, S., Conti, L., Morest, D.K., Bansal, R. 2009. Inactivation of 1331 

fibroblast growth factor receptor signaling in myelinating glial cells results in significant loss 1332 

of adult spiral ganglion neurons accompanied by age-related hearing impairment. J Neurosci 1333 

Res 87, 3428-37. 1334 

Wang, X., Wang, Y., Ding, Z.J., Yue, B., Zhang, P.Z., Chen, X.D., Chen, X., Chen, J., Chen, F.Q., Chen, Y., 1335 

Wang, R.F., Mi, W.J., Lin, Y., Wang, J., Qiu, J.H. 2014. The role of RIP3 mediated necroptosis 1336 

in ouabain-induced spiral ganglion neurons injuries. Neurosci Lett 578, 111-6. 1337 

Wang, Y., Patel, R., Ren, C., Taggart, M.G., Firpo, M.A., Schleiss, M.R., Park, A.H. 2013. A comparison 1338 

of different murine models for cytomegalovirus-induced sensorineural hearing loss. The 1339 

Laryngoscope 123, 2801-6. 1340 

Watanabe, F., Hakuba, N., Gyo, K. 2009. Measurement of DPOAE after ischemia/reperfusion injury of 1341 

the cochlea in gerbils. Neurosci Lett 467, 135-8. 1342 

Whayne, T.F., Jr. 2018. Clinical Use of Digitalis: A State of the Art Review. Am J Cardiovasc Drugs. 1343 

White, D.R., Choo, D.I., Stroup, G., Schleiss, M.R. 2006. The effect of cidofovir on cytomegalovirus-1344 

induced hearing loss in a Guinea pig model. Arch Otolaryngol Head Neck Surg 132, 608-15. 1345 

Whiting, P.H., Simpson, J.G. 1983. The enhancement of cyclosporin A-induced nephrotoxicity by 1346 

gentamicin. Biochem Pharmacol 32, 2025-8. 1347 

Wu, P.Z., Liberman, L.D., Bennett, K., de Gruttola, V., O'Malley, J.T., Liberman, M.C. 2018. Primary 1348 

Neural Degeneration in the Human Cochlea: Evidence for Hidden Hearing Loss in the Aging 1349 

Ear. Neuroscience. 1350 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

31 

 

Xiao, A.Y., Wei, L., Xia, S., Rothman, S., Yu, S.P. 2002. Ionic mechanism of ouabain-induced 1351 

concurrent apoptosis and necrosis in individual cultured cortical neurons. J Neurosci 22, 1352 

1350-62. 1353 

Yang, F.C., Draper, J., Smith, P.G., Vivian, J.L., Shapiro, S.M., Stanford, J.A. 2018. Short Term 1354 

Development and Fate of MGE-Like Neural Progenitor Cells in Jaundiced and Non-Jaundiced 1355 

Rat Brain. Cell Transplant 27, 654-665. 1356 

Yang, F.C., Riordan, S.M., Winter, M., Gan, L., Smith, P.G., Vivian, J.L., Shapiro, S.M., Stanford, J.A. 1357 

2017. Fate of Neural Progenitor Cells Transplanted Into Jaundiced and Nonjaundiced Rat 1358 

Brains. Cell Transplant 26, 605-611. 1359 

Ye, H.B., Shi, H.B., Wang, J., Ding, D.L., Yu, D.Z., Chen, Z.N., Li, C.Y., Zhang, W.T., Yin, S.K. 2012. 1360 

Bilirubin induces auditory neuropathy in neonatal guinea pigs via auditory nerve fiber 1361 

damage. J Neurosci Res 90, 2201-13. 1362 

Yoshida, T., Hakuba, N., Morizane, I., Fujita, K., Cao, F., Zhu, P., Uchida, N., Kameda, K., Sakanaka, M., 1363 

Gyo, K., Hata, R. 2007. Hematopoietic stem cells prevent hair cell death after transient 1364 

cochlear ischemia through paracrine effects. Neuroscience 145, 923-30. 1365 

Yuan, Y., Shi, F., Yin, Y., Tong, M., Lang, H., Polley, D.B., Liberman, M.C., Edge, A.S. 2014. Ouabain-1366 

induced cochlear nerve degeneration: synaptic loss and plasticity in a mouse model of 1367 

auditory neuropathy. J Assoc Res Otolaryngol 15, 31-43. 1368 

Yun, N.E., Ronca, S., Tamura, A., Koma, T., Seregin, A.V., Dineley, K.T., Miller, M., Cook, R., Shimizu, 1369 

N., Walker, A.G., Smith, J.N., Fair, J.N., Wauquier, N., Bockarie, B., Khan, S.H., Makishima, T., 1370 

Paessler, S. 2015. Animal Model of Sensorineural Hearing Loss Associated with Lassa Virus 1371 

Infection. J Virol 90, 2920-7. 1372 

Zhang, Z.J., Guan, H.X., Yang, K., Xiao, B.K., Liao, H., Jiang, Y., Zhou, T., Hua, Q.Q. 2017. Dose-1373 

dependent effects of ouabain on spiral ganglion neurons and Schwann cells in mouse 1374 

cochlea. Acta Otolaryngol 137, 1017-1023. 1375 

Zheng, X.Y., Henderson, D., Hu, B.H., McFadden, S.L. 1997. Recovery of structure and function of 1376 

inner ear afferent synapses following kainic acid excitotoxicity. Hear Res 105, 65-76. 1377 

Zheng, X.Y., Salvi, R.J., McFadden, S.L., Ding, D.L., Henderson, D. 1999. Recovery of kainic acid 1378 

excitotoxicity in chinchilla cochlea. Ann N Y Acad Sci 884, 255-69. 1379 

Zhou, R., Abbas, P.J., Assouline, J.G. 1995a. Electrically evoked auditory brainstem response in 1380 

peripherally myelin-deficient mice. Hear Res 88, 98-106. 1381 

Zhou, R., Assouline, J.G., Abbas, P.J., Messing, A., Gantz, B.J. 1995b. Anatomical and physiological 1382 

measures of auditory system in mice with peripheral myelin deficiency. Hear Res 88, 87-97. 1383 

Zhuang, W., Wang, C., Shi, X., Qiu, S., Zhang, S., Xu, B., Chen, M., Jiang, W., Dong, H., Qiao, Y. 2018. 1384 

MCMV triggers ROS/NLRP3-associated inflammasome activation in the inner ear of mice and 1385 

cultured spiral ganglion neurons, contributing to sensorineural hearing loss. Int J Mol Med 1386 

41, 3448-3456. 1387 

 1388 



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT



M
A

N
U

S
C

R
IP

T

 

A
C

C
E

P
T
E

D

ACCEPTED MANUSCRIPT

Highlights 

 

•  This article reviews the current available animal models that could potentially be used to 

study stem cell transplantation to treat auditory neuropathy 

•  We discuss a range of etiologies and species, covering ototoxic and metabolic damage, 

mechanical trauma and ischemia, infectious agents, genetics, noise-induced damage and 

aging. 

•  A critical assessment is provided of our current understanding of the pathogenesis 

behind the models, their relevance to human clinical conditions and their potential 

application for cell therapy studies. 

 

 

 


