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Article highlights:
· Cochlear implantation and stem cell transplantation: a discussion of the potential for combined therapy to improve hearing for the severe-to-profoundly deaf
· A thorough review of the in vivo studies conducted to date, and their major findings in
developing a stem cell-based therapy for auditory neural replacement
· The biochemical attributes of stem cell-derived auditory neurons, including the features
required in human stem cell lines
· A summary of the key electrophysiological characteristics of auditory neurons and how these relate to stem cell-derived neurons
· The role of electrical stimulation in promoting the functional connectivity of transplanted stem cell-derived neurons in the deaf cochlea.

Abstract
Introduction: In the auditory system, a specialised subset of sensory neurons are responsible for
correctly relaying precise pitch and temporal cues to the brain. In individuals with severe-to-profound sensorineural hearing impairment these sensory auditory neurons can be directly stimulated by a cochlear implant, which restores sound input to the brainstem after the loss of hair cells. This neural prosthesis therefore depends on a residual population of functional neurons in order to functioneffectively. 
Areas covered: In severe cases of sensorineural hearing loss where the numbers of auditory
neurons are significantly depleted, the benefits derived from a cochlear implant may be minimal. One way in which to restore function to the auditory nerve is to replace these lost neurons using
differentiated stem cells, thus re-establishing the neural circuit required for cochlear implant function.  Such a therapy relies on producing an appropriate population of electrophysiologically functional neurons from stem cells, and on these cells integrating and reconnecting in an appropriate manner in the deaf cochlea. 
Expert opinion: Here we review progress in the field to date, including some of the key
functional features that stem cell-derived neurons would need to possess and how these might be
enhanced using electrical stimulation from a cochlear implant.
1. Introduction
Sensorineural hearing loss (SNHL) is irreversible, and is predicted to affect as many as 278
million people worldwide according to 2005 World Health Organisation estimates. This estimate is
expected to increase every year with the planet’s rising population and higher life expectancies.
Sensorineural hearing loss can occur from a variety of factors including prolonged exposure to loud noise, antibiotic treatment with aminoglycoside drugs, or simply as a result of ageing. Critically, these factors can cause the permanent loss of cochlear hair cells, thereby breaking the normal pathway in the transmission of sound information to the brain. In addition, the hair cells are connected to the primary auditory neurons (ANs; which comprise the auditory nerve), and loss of these hair cells initiates the secondary and progressive degeneration of ANs [1]. This is important because the chief clinical treatment for SNHL is a cochlear implant, which directly stimulates the ANs in the absence of hair cells.  Accordingly, the health and integrity of ANs is considered to be one of the factors affecting cochlear implant performance [2], and thus, preserving a population of robust neurons is an important factor in improving outcomes with this neural prosthesis.

Although the cochlear implant is capable of electrically stimulating surviving ANs following hair
cell loss, the auditory nerve progressively degenerates resulting in small numbers of surviving ANs in long-term deafened animals [3,4]. Several studies have demonstrated that the infusion of neurotrophic factors into the cochlea can rescue primary ANs from degeneration [5-9], however, this survival effect is lost following the cessation of treatment [10] and longer-term delivery strategies are currently being investigated [11,12]. Whilst the rate of AN degeneration in much slower in humans [13,14], in circumstances where there is a lengthy delay between hearing loss and clinical intervention, and/or a severe degree of AN degeneration, there is a reduced window for rescuing ANs with neurotrophins.  Collectively, these data support the investigation of cell replacement therapies for AN degeneration and/or loss after severe-to-profound SNHL. It is worthwhile noting that stem cells may potentially be applied to replace damaged/degenerated hair cells in the deaf mammalian cochlea, with a view to regenerating a fully-functional cochlea (without the need for a cochlear implant). Whilst outside the scope of this review, such a therapy is being actively investigated by others, with promising results [15-17].

Replacement of ANs using stem cells may also prove useful for the more recently discovered
auditory nerve disorder, auditory neuropathy [18,19]. Hearing impairment resulting from auditory
neuropathy affects a small percentage of individuals who suffer from severe-to-profound SNHL (~8% according to a recent review [20]), which is characterised by normal outer hair cell function but perturbed auditory nerve function [18]. Patients diagnosed with auditory neuropathy routinely have poor speech recognition [18,21]. Whilst the precise mechanism(s) underlying the cause of auditory neuropathy are still not yet fully understood, the disorder is hypothesised to involve defects at the level of the inner hair cells, the inner hair cell-AN fibre synapses, the ANs, the AN fibres or any combination of these factors [18]. In cases where the inner hair cells and ANs are severely damaged, stem cells may provide replacement neurons for stimulation with a cochlear implant, thereby facilitating auditory input into the brain.

The use of stem cells to replace lost or degenerating ANs is not straightforward, and includes
overcoming several major challenges including differentiation of cells into an appropriate neural
phenotype (including specific electrophysiological characteristics), successful delivery into the deaf cochlea, and functional integration of these new neurons with the correct endogenous structures in the brain (including avoiding immunorejection). Whilst there have been several in vitro reports of stem cell differentiation toward an auditory neural lineage [22-25] and synapse formation on appropriate tissues [22,26,27], further in vivo studies are required to thoroughly demonstrate that the above-mentioned challenges can be overcome. For clarity, the basic anatomical features of the normal hearing mammalian cochlea are illustrated in Fig. 1.

2. Replacement of ANs using stem cells
There is a window of opportunity after hair cell injury or damage to rescue the ANs from
degeneration, thus preserving the maximum numbers possible for electrical stimulation via a cochlear implant. Such minimally invasive therapy could prove useful if long-term delivery strategies are identified and applied with a cochlear implant [12,28]. However, in cases where the ANs are severely depleted, stem cells may provide a source of replacement neurons to the deaf cochlea which can be electrically stimulated with a cochlear implant [29]. This idea is not new, and many laboratories have now published studies describing the delivery of exogenous stem cells into the mammalian cochlea for the replacement of degenerating ANs. These studies, including the delivery strategies used and the study outcomes, are summarised in Table 1. Despite differences in the type of stem cell delivered and the transplantation technique adopted, the collective results from these studies support several main conclusions: 1) several exogenous stem cell types can survive in the deafened mammalian cochlea, 2) stem cells are capable of extensive migration/dispersal following their delivery into the cochlea, 3) a proportion of stem cells express neuronal and glial proteins following their transplantation in vivo, and 4) transplantation of stem cells into the cochlea elicits a small, localised tissue response (if at all).

Initial attempts to transplant exogenous cells into the cochlea adopted a conservative surgical
approach, infusing cells directly through the round window membrane into the scala tympani, in an attempt to minimise trauma to the delicate cochlear structures. Whilst cell survival was reported, the delivery of cells into the scala tympani frequently resulted in the extensive dispersal of cells within the cochlea, and/or low detection of transplanted cells in the target site [30-32]. More recent attemptsdelivering stem cells into the cochlea have investigated a more invasive approach into the modiolus, auditory nerve, or Rosenthal’s canal ([31,33-36]; Fig. 1). While successful in terms of improving the numbers of exogenous cells detected within the target site, these studies also report the extensive dispersal of cells following transplantation. Several of these studies also report the presence of a localised tissue reaction, presumably due to the additional trauma necessary to deliver cells through the thin bony osseous spiral lamina wall and into the auditory nerve [36]. Although some dispersal of transplanted cells is likely to be necessary for effective replacement of ANs, extensive dispersal has the potential disadvantage of transporting the cells to regions distal to their target site. In addition, the effect of the surgical procedure on the endogenous population of neurons and the tissue response in the cochlea are also important to evaluate when considering these potential therapies. Whilst these studies are promising, arguably the most important feature of an effective cell replacement strategy for AN replacement is whether new stem cell-derived neurons are electrophysiologically functional in vivo and capable of normal integration into existing structures and circuits in the brainstem. Given the precise cochleotopic organisation of the cochlear nucleus and specificity of synaptic connections within this brainstem structure, this may prove the ultimate challenge. In addition, there are no reports to date detailing the successful growth of stem cell-derived processes through the glia limitans and into the cochlear nucleus to synapse on second order neurons in the brainstem. The central growth of stem cellderived neural processes will be an essential hurdle to overcome for combined stem cell-cochlear implant therapy, given that this neural circuit must be operational in order for the cochlear implant to effectively relay sound information to the brain.

3. Key morphological and biochemical features of stem cells for replacing the ANs
In developing a cell replacement therapy for SNHL, stem cells must be capable of differentiation
into an appropriate neural subtype, presumably the type I ANs which comprise the majority of primary afferent neurons in the cochlea (for recent review refer to [62]). Specifically, this subtype must possess unique electrophysiological properties, such that they are capable of relaying pitch and timing cues necessary for speech perception with speed and precision (see further discussion below). Ideally, they would also need to be derived from human sources for use in the clinic. There are two choices of human stem cell types which can be generally classified into either embryonic or adult subtypes, and both have benefits which warrant further consideration. Whilst, human embryonic stem cells have a broad differentiation repertoire, they may be difficult to patient-match for transplantation purposes, and are surrounded by ethical controversies as they are derived from embryonic sources. Conversely, adult stem cells can be patient-matched and avoid the controversial use of embryos for this research, but are believed to have a more restricted differentiation potential which may prevent them being successfully differentiated into the subtype required for cochlear stem cell therapy. With the relatively recent discovery of induced pluripotent stem cells [63], it may be possible to combine the best characteristics of both embryonic and adult stem cell types, meaning the potential for patient-matched cells capable of
multi-lineage differentiation. Clearly, there is still a great deal of work to do to investigate their full potential for treating human disease, including cochlear rehabilitation ([48,52] as recently reviewed by [64]).

3.1 Differentiation of stem cells into an auditory neural phenotype
Whilst neural differentiation of human embryonic stem cells into neurons has been widely
described [65-72], differentiation into defined lineages is still a major challenge. The differentiation of primary ANs is no exception and only a limited number of studies have reported the differentiation of stem cells toward an auditory neural-like lineage [22,24,45]. Of these studies, just one has used a human stem cell line [22]. Measured progress on this front can be explained in part by the fact that there is no single specific marker which characterises this neuronal subtype, and in part due to more general difficulties in the stem cells field including the generation of a homogenous population of differentiated cells from cells which innately produce almost all cell types of the body.

To direct the differentiation of stem cells toward an auditory neural phenotype, one may
consider the developmental stages of inner ear formation in the embryo as a starting point. The
development of neurosensory progenitors from the otic placode is thought to follow the same
molecular principles of brain development, including the combined interaction of diffusible signals
including fibroblast growth factors (3, 8 and 10), Shh, Wnts, and bone morphogenetic proteins [73-75]. The interaction between these four factors produces a patterning gradient which induces target cells into otic placode derivatives [73]. The primary ANs of the mammalian cochlea arise from the medial ectoderm of the otic placode [76], where they express Eya1 [77,78], Six1 [78], Pax2 [79-81] and Islet1 [81]. These neurons then undergo sequential expression of neurogenin 1, NeuroD, Brn3a and GATA3, before delaminating from the otocyst and comprising the ANs of the inner ear [82,83]. Mature ANs are critically dependent upon brain-derived neuroptrophic factor (BDNF) and neurotrophin 3 (NT3) for ongoing survival in vitro [84-86] and in vivo [87-90], and express the tyrosine receptor kinases TrkB and TrkC respectively [91-93], which bind these neurotrophins. In the absence of a single marker for determining AN phenotype, scientists have used combinations of soluble molecules (fibroblast growth factors, bone morphogenetic proteins) and growth factors (BDNF, NT3, and others) expressed during auditory development to try and direct stem cells toward an auditory neural fate. They then probe for expression of the above-mentioned proteins known to be expressed during differentiation toward an AN in situ. Particularly promising assays have included those producing a population of GATA3-positive
human stem cell-derived neurons [22], and mouse embryonic stem cells differentiated into the correct glutamatergic (VGLUT1/2 positive) phenotype [45].

3.2 Innervation and synapse formation of stem cell-derived neurons with endogenous cochlear tissues
In addition to generating an appropriate neural subtype for cell replacement, another important
feature for the clinical application of stem cells in the nervous system is their ability to innervate and synapse upon appropriate endogenous tissues. Whilst several studies have reported that stem cells are capable of innervating and forming pre-synaptic terminals upon peripheral [22,26,27] and central [94] auditory target tissues in vitro, there are as yet no reports of post-synaptic density formation between these cell and tissue types. Moreover, synaptic contacts between stem cell-derived neurons and peripheral and/or central target tissue in vivo are yet to be documented in the auditory system. Whilst two reports have demonstrated that stem cell-derived neural processes grew in an ordered and fasciculating manner from the cochlea modiolus toward the peripheral hair cells, no synapses were observed between stem cells and the peripheral target tissue [22,35]. In addition, only a limited amount of central neurite outgrowth was reported in one of the studies [22]. If stem cell-derived neurons could be encouraged to extend processes centrally and into the cochlear nucleus, then there is evidence to suggest that they may form synapses with endogenous tissue. This was illustrated using immunoelectron
microscopy techniques following the transplantation of human embryonic stem cell-derived
neurons into the neocortex [95]. Of course the detection of stem cell-derived synapses in vivo is
particularly challenging, as is the tracing of stem cell-derived processes and indeed  electrophysiological recordings from transplanted stem cells directly. In consideration of this, in vitro studies are useful in determining proof-of-principal concepts when it comes to the ability to extend processes toward peripheral and central targets, make synapses on the appropriate tissues and examine whether these are new circuits are electrophysiologically functional.

4. Key electrophysiological properties of stem cells for effective AN replacement
Whilst promising that stem cell-derived neurons have been observed to make synapses on
appropriate auditory tissues types in vitro [22,26,27,94], the functionality of these new synapses
remains to be determined, and this can only be thoroughly demonstrated using electrophysiology. The primary ANs of the cochlea are glutamatergic and capable of firing at high rates. The spike rate to acoustic stimulation (in the normal hearing cochlea) is typically in the order of 200-400 spikes/s [96,97], however this is much higher in response to electrical stimulation (in normal hearing or acutely deafened cochlea) at up to 1000 spikes/s over short periods [2,97]. This raises important considerations if stem cell-derived neurons are to be used in a cell replacement therapy, including: are stem cell-derived neurons electrically active; do they possess an appropriate compliment of ion channels; can they faithfully transmit electrical signals to the target neurons in the brain; and will they be able to respond to the high stimulus rate provided by the cochlear implant?

A detailed picture of the activity of the endogenous primary ANs, and the ion channels that
underlie their activity, is emerging from the many in vitro studies undertaken over the last two decades [98-105]. Characterised by their response to a sustained injection of depolarising current, the in vitro firing behaviour of primary ANs has been categorised primarily on the basis of firing adaptation [102,106]. Rapidly-adapting responses are defined by a smaller number of action potentials (typically 1 or 2, and no more than 6) fired during stimulation, and limited to the beginning of the depolarising pulse. This phenotype is the predominant profile within the neural population, and across studies. Alternatively, slowly-adapting responses are denoted by action potentials fired throughout the stimulus. Although a slowly adapting response has been observed in a portion of auditory neurons derived from the apical portion of the cochlea [98,102] this represents only a small subset of the overall neural population. Though to date this has only been reported in murine neurons [98,102,106,107] following a number of days grown in culture [107]. Recordings from acutely-dissociated neurons and slice cultures exhibit a consistent rapidly-adapting profile [99-101,105].

The ion channels responsible for shaping the activity of ANs are summarised in Table 2. Key
amongst these are members of the tetrodotoxin-sensitive voltage-gated sodium channel (NaV) family that are necessary for the activation of action potentials. A large number of voltage-gated potassium channels (KV) have also been identified, with their influence extending across many physiological features including action potential threshold, latency, duration and frequency. The rapidly-adapting firing profile that dominates within the AN population is specifically linked with high expression of KV1.1 and KV3.1 channels. As a low-voltage activated channel, KV1.1 contributes to an increase in firing threshold and by mediating a slowly-inactivating current, limits repetitive firing. Alternatively KV3.1 is activated at higher voltages (such as those reached during an action potential) and is associated with a reduction in action potential duration. The presence of a transient A-type potassium current in rapidly adapting ANs [100], whilst still somewhat contentious [see 108], is supported by the expression of channel subunits KV1.4, 3.4, 4.2 and 4.3 in ANs. The A-type current has been associated with an increase in firing threshold and rapid repolarisation of the membrane following an action potential.

In addition to these core sodium and potassium channels, ANs also express a number of other
channels that each play a pivotal role in shaping neural output including calcium-dependent potassium (KCa) channels, voltage-dependent calcium (CaV) channels and hyperpolarisation-activated cyclic nucleotide-gated (HCN) channels. The role of calcium channels and the calcium-dependent potassium channels are linked, and blockade of either leads to an increase in action potential latency [98,109]. In addition, high-voltage activated calcium channels contribute to the duration of action potentials [109], whilst the large-conductance calcium-activated potassium (BKCa) current has been shown to limit firing frequency [98]. Lastly, the hyperpolarisation-activated mixed-cation current (Ih) mediated by HCN channels is prevalent throughout the population of primary ANs [99,103,116] and has been implicated in setting resting membrane properties, contributing to firing threshold, as well as limiting the duration of excitatory postsynaptic potentials [115].

Together, this combination of channels provide ANs with the ability to follow high rates of
stimulation with temporal acuity. As demonstrated in whole-cell recordings [101], individual primary ANs can reliably entrain to 50 Hz stimulation (20 ms interval between biphasic pulses). At 100 Hz (10 ms interval) and 200 Hz (5 ms interval) firing reliability decreases to around 70% and 40% respectively. Our own recordings of cultured rat primary ANs displaying a rapidly-adapting profile (Fig 2) show a similar outcome with monophasic pulses. In the first example (Fig. 2A), firing of an AN can reliably entrain to 100 and 200 Hz stimuli. Whilst in a second AN (Fig. 2B) firing is consistent at 20 Hz (100 ms interval between pulses), but falls below 100% when the pulse interval decreases to 50 ms (67 Hz).
To replace the degenerating endogenous primary afferent neurons in the most functionally
meaningful manner, stem cell-derived neurons might be expected to share the same (or similar)
physiological phenotypes. Whilst many studies have explored electrical activity in stem cells,
investigations of the physiological properties of stem cell-derived neurons directed towards an auditory fate have been limited. Martinez-Monedero and colleagues [81], examining the electrophysiological activity of neurons derived from inner ear stem cells of mice, demonstrated that all neurons displayed a high voltage-activated potassium current, but few (7%) exhibit a low-voltage activated potassium current. Tetrodotoxin-sensitive sodium currents were limited to less than half of the cells tested, and of those, only 40% evoked action potentials. More recently, glutamatergic neurons derived from mouse embryonic stem cells over-expressing neurogenin 1 [120] were also examined for the ability to replace sensory neurons. Neurog1-induced cells were excitable, firing action potentials in a rapidly-adapting pattern as per ANs. Action potentials were tetrodotoxin-sensitive, and cells expressed sodium channel subunit NaV1.6. Further, calcium currents were identified, as well as both high-voltage activated sustained potassium current and transient A-type current. Pharmacological analysis suggested KV2 and KV3.1 underlie the high voltage current, whilst KV1.4 or KV4 was nominated to give rise to A-type activity.  Importantly, Chen and colleagues[25*] provided the first electrophysiological investigation of human fetal auditory stem cells. The study revealed the development of neuronal-like qualities in many of these cells including expression of a fast inward sodium current and outward potassium currents, but indicated an absence of calcium and hyperpolarisation-activated currents.

Most recently, we have shown that human embryonic stem cell-derived auditory-like neurons
are electrically active, firing action potentials in a rapidly-adapting fashion (Fig. 2C-D) in a similar manner to those observed in cultured primary ANs under the same recording conditions (Fig. 2A-B). Stem cellderived neurons also demonstrated the presence of tetrodotoxin-sensitive sodium currents and sustained potassium currents (Fig. 2F-H). Yet, action potentials were broader (half-width of 2.6 ms, n=20) in the stem cell-derived neurons than those recorded from primary ANs (0.8 ms, n=82; Fig. 2E). This activity was also accompanied by an increase in action potential latency at firing threshold (35.9 ms) as well as in response to supra-threshold stimuli (5.6 ms) compared to ANs (12.7 ms and 2.5 ms, respectively). Further, whilst Ih is consistently observed in ANs, this hyperpolarisation-activated current was absent from the human embryonic stem cell-derived neurons. These findings suggest that whilst stem cell-derived neurons display the key electrophysiological features (rapidly-adapting firing; tetrodotoxin-sensitive sodium currents; sustained potassium currents) of the ANs they are designed to replace, they do not yet possess all the attributes of post-natal ANs. Rather, they closely resemble the activity of the embryonic ANs [121]. As shown by the response of the stem cell-derived neurons to pulse trains at 20 and 67 Hz (Fig. 2C-D), firing entrainment to moderate rates of stimulation is limited by the relatively broad action potentials. Differentiation of stem cell-derived neurons capable of shorter latency, and brief action potentials through expression of addition ion channel families (such as CaV, KCa and HCN) will be necessary if they are to emulate the activity of ANs.

5. Expert opinion
There is often a prolonged delay between the loss of hearing and the implementation of
treatment, resulting in progressive degeneration of the auditory nerve. Whilst degeneration can be halted by the infusion of exogenous neurotrophin into the cochlea, this survival effect is lost following the cessation of treatment, and cochlear implants remain the only routinely used clinical option for the treatment of SNHL. Stem cell therapy offers the potential for nerve replacement in the severely deafened cochlea by transplantation of stem cell-derived neurons. The success of such therapy in the future will critically depend upon whether these stem cell-derived neurons are functional and can project central axons to the cochlear nucleus that establish functional synapses in a cochleotopic manner. If successful, such a therapy will be important for hair cell and nerve regeneration studies, considering that the success of both therapies relies upon a critical number of surviving primary ANs following deafness. It may also benefit patients with auditory neuropathy, given that this cohort of individuals can derive benefits from cochlear implantation [122,123].

Whilst challenging, the surgical approach to deliver stem cell-derived neurons into the cochlear
modiolus seems feasible since this is now being routinely used in gerbils and other small rodent models.  By comparison the length of the scala tympani in small rodents is 4.55 mm (mice), 9.20 mm (gerbil) and 7.24 mm (rat), and 28.46 mm (human), [124]. It is also promising to note that stem cells survive in the deafened cochlea environment for periods of at least three months, however longer-term studies are required in order to ensure that these cells continue to thrive indefinitely; presumably integrating into the host’s existing vasculature system where they can metabolise effectively. To the best of our knowledge, this has not yet been demonstrated and may require investigation at the electron microscopy level to thoroughly do so. It will also be necessary to provide patient-matched cells or alternatively, appropriate immunosupression, in order to ensure the longevity of cell transplants in the cochlea, and this concept has been reviewed in detail elsewhere [29,64]. It should be noted that despite encouraging advances in human embryonic stem cell differentiation and transplantation, a major difficulty remains to be addressed before stem cell therapies are clinically viable. That is, the mismatch of major human leukocyte antigens between the donor cells and the host will result in their eventual immunorejection by the host. Although chronic immunosupression can protect against immunorejection of donor cells, it is not without its own significant drawbacks, including cancer and infection [125]. Even the recently discovered induced pluripotent stem cells [63], which were thought to be a source of autologous cells for transplantation [126], have since been reported as showing genomic instability, abnormalities in their epigenetics, immunogenicity and capable of teratoma formation [127,128].  Collectively, these factors affect the entire cell therapy field and are perhaps the most significant obstacle to the clinical application of stem cells. A detailed report of the current challenges and recent progress in overcoming these, has been recently reviewed by [127].

A perfect genotypic copy of an endogenous AN seems to be the ultimate goal of stem cell
cochlear therapy (ie. for reconnection with regenerated hair cells), this may not be necessary in order to achieve improved outcomes with a cochlear implant. Key biochemical attributes of stem cell-derived neurons for combined treatment with electrical stimulation include differentiation into an excitatory (glutamatergic [45]) subtype, such that these new neurons (if functionally active) could readily integrate into the established auditory system. In addition, the expression of TrkB/C would likely confer survival advantages in the auditory system as new neurons would benefit from both the residual expression of BDNF/NT3 from the peripheral and/or central auditory system and/or emerging neurotrophin delivery strategies [11,28,129] and cochlear implant designs [130]; the latter of which is aimed at preserving both the residual endogenous population, and any new neurons in the cochlea. Delivery of exogenous neurotrophins may be further harnessed to alter the activity of stem cell-derived neurons, as BDNF and NT3 can manipulate firing patterns through modulation of channel expression [106,131]. Interestingly,
new generation implants and advances in stem cell differentiation may make it possible in future toengineer neurons from stem cells which are far superior to ANs in terms of their ability to receive and respond to high rate stimulation. This is a focus of current investigations in our laboratory (Fig. 2), and ability to follow high-rate stimulation may be improved following exposure to electrical stimulation in vitro [132] and/or in vivo [133]. Moreover, methods to improve the dynamic range of the stem cellderived neurons (and other performance characteristics of prostheses) may result in better outcomes for cochlear implant recipients. Key to the successful integration of transplanted stem cell-derived neurons, is their stage of differentiation at the time of delivery. The less differentiated the cells, the more potential they are observed to have in terms of their migration and distribution throughout the cochlea [145]. Human neural progenitors have been shown to form synapses on sensory hair cells in vitro [22,27] and survive for up to three months in vivo, extending processes toward residual hair cells in the denervated cochlea [22]. It remains to be elucidated whether these progenitors are capable of making functional central connections in vivo, but they have been observed to do so with cochlear nucleus slices in vitro [94,146].

Electrical stimulation in vitro and/or in vivo may have multiple positive effects on the
differentiation and integration of appropriate neural subtypes for AN replacement including enhanced firing properties and improved survival, neurite outgrowth and synapse formation. We postulate that electrical stimulation may act to mimic the spontaneous activity present in the developing auditory system in situ, and this spontaneous activity in developing auditory nerve fibres is considered essential for the survival of target neurons in the cochlear nucleus [82]. It is also suggested that spontaneous firing may assist in directing the formation of specific synaptic connections and in activating ANs during embryogenesis [134,135]. Similarly, electrical stimulation has been shown to promote survival of ANs in vitro [136,137] and in vivo [138], and additionally promotes the differentiation of stem cells into neural phenotypes in vitro [139]. As such, electrically stimulating these new (stem cell-derived) neurons may enhance their ability to respond and adapt to high rates of stimulation, particularly if provided at the critical times during their differentiation and development. Taken collectively, these data strongly support the use of electrical stimulation in promoting functional reconnection of stem cell-derived neurons in the central auditory system.

Given the development of a fully-implantable small rodent cochlear implant electrode array
[133] it is now possible to both electrically stimulate transplanted stem cell-derived neurons and also measure their function in vivo, using electrically evoked auditory brainstem responses. The auditory system is one of the few neural systems in which such hypotheses can be readily tested. Using this technology, stem cells can be both electrically stimulated in vivo at behaviourally appropriate stimulus levels, and any improvements in function quantified over time by comparing differences in activation thresholds. Given that normal synaptic activity can be recovered following chronic electrical stimulation in congenitally deaf cats [140], the in vivo depolarisation of stem cell-derived neurons may assist in synapse formation between stem cells and endogenous neurons. It is also conceivable that, even with a rudimentary neural scaffold remaining, stem cell-derived neurons may have a template upon which to extend processes into the correct areas of the brainstem. Given that the cochlear implant will depolarise both exogenous and endogenous neurons, this may provide additional guidance cues for cochleotopic reconnection in the cochlear nucleus. Importantly, if neurons reconnect in a sporadic manner in the cochlear nucleus, central processing may be altered and normal implant function disturbed. This will be a critical obstacle to overcome in the clinical translation of this therapy.

As detailed throughout this review, enhanced outgrowth of stem cell-derived processes is
fundamental to facilitating functional connection to central targets. Therefore, observations that
electrical stimulation can significantly enhance neurite outgrowth when combined with neurotrophin application [141] are particularly encouraging. These findings are further supported by recent studies in the peripheral nervous system, which illustrate the positive effect of electrical stimulation on the accelerated regrowth of endogenous sensory axons [142]. If combined with the application of repulsive guidance molecule inhibitors, which have been reported to improve axon regrowth through glial scar tissue after spinal cord injury [143,144], growth through the glia limitans is promising. The delivery of these molecules could conceivably occur at the same time as stem cells were transplanted, and need only last long enough to allow for new processes to extend and synapse on central targets.

In future, if stem cell-derived neurons can be encouraged to make functional and cochleotopic
central connections using the combined approaches above, there may be a broader population of
patients that can derive benefits from a cochlear implant. Importantly, research in this field has the potential to inform other emerging therapies which combine cell transplantation with electrical stimulation of tissue, including cardiac pacemakers with stem cell-derived cardiac tissue for improved heart function [147-149], or retinal prostheses combined with stem cell-derived retinal tissues to restore sight [150,151].
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7. Figure legends
Figure 1.
Histological images illustrate the basic anatomy of the normal hearing mammalian (rat) cochlea. A) Transverse section through the mid-modiolar region of the cochlea, illustrating the fluid-filled turns surrounding the central modiolus and entry of the auditory nerve. B) Higher magnification image of a single turn (inset from A), illustrating in more detail the three fluid-filled compartments: scala vestibule (SV), scala media (SM) and scala tympani (ST). Note that the cochlear implant is inserted directly into the ST to provide electrical stimulation to the auditory neurons, the cell bodies of which reside within Rosenthal’s canal (RC; circled). These neurons extend a peripheral process toward the hair cells (arrows), which are located within the organ of Corti (boxed region), and a central process toward the brainstem. The central processes coalesce to make-up the auditory nerve.

Figure 2.
A comparison of neural activity in primary auditory neurons and human embryonic stem cell-derived neurons. Two examples each of cultured primary auditory neurons (A-B) and stem cell-derived neurons (C-D) displaying a rapidly-adapting firing pattern in response to sustained membrane depolarisation.  Firing patterns observed in response to pulse trains (20-200Hz) demonstrate differences in the ability of each neuron to follow higher rates of stimulation (asterisks denote stimulus artefact). E) Action potentials fired by auditory neurons (grey) have shorter latency and are briefer than those displayed by stem cell-derived neurons (black). Voltage-clamp recordings in stem cell-derived neurons display sustained outward potassium currents evoked by membrane depolarisation (F-G) and fast inward tetrodotoxin-sensitive sodium current (H).
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