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Abstract
Localized cell and drug delivery to the cochlea and central auditory pathway can improve the
safety and performance of implanted auditory prostheses (APs). While generally successful, these
devices have a number of limitations and adverse effects including limited tonal and dynamic
ranges, channel interactions, unwanted stimulation of non-auditory nerves, immune rejection, and
infections including meningitis. Many of these limitations are associated with the tissue reactions
to implanted auditory prosthetic devices and the gradual degeneration of the auditory system
following deafness. Strategies to reduce the insertion trauma, degeneration of target neurons,
fibrous and bony tissue encapsulation, and immune activation can improve the viability of tissue
required for AP function as well as improve the resolution of stimulation for reduced channel
interaction and improved place-pitch and level discrimination. Many pharmaceutical compounds
have been identified that promote the viability of auditory tissue and prevent inflammation and
infection. Cell delivery and gene therapy have provided promising results for treating hearing loss
and reversing degeneration. Currently, many clinical and experimental methods can produce
extremely localized and sustained drug delivery to address AP limitations. These methods provide
better control over drug concentrations while eliminating the adverse effects of systemic delivery.
Many of these drug delivery techniques can be integrated into modern auditory prosthetic devices
to optimize the tissue response to the implanted device and reduce the risk of infection or
rejection. Together, these methods and pharmaceutical agents can be used to optimize the tissue-
device interface for improved AP safety and effectiveness.
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1. Auditory prosthetic devices and drug delivery
Auditory prostheses (APs) are neural prosthetic devices that help patients with hearing loss
regain auditory function by stimulating the auditory nervous system. A wide variety of
currently available and experimental APs serve to treat a broad range of clinical conditions.
They can improve the hearing of patients with severe hearing loss or hearing loss specific to
certain frequencies, and can restore auditory function in patients with complete deafness.
The success and effectiveness of AP therapy depends on many factors including electrode
placement, device design, stimulus waveform, proximity of electrodes to neurons, auditory
system pathology, integrity of neural pathways, and extent of fibrous tissue (Blamey et al.,
1992; Incesulu et al., 1998; Kawano et al., 1998). A number of APs are available for patients
with different physiological sources and degrees of hearing loss. Hearing aids, middle ear
implants, and bone-anchored hearing aids offer some functional recovery for patients with
conductive hearing loss, but when sensorineural hearing loss (SNHL) is severe, direct
stimulation of the auditory nerve is required. Cochlear implants (CIs) can restore hearing to
patients with extensive SNHL at the level of the cochlea (Cervera-Paz et al., 2005; Deggouj
et al., 2007; Di Girolamo et al., 2007; Wilson, This issue). CIs, shown in Figure 1, are
placed directly into the cochlea and electrically stimulate the auditory nerve. When the nerve
is damaged or otherwise inoperable, auditory brainstem implants (ABIs), penetrating
auditory brainstem implants (PABIs), and auditory midbrain implants (AMIs), also shown in
Figure 1, can be used to stimulate targets of the central auditory pathway including the
cochlear nucleus (CN) and the inferior colliculus (IC) (Lim et al., This issue; McCreery et
al., 2007; McCreery, This issue; Middlebrooks et al., This issue; Seki et al., 2007).

In order for APs to send rich acoustic information covering broad tonal and dynamic ranges,
they must be closely coupled to a large, healthy population of neurons (Fayad et al., 1991;
Incesulu et al., 1998; Khan et al., 2005; Leake-Jones et al., 1983; Nadol et al., 2001; Pfingst
et al., 1983; Sutton, 1983). Animal studies have shown that the number of intact nerve fibers
is an important indicator of CI success (Pfingst et al., 1983; Pfingst et al., 1981), although
successful cochlear implant treatment has been achieved in human patients with few
surviving neurons (Fayad et al., 1991; Fayad et al., 2006; Linthicum et al., 1991). Other
studies suggest that the location of intracochlear damage and distance between electrodes
and spiral ganglion neuron (SGN) cell bodies are more directly related to clinical cochlear
implant performance (Ketten et al., 1998; Nadol, 1997; Skinner et al., 2002). Degeneration
of auditory neurons and their processes also occurs as hearing loss progresses and less
neural input is received (Dodson et al., 2000; Nadol, 1990; Nadol, 1997; Shepherd et al.,
2002a; Spoendlin, 1975). In addition, surgical implantation of CIs and devices in the central
nervous system can cause trauma, inflammation, infection and reduction in the health and
availability of target neurons near the implant (Leake-Jones et al., 1983; Lenarz et al., 2007;
Li et al., 2007). In the majority of cases, CIs are effective and reliable in treating hearing
loss, with overall failure rates of 3.8 % (Battmer et al., 2007)- 8.3 % (Maurer et al., 2005).
Improvements in the tissue response to APs using cell and drug delivery can help reduce the
device failures caused by immune rejection, infection, encapsulating tissue response, device
migration, and degeneration of the primary auditory neurons. In addition, improvements in
the tonal and dynamic resolution, place-pitch discrimination, and power consumption can
also be made to improve device function.
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The delivery of therapeutic compounds to the cochlea and central auditory pathway in
conjunction with implanted devices may help to overcome many limitations associated with
APs. Improvements in the direct coupling of healthy neurons to small electrode sites can
increase the resolution of electric stimulation while reducing channel interactions. A number
of medications and drug delivery techniques have been developed through the treatment of
inner ear diseases and research on implantable neural prostheses. These methods have the
potential to improve the health and accessibility of auditory neural structures. Growth
factors and other biomolecules can be delivered to promote the survival of neurons and may
be able to induce neurite extension towards the implants. Various anti-inflammatory steroids
can reduce the degree of insertion trauma and subsequent fibrous tissue growth around the
implant. The release of antibiotics near the implant can prevent infection and meningitis.
Surface modification can also be used to direct the adhesion of desirable tissue to the
implant surface. Cell delivery and gene therapy aimed at the regeneration of auditory
neurons and sensory hair cells may partially restore natural hearing to improve auditory
function with any type of AP. Together these approaches may improve the tonal range and
resolution, dynamic range and resolution, power consumption, and safety of APs.

In this article, we will explore the use of localized cell and drug delivery to the cochlea and
central auditory pathway to improve the integration and function of APs. We will discuss the
drug delivery targets found in the cochlea and central auditory pathway that are relevant to
APs. The pharmaceutical agents, biomolecules and biochemical compounds that may
improve the function, integration, safety, and efficacy of AP devices will be presented. The
delivery techniques described include currently available clinical methods as well as
experimental methods. We will focus on the cell and drug delivery techniques and cellular
targets relevant to CIs, ABIs, and AMIs since these are the most demanding applications
with the broadest potential impact. Finally, we will suggest areas of future research that may
benefit the further treatment potential of APs.

2. Drug delivery targets and tissue reactions
2.1. Cochlear implants

2.1.1. Device and drug delivery targets—CIs have been used extensively since the
1970s for patients with severe SNHL. These devices have been largely successful at
restoring speech perception to profoundly deaf patients (Middlebrooks et al., 2005; Tyler et
al., 1997; Waltzman et al., 1993; Wilson, This issue). As a result, the benefits of CIs have
become available to an increasingly larger patient group. Currently CIs are available for
adults and for children less than 1 year old with moderate to profound hearing loss (Cervera-
Paz et al., 2005; Deggouj et al., 2007). CIs electrically stimulate the remaining SGNs in the
cochlea using an array of up to 24 electrodes implanted within one of the fluid-filled
chambers of the cochlea, the scala tympani, as shown in figure 2A. Electrodes are typically
made of inert metals such as platinum, immobilized on an elastomer carrier that can be
shaped to contour to the curving shape of the cochlea. These contoured implants are
intended to reduce the distance between the electrode and the modiolus, where the spiral
ganglion cell bodies are found. Reviews of cochlear physiology related to cochlear
implantation are available elsewhere (Dallos, 1996; Nadol et al., 2006; Raphael, 2002;
Raphael et al., 2003; Stjernholm, 2003).

The viability and proper function of SGNs is crucial for both acoustic hearing and hearing
assisted by cochlear implants. SGNs transmit acoustic information from inner hair cells in
the form of neural impulses to the CN, for further processing. They are also the targets of
electrical stimulation from CIs. Unfortunately, degeneration of the SGN is known to occur
after loss of sensory input from hair cells (Nadol, 1997; Nadol et al., 2006; Spoendlin,
1975). For CI operation, the proximity and availability of SGN to the implant may also be

Hendricks et al. Page 3

Hear Res. Author manuscript; available in PMC 2011 April 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



an important factor enhancing the success of the prosthesis. Methods to reduce the distance
between the CI and the SGNs include the delivery of growth factors to induce neurite
extension towards the electrode and the delivery of anti-inflammatory agents and other
compounds to reduce the fibrous and bony tissue that forms between the implant and SGNs.

The most common cause of cochlear-level SNHL in humans is the loss of sensory hair cells
found in the organ of Corti (Strenzke et al., 2008). These delicate cells detect vibrations of
the basilar membrane, and without them, sound cannot be processed. A number of etiologies
can contribute to the loss of sensory hair cells, including heredity disease, ototoxic
medications, mechanical trauma, overstimulation and aging. In mammals, cochlear hair cell
loss is permanent. As such, strategies to promote the survival and regeneration of sensory
hair cells are some of the primary goals of drug delivery for improving prosthetic and
natural hearing. The supporting cells in the organ of Corti are also targets for drug delivery
systems, as these cells are crucial for the protection, survival, and function of hair cells.
Supporting cells are also a prime target for gene therapy strategies to regenerate sensory hair
cells (Raphael et al., 2007).

2.1.2. Tissue reaction to cochlear implants—The key to developing appropriate
pharmacological strategies to improve APs integration and function is an understanding of
the tissue reaction to implanted devices. The insertion of CI electrodes into the scala
tympani can cause trauma to the basilar membrane, spiral ligament, osseous spiral lamina,
and lateral wall of the scala tympani, leading to acute inflammation. The long-term effects
of implantation include chronic inflammation, fibrous encapsulation, new bone growth, and
further hearing loss (James et al., 2008; Nadol et al., 2006). Figure 2B shows an implanted
human cochlea with minimal tissue reaction, while figure 2C shows extensive fibrous and
bony tissue between the implant and the modiolus. The amount of trauma to the lateral
cochlear wall during the initial insertion has been shown to correlate with the amount of
fibrous tissue and bone growth seen later (Li et al., 2007). In turn, the extent of fibrous tissue
and bony growth has been associated with higher stimulation thresholds, reduced dynamic
ranges, and decreased SGN viability (Hanekom, 2005; Kawano et al., 1998), although there
is some debate on the subject (Li et al., 2007). It is widely agreed upon, however, that new
bony and fibrous tissue in the cochlea limits subsequent treatment options including
reimplantation and regeneration strategies (Somdas et al., 2007). The administration of
electrical stimulation to the cochlea can increase the inflammation and encapsulation around
the electrode in the scala tympani (Shepherd et al., 1994), although some studies have shown
that electrical stimulation can help preserve SGNs (Hartshorn et al., 1991; Leake et al.,
1991; Leake et al., 1992; Lousteau, 1987). Strategies to reduce the initial implantation
trauma, including “soft” surgical approaches, steerable implants, and lubricants to facilitate
insertion, have demonstrated decreased effects on hearing (Gantz et al., 2005; Kiefer et al.,
2004; Laszig et al., 2002; Rogowski et al., 1995). Anti-inflammatory steroids have also been
shown to reduce the inflammation and subsequent effects associated with electrode insertion
(James et al., 2008).

2.2. Auditory brainstem and midbrain implants
2.2.1. Devices and drug delivery targets—For patients with profound hearing loss
who are not eligible for CIs, APs in the central nervous system provide an alternative
treatment option. The CN and IC are currently the primary locations for AP stimulation in
the central nervous system using surface and penetrating microelectrode arrays. Detailed
anatomical and physiological information regarding the central auditory pathway is
available elsewhere (Cant et al., 2003; Demanez et al., 2003; Moore et al., 2007). ABIs have
been used since 1979 to stimulate the CN (Edgerton et al., 1982; Schwartz et al., 2008). The
majority of ABI users are patients with neurofibromatosis 2, a disease characterized by
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bilateral Schwannomas on the cochlear nerves that often require deafness-causing surgical
removal. ABIs have been successful in providing some environmental auditory information
to patients, but their effectiveness at restoring speech perception is quite limited (Colletti et
al., 2005; Lenarz et al., 2001; Otto et al., 2002; Shannon et al., 1993). More recently, the IC
has been used as the target of electrical stimulation with AMIs (Lenarz et al., 2007; Lim et
al., 2007). Preliminary results in animals have shown that stimulation of the IC by AMIs is
possible and may provide some benefits over CIs and ABIs (Lenarz et al., 2006a; Lim et al.,
2006). Human pilot studies are currently underway, although encoding strategies for
communicating with this higher processing center are still in development. While these
technologies can circumvent areas of extreme damage in the auditory system, their ultimate
success depends on the viability and availability of target neurons and the ability to
stimulate these in a safe and useful manner. The target structures of the central auditory
pathway, including the dorsal and ventral nuclei of the CN and the central nucleus of the IC,
are composed of various types of neurons, glia, and vasculature depending on their location.
In both the brainstem and midbrain, a number of nearby processes include both sensory and
motor neurons, so stimulation must be localized within the auditory tract to prevent
unwanted neuronal activation. To improve the performance of APs in the central auditory
pathway, drug delivery strategies should focus on promoting the viability, function,
accessibility and selectivity of target neurons near the device electrodes. By reducing the
extent of inflammation and fibrous encapsulation, electrodes in the central nervous system
can interact more directly with target neuronal structures.

2.2.2. Tissue reaction to implants in central auditory system—Studies on the
tissue reaction of implants in the CN and IC in animals have shown similar tissue reactions
as microelectrodes implanted into other soft structures of the brain. In the brain, there is a
multi-stage response to implanted microelectrodes (Szarowski et al., 2003). The initial
insertion of an electrode or array into the soft tissue causes trauma including tearing of
neurons, glia and blood cells. The early tissue response typically lasts 2–4 weeks and
includes inflammation, increased astrocyte proliferation, the presence of reactive astrocytes
and growth of astrocytes within 100–200 μm of the implant. The severity of the early
response is related to the magnitude of insertion trauma, which correlates with the device
size and geometry. The early response is followed by a sustained tissue response that is
independent of the implant size or shape. The sustained response is characterized by the
formation of a dense and compact fibrous sheath, composed of reactive astrocytes and
reactive microglia. The dense fibrous tissue, which is typically in place 6 weeks after
insertion, reduces electro-ionic conduction between the electrode and neurons. In addition, a
neuronal “kill zone” with decreased neuronal viability, extends approximately 100–200 μm
from the implant (Biran et al., 1999; Biran et al., 2005; Cheung, 2007).

The tissue reaction in cats implanted with an AMI for 2 months in the IC is shown in Figure
3. The reaction included a fibrillary sheath, approximately 60 μm thick, around the implant,
and reactive glial cells were present in both stimulated and non-stimulated animals within
500 μm from the implant; the glial cell density near the implant is represented in Figure 3B.
A decrease in the number of viable neurons within 100 μm of the implant accompanies the
glial cell proliferation, shown in Figure 3C (Lenarz et al. (2007). A human brainstem
implant removed due to infection showed a dense, collagen-rich sheath after 22 months of
use (Terr et al., 1989). The leads of the device were also covered by a sheath of connective
tissue, which ranged from 150 to 430 μm thick. A study by Quester et al. (2002) examined
the local tissue reaction in rats to polyethylene terephthalate meshes used as electrode
carriers in ABIs. The study again demonstrated the presence of fibrous sheath around the
meshes beginning 2 weeks after implantation, but also noted the importance of fibrous tissue
in the prevention of implanted device migration. In addition, some adverse effects of
implanting the pliable polymer mesh were seen, including fatal lesioning of brainstem
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structures and meningitis. While cellular encapsulation is often necessary to prevent
migration of the implant and to sequester the foreign materials from the tissue, it can also
block critical device components such as electrodes and retard charge transfer at the
electrode interface. The results from Quester et al.'s study highlight the importance of using
soft materials that are less likely to cause lesioning once implanted, and the use of anti-
inflammatory, anti-bacterial, and possibly other drug treatments in conjunction with
implants to reduce the risk of infection and cell death.

3. Pharmaceuticals for improved auditory prosthesis therapy
Localized delivery of pharmacological agents is crucial in both the inner ear and the brain in
order to reach necessary drug concentrations without causing adverse effects.
Pharmacokinetic studies show that systemic administration of medications by injection or
infusion leads to poorly controlled concentrations in the inner ear, and exposes the rest of
the body to the effects of the drug (Chen et al., 2003; Imamura et al., 2003). The uptake of
systemically administered compounds into the central nervous system is very low due to the
protective blood-brain-barrier which prevents entry of many useful medications (Persidsky
et al., 2006). Similarly, the blood-labyrinth barrier prevents compounds in the blood supply
from entering the inner ear (Inamura et al., 1992; Juhn, 1988; Juhn et al., 1981; Juhn et al.,
2001). The development of minimally invasive methods for localized and sustained delivery
of precise quantities of medication near the implant site will circumvent these barriers and
enable improvements in the safety, efficacy, cost, and reliability of APs while reducing
adverse effects.

Clinical and experimental efforts have yielded numerous pharmacological agents that
promote the survival of targets for electrical stimulation and cells necessary for processing
of auditory signals. Medications and delivery methods developed to treat inner ear disorders
such as SNHL, sudden SNHL, tinnitus, and infections have provided many useful
approaches that can be harnessed to reduce hearing loss and prevent the degeneration of AP
target cells. This research has identified many compounds including antibiotics,
antioxidants, anti-inflammatory agents, neurotransmitters and their agonists, cytokine
inhibitors, apoptosis blockers, and growth factors that protect and preserve the hair cells,
neurons and supporting cells of the cochlea (Breuskin et al., 2008; Crumling et al., 2006;
Darlington et al., 2007; Fritzsch et al., 2006; Gillespie et al., 2005; Guitton et al., 2004;
Holley, 2002; Lalwani et al., 2002; Patel et al., 2004; Pettingill et al., 2007; Raphael, 2002;
Richardson et al., 2006; Rybak et al., 1999; Rybak et al., 2005; Seidman et al., 2003;
Seidman et al., 2004; Tang et al., 2006; Weber, 2002). Similar research on the central
nervous system has yielded compounds including anti-apoptotic agents, amino acids,
neurotransmitters and their agonists, antioxidants, anti-inflammatory agents, calcium,
hormones, and growth factors which are useful in promoting the survival of neurons in many
traumatic and neurodegenerative states (Chin et al., 2005; Diem et al., 2007; Friedman,
2006; Hara, 2007; Hoffman et al., 2006; Lescot et al., 2006; Sweeney, 1997). Cell delivery,
gene therapy and tissue engineering approaches to repairing traumatic injury and diseases of
the brain and central nervous system have also produced promising results for the
regeneration of lost neurons (Buch et al., 2007; Mochizuki, 2007; Shen et al., 2007).

Many studies have been carried out to investigate the pharmacokinetics of therapeutic
compounds in the cochlea. Sampling the perilymph of humans and animals has been used to
measure concentrations of therapeutic compounds, although this method is susceptible to
contamination by cerebrospinal fluid (Hara et al., 1989; Oertel et al., 2007; Salt et al., 2003).
Microdialysis has been used to monitor the levels of compounds, such as steroids in the
inner ear, without altering fluid levels or compositions (Hahn et al., 2006). Empirical
measurements of intracochlear drug concentrations have been used to create computational
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models that can be used to predict spatial and temporal distribution of compounds in the
cochlea (Salt, 2002; Salt et al., 2006). This finite element model is available for free
download (oto.wustl.edu/cochlea/model.htm). While these studies have helped to elucidate
cochlear pharmacokinetics, their predictions are prone to deviations due to inflammation,
injury, and differences between individuals (Banerjee et al., 2004).

The diffusion of compounds in the brainstem and midbrain is limited due to the dense
cellular structure. Lower molecular weight compounds tend to diffuse farther and faster
while large compounds remain concentrated near the site of delivery. In some cases,
measuring the extent of migration in animals can be achieved by fixing the compounds in
place prior to tissue sectioning (Neeves et al., 2007). Staining and serial sectioning can
elucidate the 3-D drug distribution.

4. Localized cell and drug delivery techniques
Techniques for localized drug delivery to the cochlea and central auditory pathway can be
used to improve AP therapy by promoting the health and accessibility of target auditory
structures. By delivering pharmaceutical agents closer to where they are needed, the adverse
effects of systemic administration can be avoided and the concentrations can be better
controlled. Sustained release methods that can extend delivery over longer times can provide
tighter control of drug concentrations to prevent exceeding or falling below the therapeutic
window as is common with discreet drug delivery methods. Ideally, these methods should
also be minimally invasive and/or integrated with the AP device to avoid unnecessary
surgery, trauma, or infection.

4.1. Microfludic delivery
Microfluidic delivery is a method for continuous infusion of pharmaceuticals to the cochlea
and central nervous system using a drug reservoir and small tubes or cannulas for delivery.

4.1.1. Pump-catheter systems—Pump-catheter systems have been used extensively in
animal models to deliver numerous compounds including otoprotective compounds, drugs to
promote regeneration, anti-bacterial compounds and transmitter agonist compounds. Early
attempts used cannulas or microcatheters connected to skull-mounted infusion systems to
deliver small discrete quantities of medications into the perilymph of the scala tympani
(Kingma et al., 1992). Miller and colleagues developed techniques for applying mini-
osmotic pumps connected to microcannulas for chronic sustained delivery to the cochlea
(Brown et al., 1993). The advantage of the mini-osmotic pump is the constant infusion of
solutions for days to weeks, while other methods offer discrete infusions followed by latent
periods. For chronic delivery lasting more than 2 weeks, it is possible to exchange the empty
drug reservoir for a full one by minor surgery. Continuous low volume infusion should
provide the most stable concentrations of medications in the scala tympani (Hashimoto et
al., 2007), because of the constant exchange of fluids within the cochlea and the degradation
of exogenous compounds over time. Mini osmotic pumps have been used to promote
neuronal viability by delivering neurotrophic factors including glial-derived neurotrophic
factor (Shoji et al., 2000a; Yamasoba et al., 1999a), brain-derived neurotrophic factor
(BDNF) (McGuinness et al., 2005; Miller et al., 1997; Shoji et al., 2000b), neurotrophic-
factor 3 (NT-3) (Miller et al., 1997; Shoji et al., 2000b), as well as viral vectors to increase
neurotrophic factor expression (Prieskorn et al., 2000; Yamasoba et al., 1999b). Other
compounds including antioxidants (Ohinata et al., 2003; Yamasoba et al., 1999a), iron
chelators (Yamasoba et al., 1999a), voltage-gated calcium channel agonists (Miller et al.,
2003) and NMDA receptor agonists (Ohinata et al., 2003) have been delivered to protect
hair cells and neurons and prevent degeneration. Takemura et al. demonstrated that
dexamethasone, an anti-inflammatory steroid, delivered via mini osmotic pumps at a rate of
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0.5 μl/hour for 11 days, prevented hair cell loss from noise-induced trauma in guinea pigs
(Takemura et al., 2004). Previous work from this group showed that pump-infused
dexamethasone also protected hair cells from ototoxic medications (Himeno et al., 2002).
The mini-osmotic pump system offers a reliable platform for the sustained delivery of many
compounds that can promote the survival of SGNs and hair cells in the cochlea, reduce
inflammation due to insertion trauma, and possibly reduce the fibrous encapsulation and
ossification around the implant. Unfortunately, these systems have had limited use clinically
because of the risk of infection, the need to change drug reservoirs, and the difficulty of
insertion and removal. Another problem with mini-osmotic pump delivery is the degradation
of many therapeutic compounds in body temperature, limiting the selections of reagents that
can be loaded into a pump and retain bioreactivity for many days.

Pump-catheter systems have also been used in the brain and central nervous system to infuse
neurotrophins and other pharmacological compounds to protect neuronal structures from
damage due to ischemia, excitotoxicity, and axotomy. However, compounds delivered into
the brain experience slow diffusion, especially high molecular weight compounds and polar
species. By applying a small but constant pressure to the fluid, it is possible to increase the
diffusion of compounds through the interstitial spaces of the brain (Bobo et al., 1994). This
process is termed convection-enhanced delivery (CED) and is essential for the increased and
homogeneous distribution of therapeutic compounds in the brain.

A number of studies have made use of CED to deliver drugs, proteins, neurotrophins, and
medications to various areas of the brain. Efforts to treat brain injury and deliver growth
factors and steroids to the brainstem and midbrain offer the most utility for APs. Infusion of
BDNF to the midbrain has been used in models of Parkinson's disease. The BDNF infusions
reduce vestibular deficits, increase neuronal metabolism, and prevent degeneration of nigral
neurons (Altar et al., 1994; Volpe et al., 1998). Intraventricular infusion of nerve growth
factor (NGF) has been shown to promote the survival of cholinergic neurons, improve
cognitive function, and reduce apoptosis in various rat models of traumatic brain injury
(Dixon et al., 1997; Sinson et al., 1995; Sinson et al., 1997). The infusion of basic fibroblast
growth factor (bFGF) following brain trauma also helped restore cognitive function
(McDermott et al., 1997). Histologically, the neurons in both bFGF-treated and control
animals appeared similar, although bFGF-treated animals had increased astrocytic
proliferation, indicative of a neuro-immune response. Intramedullary infusion of BDNF had
neuroprotective effects and promoted remyelination and regeneration after traumatic spinal
cord injury (Namiki et al., 2000). Continuous intraventricular infusion of BDNF beginning
prior to ischemic trauma in a rat model increased the number of surviving pyramidal cells
(Beck et al., 1994) and reduced the volume of infarct tissue (Schabitz et al., 1997), even
when administered directly after transient ischemia (Tsukahara et al., 1994; Yamashita et al.,
1997). These results suggest that microfluidic delivery to the brainstem and midbrain is
possible and may help promote the viability and function of target tissue, even after injury
and degeneration have occurred, an important consideration for APs.

4.1.2. Drug delivery channels—The clinical value of microfluidic delivery for APs may
come from the integration of drug delivery channels onto implantable AP devices. In these
cases, the fluid delivery system does not add more difficulty than implantation of the
auditory prosthetic device, except for refilling of the drug reservoir. The drug delivery ports
can be used to deliver compounds directly to the electrodes, one of the most important sites
for directing the tissue reaction. Custom-fabricated devices demonstrate the feasibility and
usefulness of hybrid devices capable of stimulating electrically and delivering drugs in
animals models (Rebscher et al., 2007; Shepherd et al., 2002b) (Figures 4A and 4B).
Paasche et al. (2003) modified existing commercial implants by removing the tip of a
Nucleus 24 Contour lead manufactured by Cochlear Ltd. to expose the lumen of the clinical
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device (Figure 4C). The other end was coupled to either a mini osmotic pump or an infusion
pump using a custom connector. This modification produced a robust CI capable of
delivering drugs or other soluble compounds to the tip of the electrode. To further
characterize the distribution of therapeutic compounds delivered through microfluidic ports
on a CI, this modified implant was tested using dye and a model cochleae (Paasche et al.,
2006). Simultaneous release from multiple sites on the electrode provided the most
homogenous distribution of dye throughout the perilymph. Stover et al. examined the use of
a femtosecond laser to precisely machine small ports for drug delivery in a Nucleus Contour
24 implant (Stover et al., 2007). Holes between 70 µm and 180 μm were rapidly machined
in the silicone devices to release drugs from the internal lumen of the implant. This
capability was demonstrated in vitro with the delivery of a dye compound in water (Stover et
al., 2007).

Microfabricated silicon and polymer probes with electrode sites for recording and
stimulating the central nervous system have also been fabricated with integrated fluid
delivery channels (Lee et al., 2004; Neeves et al., 2006; Retterer et al., 2004; Takeuchi et al.,
2005; Ziegler et al., 2006). Most of these devices have demonstrated the ability to deliver
fluids in vitro. Silicon devices with integrated microfluidic channels and shutters that enable
delivery of 100–200 pl injections were implanted into the CN to study the effects of
neuropharmacological delivery while electrically monitoring neuronal response. Injections
of GABA into the dorsal CN could be detected using electrodes placed in the ventral CN to
record the inhibitory effects (Papageorgiou et al., 2006). The dense brain matter limits the
distribution of compounds in vivo, producing more localized distribution than in the fluid-
filled cochlea. This can be beneficial when highly localized delivery is desired, but can also
produce inhomogeneities in concentration due to tissue structure. One strategy to increase
the distribution in vivo is to increase the permeability of the extracellular matrix (ECM). As
the ECM is the primary pathway for fluid movement, Neeves et al (2007) implemented
strategies to dilate and degrade the interstitial space, to promote the diffusion of 54 nm
diameter polymer nanoparticles. They found that the most successful strategy was
preinfusing the brain with isotonic buffer solution prior to nanoparticle delivery. This
strategy increased the distribution volume by 123%. The pre-infusion of hyaluronidase, an
enzyme that degrades the hyaluronan found in ECM, increased the volume of nanoparticle
distribution by 64%. The delivery of enzymes to help degrade the ECM might also be a
useful approach for reducing the insulating fibrous sheath that forms between implanted
electrodes and auditory structures of the brain and impedes electrical transfer. This research
shows that delivery of pharmaceutical compounds directly to the electrode sites in the
central nervous system (CNS) can be used to direct the tissue reaction at this important
interface.

There is a possibility that machining features onto auditory prosthetic devices may create
suitable locations for drug-resistant, bacterial biofilms to adhere and propagate. In some
cases, these infections can lead to meningitis. In vitro studies have been undertaken to
understand the role of geometry and port design in biofilm formation (Johnson et al., 2007).
Although larger holes in a device lead to significantly more biofilm colonization than
smaller holes, even an unmodified silicone surface can be host to biofilm formation in vitro.
The prevalence of biofilms on implant materials underscores the necessity of implementing
drug delivery strategies on APs to reduce unwanted surface fouling and prevent infection.

4.2. Materials for sustained release
Many materials have been used as matrices for sustained drug delivery to the inner ear and
brain. Some materials act as sponges to soak up therapeutic solutions and release them by
diffusion once implanted. Other materials are biodegradable and release their payload as
they erode or are digested by the body. These materials may benefit AP function by
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extending the timeframe of drug delivery, improving neuronal survival, and reducing
inflammation related to AP implantation and drug delivery.

4.2.1. Non-degradable materials—The non-degradable polymer resin ethylene vinyl-
acetate copolymer (EVAc) has been made into discs and used as a matrix for sustained
delivery of compounds through the round window membrane (RWM) and into the
perilymph. Pasic and Rubel demonstrated this technique by delivering tetrodotoxin, a
reversible voltage-gated sodium channel blocker, to the cochlea using small discs they had
made from solvent-cast solutions of EVAc and tetrodotoxin. The effects of tetrodotoxin on
the auditory system were seen within 10 minutes of administration and lasted on average
24–46 hours and were dependent on drug loading concentration (Pasic et al., 1989).

The use of EVAc discs for intracranial drug delivery has also been investigated. EVAc
discs, weighing on average 6.20 ± 0.05 mg, were each loaded with approximately 100 μg of
recombinant human NGF (rhNGF) during fabrication and implanted into the brains of rats.
Release of rhNGF was sustained for 4 weeks and provided levels near the implant of
approximately 10,000 ng/ml after the first week. The concentration of rhNGF decreased
exponentially with distance from the implant (Saltzman et al., 1999). EVAc has also been
effectively used as a carrier for NT-3 to the rat cerebellum (Doughty et al., 1998).

4.2.2. Degradable particles—Degradable nanospheres made of poly(lactic-co-glycolic
acid) (PLGA), a commonly used biodegradable polymer and drug carrier, have been used as
a vehicle for the sustained release of vaccines, DNA, and small therapeutic molecules in the
body (Jiang et al., 2005; Whittlesey et al., 2004). Tamura et al. compared the systemic
delivery of fluorescently-tagged PLGA nanoparticles to local cochlear administration to the
round window. Local administration to the RWM using 140–180 nm particles resulted in a
significant number of fluorescent particles within the scala tympani of the basal portion of
the cochlea while systemic administration resulted in high accumulation in the liver and only
transient presence in the blood vessels of the cochlea (Tamura et al., 2005). Kim et al.
delivered dexamethasone to the brain on a recording implant coated with a hydrogel
containing many of these PLGA nanoparticles. They found that while the impedance of a
control implant increased with time post-implantation, the impedance of the dexamethasone-
PLGA particle/hydrogel coated implant remained steady (Kim et al., 2006), implying that
the dexamethasone-particles helped to reduce the insulating tissue response. Saltzman et al.
(1999) also explored the use of PLGA microparticles for rhNGF delivery in the brain. They
found that using PLGA increased the concentrations of rhNGF up to 60,000 ng/ml, well
above the therapeutic threshold required in neurodegenerative states, although release from
PLGA was found to be less consistent than that of EVAc.

4.2.3. Hydrogels—Hydrogels are materials composed of at least 90 % w/v water held
together by a lightly crosslinked network of polymer chains. They are an ideal scaffold
material for tissue engineering due to their 3-D porosity and high water content. Many types
of gels have been used in vitro and in vivo for a number of uses and are FDA approved
(Potter et al., 2008). They can be made from either natural or synthetic sources and their
biodegradability can be tailored from fully degradable to permanent (Babensee et al., 2000;
Broder et al., 2006). Since they are predominantly made of water, hydrogels are suitable as
vehicles for the delivery of water soluble drugs and can be tailored for delivering other
compounds using emulsifying agents (Xiong et al., 2006). Hydrogels have been used
extensively as surgical repair materials for otological and neural applications. For APs they
may be loaded with pharmaceuticals and applied during surgery to the implant site to reduce
inflammation and stimulate neuronal growth, applied as a coating to the AP to release their
drug loads once the device is implanted (Williams et al., 2005), or used to deliver cells on
AP devices (Rejali et al., 2007).
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For cochlear and CNS drug delivery hydrogels are often used in the form of beads or
sponges loaded with pharmaceutical compounds. A variety of growth factors have been
delivered to the inner ear using hydrogels placed over the RWM. Noushi et al. (2005) used
beads of alginate hydrogel to deliver NT-3 and found that release from the beads was nearly
complete by 5 days. When these beads were implanted in guinea pig cochleae, there was
minimal tissue inflammation or fibrous reaction. In deafened animals treated with 1.5 μg of
NT-3 in alginate hydrogel beads placed on the round window, the density of SGNs surviving
after 28 days was significantly higher than controls. Hydrogels loaded with BDNF have also
been implanted in the middle ear to prevent SGN degeneration. After 1 week, animals
implanted with BDNF-containing collagen hydrogels had significantly lower (improved)
electrically-evoked auditory brainstem response thresholds, significantly higher density of
surviving SGN, and perilymph levels of BDNF over 100 times higher than control animals
treated with saline (Endo et al., 2005; Ito et al., 2005). Both collagen-glutaraldehyde
hydrogels and gelatin hydrogels have been used to deliver recombinant human IGF-I to the
inner ear to prevent noise-induced damage (Iwai et al., 2006; Lee et al., 2007). Animals with
these gels had lower auditory brainstem response thresholds and higher SGN survival than
animals that received control gels. Burdick et al. (Burdick et al., 2006) incorporated and
delivered ciliary-neurotrophic factor (CNTF), NT-3, and BDNF into degradable hydrogels
based on polyethylene glycol and polylactic acid to stimulate the outgrowth of sensory
neurites. Neurotrophin release could be tailored by altering the concentration of the
polymers, as well as the loading conditions and polymer degradability. Functionalization of
hydrogels with ECM components or adhesion molecules such as collagen, polylysine and
laminin-1 may also help to promote stable tissue fixation at the AP-tissue interface, while
minimizing fibrous encapsulation (Zhong et al., 2001). Hydrogels have been shown to be
effective for the delivery of cells, neurotrophins and other compounds to reduce
inflammation and promote neuronal survival, and may also find uses as scaffolds to direct
desirable tissue adhesion to the implant surface.

4.3. Surface modification
Surface coatings for APs can be used to deliver small quantities of biomolecules directly at
the tissue-device interface. Therapeutic biomolecules can be adsorbed, chemically attached,
or coated onto the implant surface using another material. Silicone tympanostomy tubes with
adsorbed vitamin-E have been used to control reactive oxygen species in the inner ear and
myringosclerosis in the middle ear of children (Uneri et al., 2006a; Uneri et al., 2006b).
Coatings of albumin have been shown to reduce unwanted protein adhesions and occlusions
of tympanostomy tubes in vitro and in vivo (Kinnari et al., 2005; Kinnari et al., 2001;
Kinnari et al., 2004). While surface modification allows only small amounts of drugs to be
delivered, this is a very important technique for directing the tissue reaction to implanted
devices in the inner ear and central auditory pathway. Patterning of surface coatings can also
be used to guide neurons towards the electrodes and to provide suitable points for tissue
adhesion that do not interfere with the devices' ability to source electrical charge.

4.4. Iontophoresis
Iontophoresis is the movement of charged particles due to ionic gradients or brief electrical
stimulation. This method of drug delivery has been used extensively in research applications
for the delivery of molecules to the inner ear and central auditory pathway for
pharmacological, physiological, and therapeutic purposes. Typically, glass micropipettes are
loaded with ionically charged solutions that contain a soluble substance such as
neurotransmitters, agonists, antagonists (Arnold et al., 1996; Ebert et al., 1992; Ebert et al.,
1995; Ehrenberger et al., 1992; Felix et al., 1992; Hurley et al., 1999; Walsh et al., 1995),
neurotrophins (Oestreicher et al., 2000), dyes, or anti-inflammatory agents. When current is
applied to a metal electrode in the micropipette, small quantities of solution are expelled and
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drawn into the oppositely charged tissue. Iontophoresis has been used for studying the role
of synaptic neurotransmitters in auditory processing (Felix et al., 1990; Hurley et al., 1999;
Kleinlogel et al., 1999). Arnold et al. (1996) used microiontopheresis to apply glutamate
channel agonists and antagonists to study the effects of lasers for inner and middle ear
surgery. Oestreicher et al. (2000) delivered NT-3, NMDA and non-NMDA agonists by
iontophoresis to the subsynaptic region of the inner hair cells to study the effects of acute
administration on neuronal activity. They were able to modulate neuronal firing rates of
clusters of neurons as soon as 5 minutes after administration as measured at afferent
processes or at inner hair cells. While the delicacy of glass micropipettes limits
iontophoresis to acute use, the use of electrical current to quickly drive small doses of
neurotrophins or neurotransmitters to modulate neuronal activity is very promising as a
means of controlled delivery in the inner ear and central auditory pathway. It is conceivable
that a robust microiontopheretic system could replace electrical neuronal stimulation with
biochemical stimulation.

4.5. Conducting polymer electrode coatings
Conducting polymers deliver compounds directly from AP electrodes and therefore offer a
chance to direct the tissue response at the crucial tissue-electrode interface. Conducting
polymers are a class of materials made from small organic molecules which when linked
together conduct charge along the polymer backbone due to delocalized bonds. They include
polyacetylene, polyaniline, polypyrrole (PPy), polythiophene, poly(3,4-
ethylenedioxythiophene) (PEDOT) and their derivatives. PPy has been studied most
extensively for biomedical applications due to its biocompatibility and electrical properties
(Ateh et al., 2006; Ramanaviciene et al., 2007). PEDOT has been used for biomedical
applications because of its chemical stability and conductivity (Cui et al., 2003; Kros et al.,
2005). Research on the use of conducting polymers for neural engineering applications has
demonstrated their biocompatibility, desirable electrical properties, including low
impedance and high charge injection density, and ability to actuate upon application of
electrical bias (Guimard et al., 2007; Smela, 2003). Upon application of charge, conducting
polymers have been shown to expel minute quantities of ions, growth factors, corticosteroids
or other compounds (Abidian, 2006; Massoumi et al., 2001). Release of charged species
from the conducting polymer matrix is thought to occur by charge compensation during
electrical stimulation. When an electrical bias is applied to the pharmaceutical-loaded
conducting polymer, mobile compounds with the same charge are expelled in order to
balance the applied charge (Kontturi et al., 1998; Pernaut et al., 2000; Wadhwa et al., 2006;
Zhou et al., 1989). Conducting polymers have also been functionalized with enzymes and
used for biosensing applications that may offer a useful method for monitoring the auditory
system chemical environment (Geetha et al., 2006; Kros et al., 2005; Nien et al., 2006).
Recent studies suggest that conducting polymers including PEDOT, PPy, polyaniline, and
their derivatives may offer useful methods for controlled drug delivery to reduce insulating
tissue formation and promote neuronal viability around AP electrodes.

NGF has been incorporated into conducting polymers for neural interactions. Kim et al.
(2007) immobilized NGF in both PPy and PEDOT films using electrochemical co-
deposition. The NGF in the films increased the attachment and neurite extension of PC12
(rat pheochromocytoma) cells. Covalent attachment of NGF to the surface of PPy also
promoted neurite growth from PC12 cells (Gomez et al., 2007). Co-administration of
electrical stimulation in addition to the tethered NGF provided the most significant neurite
elongation. Thompson et al. (2006) also incorporated NT-3 into PPy films during
electrochemical deposition. The films were electrically stimulated using a variety of
methods including cyclic voltammetry, pulsed potential, and pulsed current to determine the
optimum release protocol. During the first day, there was a burst of neurotrophin release
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from all of the samples, including un-stimulated samples. Subsequently, diffusion from the
un-stimulated sample was extremely low, while the electrically stimulated films continued
to secrete neurotrophin (Thompson et al., 2006). The effect of these NT-3-containing PPy
films on cochlear cells was investigated by Richardson et al. (2007), where the incorporation
and delivery of NT-3 in PPy and its effects on explanted SGNs was assessed. Spiral
ganglion explants cultured on electrodes coated with an NT-3-containing PPy substrate
exhibited 1.5 times more neurite outgrowth than explants grown on PPy without NT-3 or on
tissue culture polystyrene. When biphasic pulses were applied to the NT-3/PPy coated
electrodes for 1 hour, the cells responded with a 2.2 times higher level of neurite extension
than unstimulated samples containing NT-3. The study showed that PPy substrates released
NT-3 over 4 days and promoted neurite growth, and stimulation increased these effects.

It is possible to achieve repeatable, active release of pharmacological agents using
conducting polymer actuators. One approach is to use bi-layer actuators built from
conducting polymers to open small valves in order to release drugs from a reservoir (Tsai et
al., 2007). Another approach is to coat drug-loaded fibers with conducting polymers that are
stimulated to release the drug contents within. This process was shown to be effective at
actively delivering dexamethasone for 2 months (Abidian, 2006). Actuators based on the
expansion and contraction of conducting polymers due to the movement of ions can also be
used to guide the placement of CIs. By attaching a conducting polymer actuator either into
the lumen of a commercially available implant or onto the back of it, it is possible to create a
steerable CI. This allows insertion and placement of the electrode closer to the target cells
and with less damage to the outer wall of the scala tympani (Zhou et al., 2003).

4.6. Cell-based therapy
Future cell-based therapies, including the delivery of stem cells and other cell types, are of
interest for the repair, regeneration and protection of neuronal and sensory tissue (Nakagawa
et al., 2005). There are two primary cell transplant options. The first is to implant cells that
produce protective or therapeutic molecules either naturally or through differentiation or
genetic modification. With genetic modification, cells are transfected with a gene therapy
vector and then secrete specific proteins that promote protection, repair, or regeneration. The
second treatment modality is to deliver cellular replacements for damaged or permanently
lost cells including hair cells, SGN, and neurons in the central nervous system. Cells can be
implanted directly or within a support scaffold, such as hydrogel or other porous matrices, in
order to rebuild damaged sections of the auditory system (Sekiya et al., 2007; Sekiya et al.,
2006). The potential benefits of cell delivery for APs are to increase the viability of neurons
and other auditory cells or to replace entirely the missing cells required for processing and
transduction of auditory signals from implants to the brain. These techniques can affect not
only prosthetic hearing, but may improve residual acoustic hearing as well.

Warnecke et al. (2007) demonstrated the ability of BDNF secreted by transfected fibroblast
cell lines to improve the survival and neurite outgrowth of SGNs in culture. Rejali et al.
(2007) confirmed the ability of BDNF-secreting fibroblasts transplanted into the scala
tympani in a hydrogel scaffold on a cochlear implant to promote the survival of SGNs in
vivo. Transfected fibroblasts have also been used to deliver BDNF to the central nervous
system. The transplantation of transfected fibroblasts prevented degeneration of
dopaminergic neurons in a rat model of Parkinson's Disease (Levivier et al., 1995).
Transplanted BDNF-secreting fibroblasts also helped reduce neuronal degeneration
following ischemia (Ferrer et al., 2001). These results suggest that the delivery of
genetically modified cells can be used to prevent the degeneration associated with
implantation trauma, lack of sensory input, or toxic conditions.
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Olivius et al. (2003) transplanted dorsal root ganglion sensory neurons (DRGs) to the
cochlea in order to restore damaged cochlear nerve pathways. Many cells survived
transplantation into the scala tympani and attached near the organ or Corti. Infusions of
BDNF and CNTF significantly increased the survival of transplanted cells in the cochlea.
Further studies confirmed the survival of transplanted DRGs into the cochlea, as well as the
survival of transplanted embryonic and adult stem cells (Ulfendahl et al., 2007).
Transplanted cells required exogenous trophic factor support, and embryonic stem cells
showed the best survival.

Stem cells are of great interest for transplantation because they provide a source of cells that
can both differentiate into numerous phenotypes for cell replacement and release trophic
factors to promote the survival of existing cells (Altschuler et al., This issue). The
transplantation of mesenchymal stem cells into the inner ear has been shown to promote
hearing recovery in a rat model of SNHL (Kamiya et al., 2007). Recently, it has been shown
that stem cells collected from the cochlea and vestibular organ can differentiate and show
markers and behavior of auditory neurons (Martinez-Monedero et al., 2008). Parker et al.
(2007) have shown that neural stem cells, following transplantation into the scala tympani,
expressed markers for key auditory cell types, including hair cells and SGNs.

While promising, cell-based drug delivery presents many difficulties in both research and
clinical applications. These include the reliability of donor cells sources, knowledge of the
cell differentiation process, compatibility of the delivered cells with the target environment,
and delivery of the appropriate cell type. Many of the critical factors for survival of
implanted cells are often absent in diseased and degenerative states (Sekiya et al., 2007).
Strategies to differentiate stem cells into appropriate cell types have made progress
(Coleman et al., 2007; Shi et al., 2007), but more research is needed to reliably produce the
desired phenotype, and the risk of stem cell implants forming tumors still exists (Matsui et
al., 2005). However, cell-based therapies may be able to improve AP function by restoring
or promoting survival of the components of the auditory pathway that are necessary for the
processing of stimulation from the APs.

4.7. Gene therapy
Gene therapy offers the potential for longer time frame of effectiveness than the introduction
of exogenous proteins (Lalwani et al., 1998). In addition, there is a reduced risk of infection
from the external equipment associated with other cochlear drug delivery methods. In gene
therapy, a gene of interest is delivered to a target cell, and an upregulation of the protein that
the gene codes for is induced. The cochlea is a good candidate for transgene applications,
due to its relatively isolated structure, and the fluid-filled spaces which allow for diffusion
(Duan et al., 2002), but the need for surgical access for vector delivery is a complicating
factor. The construction of vectors (gene carriers) with various promoters allows for some
target cell choice. There are a number of viral and non-viral carriers currently in use, and
several routes of introducing the gene of interest into the inner ear. Replication-deficient
adenoviruses, adeno-associated viruses, herpes simplex virus, and lentiviruses have all been
used in the inner ear, as well as non-viral liposomes (Chan et al., 2007; Chen et al., 2001;
Crumling et al., 2006; Duan et al., 2004a; Kawamoto et al., 2004; Minoda et al., 2004;
Nakaizumi et al., 2004; Staecker et al., 2004). Viral vectors have higher levels of cell
transduction than nonviral methods, but also have a higher potential to induce an immune
response. However, viral vectors have been shown to be safe vehicles for gene therapy into
the cochlea in vivo as long as they are only used once (Raphael et al., 1996; Weiss et al.,
1997). Infusions of vector suspensions into the cochlea can be through the RWM
(Nakaizumi et al., 2004; Yagi et al., 1999) or through a cochleostomy into the scala tympani
(Stover et al., 1999) or scala media (Ishimoto et al., 2002). RWM infusions are less invasive
but offer less permeability than direct scalae infusions (Praetorius et al., 2003; Stover et al.,
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1999). RWM infusions have been shown to induce reporter gene expression in the
mesothelial cells that line the scala tympani, throughout the length of the cochlea (Raphael
et al., 1996; Yagi et al., 1999) and are therefore useful for inducing expression of secreted
gene products.

One of the most promising results of gene therapy in the cochlea is the development of
genes to promote hair cell viability in vivo. Viral-mediated introduction of the gene Atoh1
(previously Math1) has been used to restore lost hair cells and restore some level of function
to both the cochlea and the vestibular apparatus (Izumikawa et al., 2005; Staecker et al.,
2007a). These results show regeneration of mammalian sensory cells, a feat previously
unachievable with other types of drug delivery. Gene therapy also has protective effects, as
the expression of the gene bcl-2 has been shown to protect hair cells from damage due to
oxidative stress in vitro (Staecker et al., 2007b). Bowers et al. (2002) used the herpes
simplex virus as a vector to express NT-3/myc in vivo, which protected hair cells from
ototoxic chemotherapy drugs. Gene therapy has also been used to introduce a number of
neurotrophic factors into the cochlea and support survival of SGN in animal models of
SNHL (Lalwani et al., 2002; Nakaizumi et al., 2004; Yagi et al., 2000). Gene therapy has the
potential for combination with other drug delivery techniques. Rejali et al. (2007)
transfected guinea pig fibroblast cells with an adenovirus containing a BDNF gene insert
and then applied these transfected cells to a hydrogel-coated CI. This coated implant was
able to not only release significant amounts of BDNF, but also significantly improve SGN
survival, when compared to non-BDNF-treated controls. Okano et al. (2006) combined gene
therapy with cell-based therapy by placing mouse fibroblast cells, which were non-virally
transfected with BDNF into the inner ear of mice. A significant production of BDNF in vivo
was seen using this technique.

4.8. Cochlear-specific methods
In addition to the aforementioned drug delivery techniques, a number of cochlear-specific
techniques exist to improve neuronal viability and help retain residual hearing. These are
based mostly on the clinical methods for treating inner ear diseases, which primarily consist
of delivery to the middle ear space and rely on diffusion through the RWM for incorporation
into the cochlea. The tri-layered RWM allows numerous therapeutic compounds, stains, and
polymer nanoparticles to enter the perilymph of the basal turn of the cochlea (Goycoolea,
2001). Since diffusion through the RWM is slow and variable, facilitator compounds and
changes in middle ear pressure have been used to increase cochlear uptake (Chandrasekhar
et al., 2000; Salt et al., 2003; Selivanova et al., 2003).

Clinicians have used transtympanic injections to deliver compounds to the middle ear to
treat SNHL, sudden SNHL and other diseases of the inner ear (Chandrasekhar et al., 2000;
Coles et al., 1992; Itoh et al., 1991; Sakata et al., 1997; Sakata et al., 2001). Other
techniques for middle ear delivery and subsequent inner ear uptake include tympanostomy
tubes (Oxley et al., 2007; Sennaroglu et al., 1999) and Silverstein MicroWicks (Silverstein,
1999; Silverstein et al., 2004; Van Wijck et al., 2007), which provide longterm access to the
middle ear and can permit patients to self-administer medications. Due to the variability of
diffusion through the RWM and drainage through the Eustachian tubes, intracochlear
concentrations of compounds are difficult to predict accurately and can vary significantly
from one individual to the next (Plontke et al., 2002). While these techniques do not permit
precise localization of medications within the auditory system, they are useful in treating
infections and inflammation associated with AP implantation.
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5. Summary and Conclusions
Localized drug delivery in the cochlea and central auditory system can help AP function by
promoting the survival of cells required for auditory processing. By increasing the viability
of neurons and supporting cells in the cochlea and central auditory pathway, reducing
inflammation, reducing insulating fibrous tissue, and protecting against infection, drug
delivery systems can improve AP performance and reduce adverse effects. In addition, many
of these treatment techniques can protect and improve residual hearing in patients with or
without APs.

Localized, sustained drug delivery directly to the target tissues has several advantages over
systemic application, including fewer adverse effects, reduced ototoxicity, smaller quantities
of drug used, and better therapeutic outcome. Many of these methods have been tested in
animals and in some cases in human pilot studies. Among the tested delivery methods are
hydrogels, degradable drug matrices for sustained release, microfluidic delivery,
iontophoresis, conducting polymer coatings, and implant surface functionalization.
Currently, commercial and custom-made CIs and implants for the CNS have been modified
with microfluidic channels to deliver drugs or bioactive molecules in conjunction with
electrical stimulation. Anti-fouling and lubricious coatings have also been shown to reduce
biofilm adhesion and insertion trauma of CIs, respectively. Someday, cell delivery and gene
therapy may be able to replace lost cells necessary for natural hearing and reduce the need
for implantable APs.

Despite these advances in pharmaceutical interventions for APs, there is still room for
improvement. Methods to reduce the electrically insulating properties of fibrous tissue
encapsulation without allowing the implant to move freely are necessary. Optimal timing of
pharmacological intervention and individualized treatment plans are required, and thus
methods to characterize the ongoing tissue response in the cochlea and CNS can help
provide this information (Duan et al., 2004b; Li et al., 2007; Williams et al., 2007). To fully
harness the potential of APs, strategies for single cell communication may be required.
Methods to target and maintain connection to individual neurons can enable this. Reductions
in the electrode size and improvements in the encoding strategies must also occur. Currently,
there is a wide portfolio of clinical and experimental methods that can provide controlled
drug delivery to direct the tissue response near the implant site. These methods address the
fundamental needs of drug delivery for APs: to deliver precisely controlled quantities of
medications near the implant over the desired time course in order to improve the safety,
reliability, and performance of AP therapy.
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Abbreviations

ABI Auditory brainstem implant

AMI Auditory midbrain implant
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AP Auditory prosthesis

BDNF Brain-derived neurotrophic factor

bFGF Basic fibroblast growth factor

CED Convection-enhanced diffusion

CI Cochlear implant

CN Cochlear nucleus

CNS Central nervous system

CNTF Ciliary neurotrophic factor

DRG Dorsal root ganglion

ECM Extracellular matrix

EVAc Ethylene vinyl-acetate copolymer

FDA Food and drug administration

GABA Gamma-aminobutyric acid

IC Inferior colliculus

IGF-1 Insulin-like growth factor 1

NGF Nerve growth factor

NMDA N-methyl-D-aspartic acid

NT-3 Neurotrophic factor 3

PABI Penetrating auditory brainstem implant

PC12 Pheochromocytoma

PEDOT Poly(3,4-ethylenedioxythiophene)

PLGA Poly(lactic-co-glycolic acid)

PPy Polypyrrole

rhNGF Recombinant human nerve growth factor

RWM Round window membrane

SGN Spiral ganglion neuron

SNHL Sensorineural hearing loss
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Figure 1.
Schematic of auditory prostheses in the cochlea and central auditory pathway. The cochlear
implant (CI) is used to stimulate cochlear nerve processes from within the cochlea. The
auditory brainstem implant (ABI) is composed of a grid of surface electrodes to stimulate
the cochlear nucleus. The penetrating auditory brainstem implant (PABI) is better able to
access the tonotopic structures of the cochlear nucleus that lie parallel to the surface of the
cochlear nucleus. The target of the auditory midbrain implant (AMI) is the inferior
colliculus. Reproduced from Lenarz et al. (2006b) with permission from Lippincott
Williams & Wilkins.
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Figure 2.
2A. Anatomical section of guinea pig cochlea showing the scala tympani (ST), the chamber
in which cochlear implants are inserted, the Organ of Corti (OC) where the sensory hair
cells are found and enervated by spiral ganglion processes, and the spiral ganglion (SG) cell
bodies. Electrical stimulation of the spiral ganglion processes or cell bodies can result in
neuronal activation. 2B. Section of human cochlea with cochlear implant showing minimal
tissue reaction. Small amounts of fibrous tissue were found around the electrode tip along
the lateral wall. The implant had been in place for 5 years. 2C. Cochlear sections from
another human patient with extensive new bone growth in the scala tympani between the
electrode array and Rosenthal's canal, located at the right of the image. In addition, the
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osseous spiral lamina was fractured due to the implanted electrode. This cochlear implant
had been in place for 8 years. Images 2B and 2C have been adapted from Kawano et al.
(1998) with permission from Informa Healthcare.
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Figure 3.
3A. Histological section of inferior colliculus showing the implant track, T, from an auditory
midbrain implant that had been in place in a cat for 3 months and electrically stimulated for
the final 2 months. Dense tissue around implant track is fibrous encapsulation of electrode
and shows increased staining for glial fibrillary acidic protein suggesting the presence of
astrocytes around the implant. 3C. Average glial cell density around the probe show elevated
glial populations for up to 500 μm from the implant site. The difference is statistically
significant for 50–250 μm (*) (4 animals). 3B. The average density of neurons in the tissue
surrounding the implant site is lower than in the control, unimplanted inferior colliculus. At
50 μm the difference in neuronal density is statistically significant (*), and around 200 μm
from the implant no difference is seen (4 animals). Reproduced from Lenarz et al. (2007)
with permission from Lippincott Williams & Wilkins.
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Figure 4.
4A. Custom-built 4 channel cochlear implant with pharmacological delivery. A hole in the
tip of the electrode, indicated by an arrow, is connected via polyimide microtubing to an
osmotic pump to infuse drugs into the scala tympani. Reproduced from Shepherd et al.
(2002b) with permission from Elsevier. 4B. A different custom-built contoured cochlear
implant with integrated drug delivery microcannula for delivery of drugs 3into the basal
portion of the cochlea using an osmotic pump. The delivery site and connection point are
indicated with arrows. The implant is made of silicone molded to enter the cochlea through
the RWM as indicated by “RW”. Reproduced from Rebscher et al. (2007) with permission
from Elsevier. 4C. The Contour cochlear implant lead retrofitted with a drug delivery
channel along its inner lumen. It can be attached to a mini-osmotic pump to deliver
pharmacological agents through ports between electrodes along the implant or at the tip.
Reproduced from Paasche et al. (2003) with permission from Lippincott Williams &
Wilkins.
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