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ABSTRACT
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Release of neurotrophin-3 (NT3) and brain-derived neurotrophic factor (BDNF) from
hair cells in the cochlea is essential for the survival of spiral ganglion neurons (SGNs).
Loss of hair cells associated with a sensorineural hearing loss therefore results in
degeneration of SGNs, potentially reducing the performance of a cochlear implant.
Exogenous replacement of either or both neurotrophins protects SGNs from degeneration
after deafness. We previously incorporated NT3 into the conducting polymer polypyrrole
(Ppy) synthesized with para-toluene sulfonate (pTS) to investigate whether
Ppy/pTS/NT3-coated cochlear implant electrodes could provide both neurotrophic
support and electrical stimulation for SGNs. Enhanced and controlled release of NT3 was
achieved when Ppy/pTS/NT3-coated electrodes were subjected to electrical stimulation.
Here we describe the release dynamics and biological properties of Ppy/pTS with
incorporated BDNF. Release studies demonstrated slow passive diffusion of BDNF from
Ppy/pTS/BDNF, with electrical stimulation significantly enhancing BDNF release over
seven days. A three-day SGN explant assay found neurite outgrowth from explants was
12.3-fold greater when polymers contained BDNF (p<0.001), although electrical
stimulation did not increase neurite outgrowth further. The versatility of Ppy to store and
release neurotrophins, conduct electrical charge and act as a substrate for nerve-electrode

interactions is discussed for specialized applications such as cochlear implants.
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INTRODUCTION

A recent worldwide survey estimated that 278 million people have a disabling hearing
impairment (World Health Organisation, 2005). Deafness that results from loss of or
damage to sensory hair cells and/or spiral ganglion neurons (SGNs) is defined as a
sensorineural hearing loss. When hearing loss is severe or profound, conventional hearing
aids provide no benefit and a cochlear implant is required to restore speech perception.
Cochlear implant electrodes are implanted into the cochlea in a fluid-filled cavity known
as the scala tympani positioning the electrodes close to the SGNs. Electrical stimulation
via these electrodes initiates depolarization in proximal SGNs thereby evoking auditory
perception. It is therefore important for SGNs to be well preserved for cochlear implant
function. However, SGNs gradually degenerate after a sensorineural hearing loss due to
the loss of neurotrophic support normally provided by hair cells. Application of
exogenous neurotrophins such as neurotrophin-3 (NT3) and brain-derived neurotrophic
factor (BDNF) preserves SGNs after hearing loss in experimental animals**. In addition
to neural preservation, the peripheral dendrites of SGNs exhibit significant resprouting in
response to neurotrophin treatment*, leading to the question of whether these de novo
dendrites can be brought closer to, or be in direct contact with, the implanted electrodes.
This paper assesses whether an electroactive polymer (EAP), polypyrrole (Ppy) with
incorporated BDNF, is a suitable electrode coating to provide a combination of electrical

stimulation, neurotrophic support and a growth substrate for SGN dendrites.

Conducting EAPs such as polyaniline, polythiophene, polyacetylenes and Ppy are made

up of a series of repeating monomers which have a conjugated backbone structure along



the polymer chains. Biologically relevant molecules can be integrated into the structure
of some EAPs and these can be slowly released via diffusion or using electrical
stimulation for enhanced and controlled release®”. If the incorporated molecule is
required to remain permanently within the polymer, it can be tethered via covalent bonds
as demonstrated previously for nerve growth factor (NGF)®. Ppy is of particular interest
for cochlear implants as a slow-release EAP due to the ability to enhance and control the

release of incorporated neurotrophins using biologically relevant electrical stimulation®.

The physical properties of Ppy are reliant on its redox state and are heavily influenced by
the negatively-charged dopant used for synthesis™. For the work presented here, Ppy was
synthesized with para-toluene sulfonate (pTS) as the dopant. Current research suggests
that Ppy doped with pTS is a good candidate for bioapplications involving the electrical
stimulation of Ppy because pTS produces strong and robust polymers, and the structural
and mechanical integrity of the polymers are maintained throughout stimulation®®.
Previous work has shown that a range of molecules as diverse as antibodies, enzymes,
DNA, growth factors and whole living cells can be incorporated into Ppy™*. When
reduced, the incorporated molecules can exit the polymer, a useful process for many
applications*?™®. However, each incorporated molecule needs to be tested individually for

its uptake and release dynamics.

Several EAPs have been extensively studied for biocompatibility, cell adhesion and
properties for use as biomedical or controlled drug-release devices. Ppy has traditionally

been preferred for bioapplications as it is considered to be a stable and biocompatible



EAP. Ppy-coated electrodes or materials that were implanted either subcutaneously or in
the brain or injected into the bloodstream did not evoke any more cellular reactions or
inflammatory responses than control materials in rats, mice, rabbits and guinea pigs" .
Many studies have analysed the responses of neurons to Ppy. In vitro, Schmidt and
colleagues showed that an electrically stimulated Ppy substrate could aid in bridging the
gap between two ends of a severed peripheral nerve explant by promoting significant
increases in neurite lengths from the explant®’. Similarly, stimulated Ppy was found to
enhance neurite outgrowth in the PC-12 neuronal cell line?. A study in which Ppy was
implanted into the sciatic nerve in vivo also reported nerve extension. Furthermore,
Ppy/pTS with incorporated NT3 has been shown to slowly release NT3 over a period of
at least seven days, with enhanced release from Ppy/pTS/NT3 with electrical
stimulation®. The released NT3 was shown to be bioactive as SGN explants growing on

Ppy/pTS/NT3 displayed greater neurite outgrowth compared to explants grown on

polymers without NT3 or unstimulated polymers®.

This paper extends this research to another neurotrophin shown to preserve SGNs in the
cochlea after deafness: BDNF. In the cochlea, both NT3 and BDNF are necessary for
appropriate neuronal growth during development and for maintaining neuronal survival
in adults. However, there are subtle differences in the spatio-temporal expression patterns
of the neurotrophins and their receptors (TrkB receptor for BDNF and TrkC receptor for
NT3)*. During development, BDNF is more critical for SGN survival in apical turns of
the cochlea, while NT3 is more critical for basal turn SGN survival®?’. Interestingly, this

phenotype was found to be reversed in adult animals, with basal turn SGNs being most



susceptible to loss of BDNF?, Since cochlear implants are inserted into the basal turn, an
EAP electrode coating that releases BDNF would primarily influence the basal SGNs

which have been shown to express TrkB receptors and to be responsive to BDNF.

In this report, Ppy was synthesized with pTS as a dopant, with and without BDNF, on
gold electrodes (Ppy/pTS and Ppy/pTS/BDNF). Release of BDNF from Ppy/pTS/BDNF
was examined in the presence or absence of applied electrical stimulation in the form of
clinically-relevant biphasic current pulses. SGN explants were grown on Ppy/pTS or
Ppy/pTS/BDNF in the presence or absence of electrical stimulation to examine SGN
survival and neurite outgrowth. Compared to previous studies, much longer periods of
electrical stimulation were used to emulate cochlear implant usage. The results are

discussed in relation to cochlear implant applications.

MATERIALS AND METHODS

Polymer synthesis and plate preparation

Disposable 8-well Electric Cell-Substrate Impedance Sensing (ECIS) culture slides were
used for polymer growth and explant culture (Applied BioPhysics). Each well contained
a central circular 0.05 mm? sputter-coated gold working electrode and a 21.8 mm?
common gold return electrode. The area of the working electrode was increased by
removing the insulating layer with a short incubation in 20% NaOH followed by multiple
rinses in Milli-Q water. The new working electrode size became 18 mm? in 6 of the wells
and 21.3 mm? in 2 of the wells, the difference arising from the shape of the lead wire (Fig

1a).



In sterile conditions, Ppy polymerisation was carried out using an aqueous solution of 0.2
M distilled pyrrole (Merck), 0.05 M analytical grade pTS (Aldrich) and where specified,
2 ng/ml BDNF (Peprotech). A two-layered polymerisation approach was used in which
Ppy/pTS was polymerised galvanostatically at a current density of 2 mA/cm? for 90 s
initially, using the central gold electrode as the working electrode and a stainless steel
mesh electrode placed in each well as a counter electrode. For polymers containing
BDNF, 2 ug/ml BDNF was then added to the polymerisation mix before a further 60 min
growth for all polymers. After polymerisation, wells were washed five times with 500 pl
sterile Milli-Q water and stored at room temperature in sterile Milli-Q water until use.

Polymers were used approximately 4 days after synthesis in most cases.

Neural explant culture

Polymer-coated ECIS slides or equivalent 8-well plastic culture slides (Lab-Tek, Nunc)
were coated with cell adhesion molecules (CAMS) by incubating in 0.5 mg/ml poly-
ornithine (Sigma; diluted in 0.15 M borate buffer pH 8.56) at room temperature
overnight. On the day of culture, the poly-ornithine was removed and the culture slides
washed three times with Hepes-buffered Eagle’s media (HEM) containing penicillin and
streptomycin. Culture slides were then incubated in 0.01 mg/ml laminin (Gibco; diluted
in HEM) at 37°C for at least 2 hr. Prior to plating of explants, the laminin was removed,
the culture slides were rinsed once in HEM and then filled with 300 ul Dulbecco’s
modified Eagle’s media supplemented with 25 mM Hepes buffer, N2 supplement

(Invitrogen), 6 mg/ml glucose and antibiotics (Sigma) (DMEM/N2).



Time-mated Albino-Wistar rats were purchased from the University of Adelaide. Rat
pups were used at post-natal days 4-6. National Institutes of Health (NIH) guidelines for
the care and use of laboratory animals were observed (NIH Publication #85-23 Rev.
1985). The Animal Research Ethics Committee of the Royal Victorian Eye and Ear

Hospital approved the care and use of the animals in this study (ethics #06/131A).

SGN explants were isolated from the upper basal turn of the rat pup cochleae as
described previously® and placed in the prepared eight-well culture slides. Where
indicated, BDNF (Peprotech; prepared as a stock solution in phosphate buffered saline
(PBS) containing 1% BSA and then diluted to a working concentration in DMEM/N2)
was added to the cultures at 0-100 ng/ml (in duplicate or quadruplicate) to make a final
culture volume of 350 pl. The 0 ng/ml BDNF control consisted of PBS/1% BSA diluted
exactly as per BDNF in DMEM/NZ2. Cultures were placed in a 37°C humidified incubator

containing 5% CO, for 3 days prior to fixing and staining.

Electrical stimulation

Explants were grown on the Ppy and CAM-coated gold electrodes in ECIS culture slides
for 16 hr to allow settling and adhesion prior to stimulation. Culture slides were placed in
an array holder (Applied BioPhysics) and connected to a pulse generator and
oscilloscope?. Electrical connections were tested before the arrays were connected to
stimulators designed to deliver biphasic current pulses to cochlear implants in
experimental animals (backpack stimulators)**. Charged-balanced biphasic current pulses

at 250 Hz were applied for three periods of 8 hr, with a 16 hr rest period between stimuli.



The waveform had £0.2 mA current amplitude, 100 us pulse width, 25 us open-circuit
interphase gap and 3.78 ms short-circuit phase between pulses (Fig 1b), resulting in a
charge density of 0.1 pC/cm? per electrode. The shorting between current pulses reduces
the build-up of direct current; a strategy employed clinically by cochlear implant

stimulators®..

Immunocytochemistry and neural analysis

Following the stimulation regime or standard culture, the DMEM/N2 was removed and
explants were fixed in 100% ice-cold methanol for 10 min. One rinse in PBS was applied
and blocking buffer (PBS/3% foetal bovine serum) was added for at least 1 hr at room
temperature. Blocking buffer was then replaced with anti-neurofilament 200 kD primary
antibody (Chemicon) diluted 1:2000 in blocking buffer. Incubation was for 1 hr at room
temperature. Explants were washed 3 times with PBS and incubated at room temperature
for 1 hr in Alexafluor 488-conjugated goat anti-rabbit IgG (H+L) secondary antibody
(Molecular Probes), diluted 1:400 in blocking buffer. Explants were rinsed 3 times in
PBS. An anti-fade mounting medium containing 4’,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories) was applied and the explants viewed and photographed via

fluorescent microscopy on a Zeiss Axioplan Il fluorescent microscope.

The area of the central mass of tissue of all explants was measured using AxioVision

software version 4.5 and compared across all groups. The number of NF200-labelled

neurites sprouting from the explants was counted at the point at which they exited the
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explant. Explants without any visible neurites were excluded from the study to ensure

that only tissue able to grow neurites was dissected.

Scanning electron microscopy (SEM)

Explants grown on Ppy/pTS or Ppy/pTS/BDNF were fixed in 4% (w/v)
paraformaldehyde for 15 min and then exposed to increasing concentrations of ethanol
for 30 min each (30%, 50%, 70%, 90% and 100%). Samples were placed in a Balzers
CPD 030 critical point dryer before being sputter-coated in gold (Edwards S150B gold
sputter coater). Images were taken on a Philips XL30 FEG Field Emission Scanning

Electron Microscope at the School of Botany, University of Melbourne, Australia.

15| BDNF-based release experiments

Ppy/pTS/*?°1 BDNF polymers were synthesised on strips of gold-coated mylar sheets and
coated with CAMs as described earlier. The polymers were rinsed several times in MilliQ
water and placed in a gamma counter for initial readings. The polymers were then placed
in wells and incubated in 0.9% NaCl for 7 days at room temperature. Electrical
stimulation (see Fig 1b) was applied continually to half of the electrodes for the entire
period using a stainless steel mesh counter electrode. The NaCl was collected from each
well on each day and replaced with new saline. At the end of 7 days, all NaCl and
polymer samples were read in a gamma counter to assay the amount of **>I BDNF

present in the sample.

ELISA-based release experiments
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Ppy/pTS/£BDNF was synthesised in ECIS culture slides, coated with CAMs as described
and stored in MilliQ water for 4 days before starting the release assay. Wells were filled
with 200 pL 0.9% NaCl and the slides placed at 37°C for 16 hr. Half of the polymers
were stimulated with charge-balanced biphasic pulses at 250 Hz using the waveform
described (see Fig 1b) for 3 periods of 8 hr followed by 16 hr rest periods, as per the
stimulation regime used in explant cultures. Saline samples were collected daily for 3

days, and stored at -20°C until all were collected.

BDNF was quantified using the BDNF Enax Immunoassay System (Promega) as per the
manufacturer’s instructions. 125 pl of the thawed samples were assayed alongside
duplicate series of BDNF standards. BDNF concentration was determined by
measurement of absorbance at 450nm with a Bio-Rad 550 spectrophotometric microplate

reader (Hercules).

Outcome measures and statistical analyses

All data was tested for normal distribution using the Kolmogorov-Smirnov method and
constant variance using a Spearman-Rank correlation between the absolute values of the
residuals and the observed value of the dependent variable respectively. Confidence for
all data analyses was set at 95% (p<0.05). All parametric neurite outgrowth data was
analysed using one-way analysis of variance (ANOVA) with post-hoc analysis using the
Holm Sidak method, while non-parametric data was analysed using Kruskal-Wallis

ANOVA on Ranks with post-hoc analysis using Dunn’s method. Data is presented as

12



means * standard error of the mean or medians with 25%-75% range. In all cases, there

were no significant differences in the area of the explant masses between groups.

RESULTS

BDNF release from Ppy/pTS/BDNF is enhanced by electrical stimulation

To gain an initial understanding of the dynamics of BDNF release from Ppy/pTS/BDNF,
a '®1-based BDNF release assay was conducted over 7 days, beginning immediately after
synthesis and with stimulation applied throughout the period to the samples in the
stimulated group. On average, 122.1 + 3.28 ng/cm? ***| BDNF was incorporated into the
polymers (n=8). In the absence of electrical stimulation, there was a burst of 2| BDNF
release during the first day, after which the amount of released BDNF slowed down to
0.53 ng/cm? or 0.43% of total incorporated *>°I BDNF per day (n=2 per point) (Fig 2a). A
burst of BDNF release was also evident when electrical stimulation was applied to the
electrodes, however, in this case the ongoing electrical stimulation enhanced the release
of *1 BDNF from the polymer with an average of 2.15 ng/cm? or 1.8% of total
incorporated **°1 BDNF released per day. Cumulative data show that stimulated polymers
released 1.75 fold more *2°| BDNF over 7 days (23.1 + 1.4 ng/cm? or 18.9% of total
incorporated) compared with non-stimulated polymers (13.2 + 1.4 ng/cm? or 10.8% of

total incorporated) (p<0.05 One-way ANOVA) (Fig 2a).
In all subsequent assays, polymers were used 4 days after synthesis to avoid the burst of

BDNF release identified from the *°I release assay. Native BDNF was used in place of

123|_1abelled BDNF, stimulation was applied for 8 hr per day and experiment duration
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was 3 days. An ELISA-based BDNF release assay was conducted to determine BDNF
release under these experimental conditions. Stimulated Ppy/pTS/BDNF released BDNF
at an average rate of 6.2 ng BDNF/cm?/day while the unstimulated polymers released
BDNF at a slightly reduced rate of 4.9 ng BDNF/cm?/day over the 3 day period. At the
end of this period, electrically stimulated polymers released 1.25 fold more BDNF than

unstimulated polymers, but this difference was not statistically significant (n=3) (Fig 2b).

BDNF in solution promotes neurite outgrowth from SGN explants

To first understand how SGN explants respond to endogenous sources of BDNF, SGN
explants were grown on plastic culture slides coated with CAMs in media containing 0, 1,
10 or 100 ng/ml BDNF. After 3 days, the explants were fixed and stained for SGN cell
bodies and neurites using an anti-NF200 antibody. Between 14 and 20 explants were
analysed in each treatment group across 4 independent experiments. In the absence of
BDNF, explants showed some SGN survival and resprouting of neurites (6.4 + 1.4
neurites per explant). The addition of 1 ng/ml or 10 ng/ml BDNF to the media was
insufficient to significantly enhance neurite outgrowth (8.9 + 2.4 and 13.9 £ 4.0 neurites
per explant respectively). However, 100 ng/ml BDNF increased neurite outgrowth 3.9-
fold compared to the 0 ng/ml BDNF control (24.8 £ 4.1 neurites per explant, p<0.001)

(Figure 3).
SGN explant interactions with Ppy/pTS and Ppy/pTS/BDNF

Explants were grown on Ppy/pTS or Ppy/pTS/BDNF for 3 days and interactions of

explants, neurites and other cells with the polymer were observed by SEM (n=2
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experiments). The surfaces of Ppy/pTS and Ppy/pTS/BDNF were raised and globular, an
observation that was especially obvious via a direct comparison with tissue culture plastic
(Figure 4a). Explants were visible as a mass of tissue with radiating neurites and

migratory cells such as fibroblasts (Figure 4b,c).

Polymers containing BDNF enhanced neurite outgrowth from explants

Explants were grown on Ppy/pTS and Ppy/pTS/BDNF in media containing no other
neurotrophic support. Explants on Ppy/pTS/BDNF had a median (25%-75% range) of
37.0 (23.8-54.5) neurites per explant, approximately twelve times more neurites than

those cultured on Ppy/pTS (3.0 (2.0-10.3)) (p<0.01 Dunn’s method) (n=6; Figure 5).

Explants that were placed within 2.7 mm of Ppy/pTS/BDNF but not directly contacting
the polymer were used to test whether the natural diffusion of BDNF was equally
effective in promoting neurite outgrowth as direct contact. Explants growing near
Ppy/pTS/BDNF showed median (25%-75% range) neurite outgrowth of 11.0 (6.3-26.3)
neurites per explant compared to those grown near Ppy/pTS with 7.0 (3.0-15.0) neurites
per explant (p<0.05). Neurite outgrowth from explants grown directly on Ppy/pTS/BDNF
was not statistically different to neurite outgrowth from explants grown near
Ppy/pTS/BDNF. However, the data in the ‘near Ppy/pTS/BDNF’ group was quite
variable. There was no significant difference in median neurite outgrowth between

explants grown on Ppy/pTS and near Ppy/pTS (Dunn’s method, p>0.05).

Effect of electrical stimulation of Ppy/pTS/BDNF on neurite outgrowth from explants
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Explants were cultured on Ppy/pTS/£BDNF as described. After 16 hr settling time, the
electrical stimulus was applied for 8 hr followed by 16 hr of no stimulation. This pattern
was repeated for 3 days. Experimental groups were stimulated Ppy/pTS, unstimulated
Ppy/pTS, stimulated Ppy/pTS/BDNF and unstimulated Ppy/pTS/BDNF. There were
between 28 and 52 explants per group from 6 independent experiments. There was no
significant difference in neurite outgrowth between stimulated and unstimulated
Ppy/pTS, but explant numbers in these groups were low making the power of the test also
too low to make conclusions (4.0 (3.0-5.8) and 3.0 (2.0-10.3) neurites per explant
respectively) (Dunn’s method). Application of electrical stimulation to Ppy/pTS/BDNF
enhanced neurite outgrowth 18.3 fold when compared to unstimulated Ppy/pTS (55.0
(29.0-68.0) neurites per explant, Dunn’s method, p<0.01), but not significantly more than

unstimulated Ppy/pTS/BDNF (Figure 6).

DISCUSSION

This paper assesses the applicability of a conducting polymer coating for cochlear
implant electrodes with potential applications for other neural prostheses. In overview, it
was found that the neurotrophin BDNF can be incorporated into Ppy and released slowly
via diffusion or in greater quantities via an applied electrical stimulus. Polymers that
contained BDNF promoted greater neurite outgrowth from explants growing on or near
the polymer compared to polymers without incorporated BDNF. If applied to cochlear
implant electrodes, released BDNF may prevent SGN degeneration after hearing loss and

protect SGNs both during and after cochlear implantation to help preserve and regenerate
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SGN peripheral dendrites, whilst still permitting electrical stimulation of the auditory
nerve.

3233 and hence is an ideal

Ppy adheres very well to metals such as gold and platinum
candidate for coating cochlear implant electrodes which are made from platinum. It is
noteworthy that the impedance of Ppy-coated gold electrodes is of the same order as
uncoated gold electrodes, with or without neurotrophins and before or after electrical

stimulation®. This is important for cochlear implantation applications as any increase in

impedance and hence power requirements for the device are undesirable.

On average, 122.1 + 3.28 ng BDNF was incorporated per square centimeter of
Ppy/pTS/BDNF. This is comparable to Ppy/pTS/NT3 polymers in which 93.4 £ 6.6
ng/cm? NT3 was incorporated®. Also in line with Ppy/pTS/NT3, significantly greater
release of | BDNF was detected from 7-day stimulated Ppy/pTS/***I BDNF compared
to unstimulated Ppy/pTS/**1 BDNF. However, it is important to note that the
Ppy/pTS/NT3 study used pulsed current (+0.5 mA/cm?) while in this study the
biologically safe biphasic current pulses employed by the cochlear implant were used to
promote release of BDNF. This gives a better understanding of the release kinetics that
would be expected in the cochlea if a Ppy-coated electrode array were implanted. From
release studies using conditions more specific to SGN explant culture (unlabelled BDNF,
8 hr stimulation per day beginning 4 days after synthesis over 3 days, 37°C incubation),
no significant difference in the quantity of released BDNF between stimulated and

unstimulated polymers was detected by ELISA, presumably due to the shorter incubation
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period. Since similar quantities of released BDNF were detected by **°I-based assay and
ELISA, it can be presumed that the *2I label does not affect the incorporation or release
of the protein. The I BDNF-based method has the benefit of being able to measure the
amount of BDNF incorporated into the polymer and remaining in the polymer after
release and appears to be a very sensitive method for quantification of released

neurotrophin.

Previous studies have shown that other biological substances such as NGF and
epinephrine exhibited enhanced release from Ppy upon electrical stimulation. A large
voltage applied over 150 seconds increased streptavidin-bound NGF release 48-fold**
while epinephrine release was increased over 5-fold when compared to non-stimulated
Ppy™°. Unlike the biphasic current pulses used here, none of these studies used
biologically relevant stimulation parameters which avoid the generation of direct current
that can damage tissue through the build-up of adverse electrochemical by-products®*®.
The mechanism of BDNF release from Ppy/pTS/BDNF via electrical stimulation is still
unclear. One theory is that the biphasic current pulses cause expansion and contraction
(actuation) as the polymer cycles through oxidation and reduction, opening gaps within
the overall structure through which neurotrophins near the surface of the polymer can

escape®”. In addition, ionic and hydrophobic properties of Ppy change during

stimulation and may facilitate the ability of neurotrophins to escape from the polymer™.

Neurite outgrowth was enhanced in SGN explants grown on Ppy/pTS/BDNF compared

to Ppy/pTS indicating that biologically active BDNF is being released. While ELISAs
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demonstrated that non-stimulated Ppy/pTS/BDNF released 19.76 ng/cm® BDNF after 3
days, equivalent to 4.66 + 0.46 ng/ml BDNF, neurite outgrowth from explants grown on
non-stimulated Ppy/pTS/BDNF (median 37 (23.8-54.5) neurites per explant) was greater
than neurite outgrowth from explants grown in media containing 10 ng/ml or even 100
ng/ml BDNF (mean 13.9 + 4.0 and 24.8 + 4.1 neurites per explant respectively). This
may indicate that slow release of BDNF from a polymer is more beneficial to neurons in
culture than a single addition of BDNF at the start of the assay. Indeed continuous slow
release of neurotrophins in vivo is more beneficial to SGNs than a single dose of
neurotrophin®, although the additional element of neurotrophin clearance from cochlear
fluids must be taken into account here. Another explanation could be a proximity effect
in which neurons directly contacting a material releasing neurotrophins receive a greater
proportion of neurotrophin than neurons bathed in a solution of neurotrophins. In support
of this, explants cultured near Ppy/pTS/BDNF (11.0 (6.3-26.3) did not have as many
neurites as explants cultured directly on Ppy/pTS/BDNF (37 (23.8-54.5)). Similarly,
greater neurite outgrowth was observed from SGN explants cultured directly on
Ppy/pTS/NT3 that released a predicted 1.15 ng/ml NT3 compared to explants cultured in

a solution of 40 ng/ml NT3°,

Explants located near Ppy/pTS/BDNF are the most representative explants for modelling
the current situation in an implanted cochlea as the implanted electrodes generally lie 1-2
mm away from the SGNs. Future cochlear implant designs might enable neurons to grow
directly on the electrodes. In such a case, the electrode should be electroactive, promote

neuron survival and encourage neurite extension as is the case for Ppy/pTS/BDNF.
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Stimulation of SGNs directly contacting electrodes would require lower charge density
and less power and create greater specificity due to reduced current spread compared to
electrodes that are situated 1-2 mm away from neurons. This in turn could lead to
electrode arrays designed with a greater number of smaller, more finely spaced electrodes
to achieve more selective neuron firing patterns leading to potentially improved speech

and music perception among cochlear implantees.

Culture slides were electrically stimulated in eight hour periods with sixteen hours non-
stimulation periods to simulate cochlear implant users who switch off their implants at
night. While eight hours is a short period for stimulation when compared to most
cochlear implant users, this duration was favourable as it is comparable with many in
vivo animal studies that use the same stimulation duration or slightly less**“®*!, Electrical
stimulation did not significantly enhance neurite outgrowth on polymers containing
BDNF, and is perhaps not surprising given the results of the 3-day release assay in which
there was no significant difference in BDNF release between stimulated and unstimulated
polymers over this time period. Enhanced benefit to neurons may have been detected
over longer periods of culture on stimulated Ppy/pTS/BDNF. Longer culture experiments
were attempted, but these proved to be detrimental to neuron survival under these
conditions. Stimulation alone (stimulated Ppy/pTS) was not shown to be beneficial or
detrimental to neurite outgrowth from explants. We cannot be certain that neurons grown
on Ppy/pTS/BDNF were depolarized in response to the electrical stimulus. However,
given the charge densities employed here, together with the proximity of the explants to

the electrodes, it is most likely that SGNs were depolarized. Greater release of BDNF and
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hence enhanced response from SGNs may also be achieved by using different stimulation
strategies, as was observed with stimulated NT3 release from Ppy/pTS/NT3 polymers®.
Since our aim is to keep the stimulation biologically relevant, strategies would have to be
limited to pulse duration, frequency and current densities used in cochlear implants for

stimulating the auditory nerve.

Some in vivo studies have reported that chronic stimulation alone has no significant effect
on neural preservation®*****. Conversely, other studies have reported greater SGN
survival following chronic stimulation in aminoglycoside deafened cats** and GPs'. The
different outcomes in these studies may be due to different implantation techniques or the
method of deafening. More certain is that combining chronic electrical stimulation with
neurotrophic factor treatment has been shown to be more beneficial than applying either
of the treatments alone®. Furthermore, electrical stimulation in deafened guinea pigs can
preserve SGNs following the removal of exogenous neurotrophins®®. However, these in
vivo studies only counted SGN soma and any effects on peripheral dendrites (the
equivalent of the neurites quantified in this study) were not documented. A more
comprehensive approach to measuring effects of neurotrophins and electrical stimulation
on SGNs in vivo, such as SGN survival, myelination and effects on peripheral dendrites,
is required to assess the impact on neurotrophins, electrical stimulation or a combination

of both on SGNs after deafness.

It is clear that polymers such as Ppy/pTS/BDNF can only hold a finite quantity of

neurotrophin before being depleted. One solution for longer-term biological effects is to
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immobilize the neurotrophin in a way that renders the neurotrophin reusable. Indeed,
enhanced neurite outgrowth was achieved with Ppy containing immobilized NGF and
with electrical stimulation®. Immobilisation of the growth factor within the polymer
overcomes the limited supply problem but can only be used with growth factors that do
not need to be fully endocytosed to transduce signals. NGF has been shown to do this for
some of NGF functions such as nerve survival, but not all of its functions*®. Unlike NGF,
other neurotrophins appear to require endocytosis and retrograde transport for function;
hence neurotrophins will need to be released from polymers to benefit neurons. Other
types of drug-eluting strategies may need to be employed for longer-term neurotrophin
release, one example of these being cell-based therapy. Fibroblasts modified to express
BDNF were placed in a protective agarose gel which in turn was applied to electrodes
implanted in deafened guinea pig cochleae. SGN survival was observed in the vicinity of
the implanted electrodes®’. Viable cells have also been incorporated into polypyrrole and

another conducting polymer; poly(3,4-ethylenedioxythiophene) (PEDOT)*84

, and with
further development it may be possible for neurotrophin-releasing cells to be
incorporated into conducting polymers for extended release of neurotrophins. With this
combination, the impedance of the electrodes is not compromised whilst providing a
continuous supply of neurotrophins. Clinical uses for Ppy/pTS/BDNF need to be specific
for the requirement of short-term slow release of BDNF. One example of this is

protection of SGNs and hair cells from cochlear implant insertion trauma to preserving

residual hearing and maximize hearing outcomes for cochlear implantees.
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A combination of NT3 and BDNF promotes greater SGN survival in culture than either
neurotrophin alone™ and is very effective at promoting SGN survival and resprouting in
the deafened cochlea®. We have now shown the benefits of Ppy/pTS polymers that
release NT3 and BDNF individually. Extensions to these studies would include the
synthesis of a polymer that incorporates and releases a combination of NT3 and BDNF
and to examine the effects of all these polymers in the cochlea after sensorineural hearing

loss.

CONCLUSIONS

This study demonstrated enhanced neurite outgrowth from auditory neuron explants
grown on or near Ppy/pTS/BDNF. Release studies showed that this was due to diffusion
of BDNF from the polymer. Although increased BDNF release was detected from
electrically stimulated polymers over 7 days, electrical stimulation of Ppy/pTS/BDNF did
not significantly increase neurite outgrowth from cultured explants in the shorter 3-day
explant culture period. Electroactive/bioactive polymers such as Ppy/pTS/BDNF may
find applications for cochlear implant electrodes as they do not impede electrical
stimulation of the auditory nerve whilst providing BDNF to maintain the health of
auditory neurons. By encouraging neurite outgrowth, there is the potential to increase the
neural selectivity of the cochlear implant by bringing the peripheral dendrites of the
neurons and the electrodes closer together. With this being the case, future cochlear
implant development may include increasing the electrode number and implant channels

with potential improvements to speech perception in noise and appreciation of music.
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FIGURE LEGENDS
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Figure 1. An ECIS culture slide with Ppy-coated gold electrodes and the electrical stimulus
applied to the electrodes

(a) Top view of an eight-well ECIS culture slide consisting of 18-21 mm? gold active circular
electrodes coated with Ppy and a gold common return electrode. (b) The biphasic waveform to
stimulate the polypyrrole-coated electrodes had + 0.2 mA amplitude, 100 ps pulse width, 25 us

open-circuit interphase gap and 3.78 ms short-circuit phase and was presented at 250 Hz.
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Figure 2. Electrical stimulation of Ppy/pTS/BDNF enhances the release of BDNF from the
polymer compared to unstimulated Ppy/pTS/BDNF

(a) °I BDNF-containing polymers were synthesised on gold mylar and incubated for 7 days in
normal saline at room temperature. Each day the entire saline sample was removed and replaced
with fresh 0.9% saline. Samples were read in a gamma counter and converted to BDNF mass.
Cumulative released BDNF masses are shown for stimulated and unstimulated polymers (n=2
experiments per point). *p<0.05 stimulated vs non-stimulated after 7 days cumulative data (b)
Ppy/pTS/BDNF polymers were grown on gold electrodes on ECIS slides and used 4 days after
synthesis. Incubations were at 37°C. Three periods of 8 hr electrical stimulation were applied to
half of the polymers with a 16 hr period of no stimulation and the saline was sampled daily over 3
days. Samples were assayed for BDNF using ELISA. Cumulative released BDNF concentrations
are shown for stimulated and unstimulated polymers (n=3 experiments per point with 9

independent samples per point).
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Figure 3. Exogenous BDNF enhances neurite outgrowth in SGN explants

(a-d) Representative images of SGN explants grown on tissue culture plastic with various
concentrations of BDNF added to the culture media. In the absence of BDNF and with the
addition of 1 ng/ml and 10 ng/ml BDNF, very few neurites were observed from explants.
Explants grown in 100 ng/ml BDNF demonstrated greater numbers of resprouting neurites. Scale
bar is 100 um and applies to all images. (e) Graph of mean neurites per SGN explant after 3 days
culture in 0, 1, 10 or 100 ng/ml BDNF. Error bars represent the standard error of the mean.

*p<0.05 compared to the 0 ng/ml BDNF control.
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Figure 4. The surface topography and cellular interactions with Ppy/pTS/BDNF via SEM
(a) A comparison of the surface topography between plastic (left) and Ppy/pTS (right). The
surface of Ppy/pTS consisted of raised, uneven globules. Scale bar is 100 um. (b, c) Neurites and
cells growing out from the explant tissue mass on the uneven surface of Ppy/pTS/BDNF. Scale

bars are 10 um.
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Figure 5. Ppy/pTS/BDNF enhances neurite outgrowth from SGN explants

Explants grown on or near Ppy/pTS/BDNF extended more neurites than those grown on or near
plain Ppy/pTS. This implies that release of BDNF via natural diffusion from the polymer was
benefiting SGNs within the explants, especially when the polymer was directly contacting the

explant. (*p<0.05, **p<0.01 compared to Ppy/pTS control).
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Figure 6. Electrical stimulation of Ppy/pTS/BDNF does not significantly enhance neurite
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explants compared to Ppy/pTS (p<0.01), but neurite outgrowth was not significantly greater than

the non-stimulated Ppy/pTS/BDNF group. (**p<0.01 compared to Ppy/pTS control).
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