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Abstract

Cochlear implants electrically stimulate residual spiral ganglion neurons (SGNSs) to provide
auditory cues for the severe-profoundly deaf. However, SGNs gradually degenerate following
cochlear hair cell loss, leaving fewer neurons available for stimulation. Providing an exogenous
supply of neurotrophins (NTs) has been shown to prevent SGN degeneration, and when combined
with chronic intracochlear electrical stimulation (ES) following a short period of deafness (5
days), may also promote the formation of new neurons. The present study assessed the
histopathological response of guinea pig cochleae treated with NTs (brain-derived neurotrophic
factor and neurotrophin-3) with and without ES over a four week period, initiated two-weeks after
deafening. Results were compared to both NT alone and artificial perilymph (AP) treated animals.
APJ/ES treated animals exhibited no evidence of SGN rescue compared with untreated deafened
controls. In contrast, NT administration showed a significant SGN rescue effect in the lower and
middle cochlear turns (two-way ANOVA, p < 0.05) compared with AP-treated control animals.
ES in combination with NT did not enhance SGN survival compared with NT alone. SGN
function was assessed by measuring electrically-evoked auditory brainstem response (EABR)
thresholds. EABR thresholds following NT treatment were significantly lower than animals
treated with AP (two-way ANOVA, p = 0.033). Finally, the potential for induced neurogenesis
following the combined treatment was investigated using a marker of DNA synthesis. However,
no evidence of neurogenesis was observed in the SGN population. The results indicate that
chronic NT delivery to the cochlea may be beneficial to cochlear implant patients by increasing
the number of viable SGNs and decreasing activation thresholds compared to chronic ES alone.
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1 Introduction

Hearing loss affects over 278 million people worldwide (World Health Organization, 2005),
and has significant detrimental impacts economically and emotionally on individuals and
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society (de Graaf and Bijl, 2002; Fellinger et al., 2005; Mohr et al., 2000). Treatment with a
cochlear implant can dramatically improve speech perception and production, as well as
quality of life for patients with a severe-profound sensorineural hearing loss (SNHL) (Bond
et al., 2009; Harris et al., 1995). Cochlear implants bypass damaged sensory hair cells to
directly stimulate spiral ganglion neurons (SGNs). However, SGNs degenerate following
hair cell loss in both humans (Miura et al., 2002; Nadol et al., 1989; Zimmermann et al.,
1995) and animal models of SNHL (Leake and Hradek, 1988; Spoendlin, 1984; Wise et al.,
2005; Gillespie et al., 2003). This is thought to be largely caused by the loss of the
endogenous supply of the pro-survival neurotrophin (NT) peptides brain-derived
neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), which are normally produced by
inner hair cells and support cells of the organ of Corti (Fritzsch et al., 2004; Stankovic et al.,
2004; Tan and Shepherd, 2006; Ylikoski et al., 1993). Severe SGN degeneration may limit
the efficacy of hearing rehabilitation by a cochlear implant. The prevention of SGN
degeneration following a SNHL may therefore improve the clinical outcome for implant
patients.

The supply of an exogenous source of NTs can lead to significant anatomical and functional
changes to the deafened cochlea. SGN density within Rosenthal’s canal is greater in NT-
treated deaf cochleae (Agterberg et al., 2008; Gillespie et al., 2003; McGuinness and
Shepherd, 2005; Miller et al., 1997; Shepherd et al., 2008; Shepherd et al., 2005; Staecker et
al., 1996), SGN soma size is increased (Agterberg et al., 2008; Richardson et al., 2005;
Shepherd et al., 2005; McGuinness and Shepherd, 2005), and peripheral neural fibers are
thicker and more numerous compared to deaf controls (Wise et al., 2005; Wise et al., 2010).
Furthermore, the electrically-evoked auditory brainstem response (EABR) thresholds were
found to be lower in NT-treated cochleae compared to untreated deafened controls
(Shepherd et al., 2005; Shinohara et al., 2002).

Previous guinea pig studies also suggest interactive effects of combined chronic electrical
stimulation (ES) and NT treatment, with SGN density observed to be greater following the
combined treatment compared to both BDNF treatment alone and normal hearing controls
(Shepherd et al., 2008; Shepherd et al., 2005). In contrast, ES alone showed no evidence of
SGN rescue in these studies, in agreement with some reports (Agterberg et al., 2010; Li et
al., 1999), but at odds with others showing a trophic effect of ES (Hartshorn et al., 1991;
Kanzaki et al., 2002).

SGN density measures greater than normal hearing controls have also been reported
following a combined BDNF and acidic fibroblast growth factor treatment in deafened
animals (Glueckert et al., 2008; Miller et al., 2007). An increase in SGN density to values
greater than normal suggests that the formation of new SGNs (i.e. neurogenesis) may be
induced by these treatments. In vitro studies of spiral ganglion explants also suggest that
trophic/growth factors can induce neurogenesis (Rask-Andersen et al., 2005; Wei et al.,
2007), although these studies did not investigate the effects of NTs specifically.

In the present study deafened guinea pigs were chronically treated with intracochlear NT
infusion and/or ES in order to assess how these treatments affect the anatomical and
physiological response of the cochlea following hair cell loss. A longer deafness period of
two weeks prior to the onset of treatment was used here compared to previous studies in our
laboratory (Shepherd et al., 2008; Shepherd et al., 2005) to ensure a level of SGN
degeneration at the onset of treatment (Versnel et al., 2007). This is considered a more
clinically realistic model of cochlear implantation.

Hear Res. Author manuscript; available in PMC 2012 December 1.
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2 Materials and methods

2.1 Experimental animals

Twenty-six (N = 26) young adult male and female pigmented guinea pigs (300-600g) were
used in this study. Animals were housed together in small groups (2-5), but segregated by
gender. All procedures were approved by the Royal Victorian Eye and Ear Hospital Animal
Research & Ethics Committee. Prior to any experimental manipulation the external ears
were examined to ensure they were otoscopically normal, and the hearing status assessed
under anesthesia (ketamine, 60mg/kg (Parnell Australia) and xylazine, 4mg/kg (Ilium,
Australia); intramuscular) by measuring the auditory brainstem response (ABR) to acoustic
clicks to each ear (Coco et al., 2007). Briefly, the differential voltage between the skull
vertex and the back of the neck was recorded to 100us square pulse clicks, and the response
threshold for the P111-NII1 wave of the ABR was visually determined (Fig.1). Ears were
defined as normal hearing if the threshold was <50dB peak equivalent sound pressure level
(p-e. SPL). Five animals served as normal hearing controls, and twenty-one animals were
deafened and randomly assigned to a treatment group. The group numbers are shown in
Table 1.

2.2 Deafening

Animals were systemically deafened using a procedure which has been previously shown to
produce a bilaterally symmetrical hearing loss (Gillespie et al., 2003). The jugular vein was
exposed under gaseous anesthesia (1-2% isoflurane in O,, 1L/min), cannulated, and
frusemide (130mg/kg; llium, Australia) diluted in warm Hartmann’s solution was slowly
injected. The vein was tied off and the incision sealed with cyanoacrylate. Kanamycin
sulfate (420mg/kg; Sigma-Aldrich, USA) dissolved in 3ml Hartmann’s solution was then
injected subcutaneously (s.c.).

2.3 Cochlear implantation: Implant specifications and neurotrophin delivery

The electrode arrays were similar to the electrode array/drug delivery system described
previously (Shepherd and Xu, 2002). Each electrode array had six Pt rings (0.2mm ring
width; 0.4mm diameter; 0.3mm inter-electrode spacing) on a medical grade silicone carrier.
The most apical electrode is designated “E1” and the most basal electrode is “E6” (Fig.2).
For unstimulated (US) animals, the implant was identical but without any active electrode
rings. A marker was placed in the same location as E6 of stimulating arrays to ensure a
similar insertion depth. A polyimide drug delivery cannula, open at the apical implant tip,
was located in the core of the implants. A miniosmotic pump (200uL capacity; 28 day
delivery period; 0.25uL/hr; Alzet, USA) was attached to the distal end of the drug delivery
cannula. The pump was filled with artificial perilymph (AP; 126mM NaCl, 3mM KHCOg,
24mM NaHCOs3, 0.7mM CaCl,, 5mM NH,C(CH,0H)3; pH = 7.4) with or without the NTs
BDNF and NT-3 (30ug/ml of each; human recombinant; PeproTech, USA). A 20%
absorption rate of NTs by the pump and tubing was assumed (Gillespie et al., 2003), giving
a total delivery of 5ug each of BDNF and NT-3 over 28 days.

2.4 Cochlear implantation: Surgical details

Two weeks after deafening, guinea pigs were anesthetized (ketamine and xylazine, as
above) and deafness was confirmed by ABR measurement, with a threshold increase >50dB
indicating a severe-to-profound SNHL (Fig. 1). Threshold was usually >100dB p.e. SPL, the
maximum intensity presented. The left cochlea was then exposed and implanted under
aseptic conditions as follows. Supplementary local anesthesia with lignocaine (Ilium,
Australia) was applied above the left pinna where an incision was made. A hole was drilled
in the dorsolateral temporal bone and the malleoincudal ossicle was removed to access the

Hear Res. Author manuscript; available in PMC 2012 December 1.
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middle ear cavity and expose the round window. A small perforation was created in the
round window membrane and the implant was inserted into the scala tympani until E6 was
just inside the round window (~3mm; Fig.2). Crushed muscle pieces were packed around the
round window to minimize perilymph leakage and the risk of infection spreading to the
cochlea. The bulla cavity was filled with Durelon dental cement (3M, USA) to secure the
implant in place. The lead wire/delivery cannula was fixed to the skull by threading a strip
of Dacron mesh (Invista, USA) through two small craniotomies and tying the lead against
the skull. The osmotic pump was housed between the shoulders in a subcutaneous tissue
pocket. In ES cohorts, the electrode lead wire exited the skin between the scapulae. The
supra-auricular wound was sutured and stapled. Hartmann’s solution (10ml/kg; s.c.),
antibiotic (Baytril; Bayer, Germany; 0.10mg/kg; s.c.), and an analgesic (Temgesic; Reckitt-
Benckiser, UK; 50 mg/kg; s.c.) were given after surgery and the following day to aid
recovery. Normal hearing controls were not chronically implanted. Animals were housed
individually following implantation to prevent disruption to the surgical wounds and
implanted devices by other guinea pigs.

2.5 Electrically-evoked auditory brainstem response recording

Immediately following cochlear implantation in ES animals, EABRs were recorded to
bipolar ES using the same arrangement as ABRs (Coco et al., 2007). Bipolar stimuli
consisted of single biphasic current pulses (100us phase duration, 50us interphase gap), and
are identified as, for example, “E1-2” to indicate an anodic lead phase on E1 with an E2
cathodic return. The threshold for myogenic activity via unintended facial nerve stimulation
(Shepherd et al., 1994) was determined for each bipolar configuration by monitoring the
evoked activity on an oscilloscope. EABR recordings were then made to stimulation at
different intensities from 0-2mA or just below myogenic threshold for all adjacent bipolar
electrodes (E1-2, E2-3, etc.). EABRs were averaged across 100 trials and at least two set of
recordings were obtained at each current level. EABR threshold was visually determined
within 25pA for the PII-NII1 wave (a clear, consistent response at 1-2ms). At 16 and 28
days post-implantation (the end of the treatment period) animals were anesthetized as above
and EABRs again recorded to all bipolar configurations, including wider inter-electrode
separations.

For US animals, EABRs were recorded at the end of the treatment period following acute
implantation with a stimulating array identical to chronic ES arrays and using the same
surgical approach. Normal hearing controls also underwent acute implantation and EABR
recording following cochlear exposure. To prevent hair cell mediated electrophonic activity
contaminating the EABR, these animals were acutely deafened by replacing the perilymph
with 10% neomycin sulfate in normal saline. This was repeated at least six times to ensure
thorough ototoxin exposure.

2.6 Chronic intracochlear electrical stimulation

Five days after implantation, chronic intracochlear ES was initiated in the ES cohorts.
Environmentally-derived stimuli were delivered to the electrode array via an ESPrit 3G
speech processor and CI22 stimulator (Cochlear Ltd., Australia) housed in a jacket worn by
ES animals (Fallon et al., 2009). The SPEAK sound processing strategy (McDermott et al.,
1992) was used for stimulus delivery on E1-2, E3-4, and E5-6 (mapped to 150-300,
300-600, 600-1400Hz, respectively). The stimuli were interleaved current pulses
(parameters same as EABR stimuli) delivered at 1200pps per electrode pair, giving a total
rate of 3600pps for the three channels. The stimulus amplitude range was —3 to +6dB (re:
EABR threshold) or to just below myogenic threshold, with the amplitude being reset
relative to the new threshold values following the day 16 EABR recordings. Chronic ES was
continuously delivered over the 28 day treatment period. The impedance of each electrode
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against common ground (all other electrodes) was recorded at least twice per week using
clinical software (CustomSound EP 2.0; Cochlear, Australia) to monitor changes over time
and to identify any malfunctioning electrodes (i.e. open or short circuits).

2.7 Chronic BrdU administration

To investigate potential ES/NT treatment-induced neurogenesis, 5-bromo-2'-deoxyuridine
(BrdU), a label of newly synthesised DNA and therefore newly divided cells (Dolbeare,
1995), was injected over the treatment period. Two days after cochlear implantation, each
animal received an injection of 1% (w/v) BrdU (50mg/kg, s.c.; Roche, Switzerland)
dissolved in 0.007M NaOH/0.9% NaCl (Heine et al., 2004), and another injection was given
the following day. Two injections per week were administered for the remaining three
weeks. An injection was also given one day prior to sacrifice, and a final injection was given
intraperitoneally 3h before sacrifice. Normal hearing control animals received daily BrdU
injections for seven days prior to sacrifice.

2.8 Tissue collection and preparation

Following the treatment period and final EABR recording, animals were given an overdose
of pentobarbital (150mg/kg; intraperitoneal) and transcardially perfused with 37°C 0.9%
NaCl followed by 4°C 4% paraformaldehyde (PFA) in 0.1M phosphate buffered saline
(PBS) (pH = 7.35). Each auditory nerve trunk was severed at the internal auditory meatus
and the brain was removed. The temporal bones were dissected out and trimmed around the
cochleae. The cochlear electrode array was verified to still be in place in ES animals and
with no visible kinks in the drug delivery cannula. The array was then carefully removed
from the left cochlea. To facilitate the diffusion of fixative through the cochleae, the left and
right oval and round windows were perforated and the otic capsule was pierced at the apex.
The cochleae were kept in 4% PFA for post-fixation overnight at 4°C, then placed in 10%
ethylenediamine tetraacetic acid in PBS at room temperature for decalcification. The
osmotic pumps were checked for residual fluid (all pumps contained less than 20uL) and the
drug delivery line was checked for leaks. The brain and a short section of small intestine,
which were to be used as positive control tissue for BrdU detection, were also collected and
post-fixed in 4% PFA overnight.

Following decalcification, cochleae were cryoprotected in 30% sucrose and embedded in
Tissue-Tek O.C.T. cryosectioning compound (Sakura, Japan) (Coleman et al., 2009), and
stored at —80°C. Brain and gut tissue underwent the same embedding procedure. The tissues
were sectioned at 12um using a CM 1900 UV cryostat (Leica, Germany) at —22°C. The
cochleae were sectioned in the modiolar plane up to midmodiolus (see Fig.5g), the brain was
sectioned in the sagittal plane, and the gut was sectioned through intestinal lumen cross-
sections. Three interleaved series of cochlear sections were collected. Frozen sections were
used to facilitate the immunodetection of BrdU.

2.9 Cochlear examination and spiral ganglion neuron density measurement

One cochlear series was stained with Mayer’s haemotoxylin and Putt’s eosin (H&E) for
general qualitative examination and SGN density measurements within Rosenthal’s canal.
Slides were randomized and analyzed blindly. Sections viewed and imaged using an
Axioplan 2 microscope and software (Zeiss, Germany). For one section per slide (4-5
analyzed sections per cochlea; at least 24um separation for analyzed sections), a 20x
magnification brightfield image was captured of Rosenthal’s canal for each half-turn (see
Fig.5g). Using ImageJ (NIH, USA), Rosenthal’s canal was outlined, excluding the
intraganglionic spiral bundle. The area of Rosenthal’s canal was measured and SGNs with a
clear nucleus were counted to give the number of SGNs per mm2. This density measure is a
standard method for assessing SGN survival (Agterberg et al., 2009; Glueckert et al., 2008;
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Shepherd et al., 1994; Li et al., 1999). Because sectioning ceased at midmodiolus, fewer
data were available for more apical turns, and sufficient numbers of samples from turn 4
were not obtained for statistical analyses. There were also fewer midmodiolar sections of the
lower turn 1 SGNs because Rosenthal’s canal was just appearing in this region at the
midmodiolar plane (see Fig.5g). Statistical analyses of all data were performed using SPSS
GradPack software (PASW, USA).

Cochlear features examined qualitatively in the H&E sections were SGN soma size/shape,
organ of Corti degeneration, and the fibrous tissue response in the scala tympani to chronic
implantation. To compare the extent of the tissue response between treatment groups, one
representative image was chosen from each cochlea and the images were placed in ordered
response severity ranks (i.e. most severe to least severe; blinded to treatment). The response
severity ranks were subjectively determined using both the proportion of the scala tympani
occupied by fibrous tissue and the optical density of the fibrosis (denser fibrosis taken to be
a more severe response).

2.10 BrdU immunolabeling

3. Results

Immunodetection of BrdU was performed using a protocol adapted from Shimada et al.
(2008) and Kass et al. (2000) to assess whether neurogenesis occurred in the cochlea.
Sections were immersed in a bath of 0.01M citric acid (pH adjusted to 6.0) and heated with a
700W microwave oven at 100% power until boiling (~3min), then at 40% power to maintain
a gentle boil for 5min. The slides were then incubated in 2M HCI for 1h at 37°C, then in
0.1M boric acid for 10min at room temperature to neutralize the tissue. Sections were
covered in 0.2% Triton-X (T-X, Sigma-Aldrich, USA) and 10% goat serum in PBS for 1h,
followed by mouse anti-BrdU (1:100; Sigma-Aldrich, USA) and rabbit anti-neurofilament
antibodies (200kD heavy chain; 1:400; Millipore, USA) in 2% goat serum/T-X/PBS. The
sections were left overnight at 4°C. Following several PBS washes the tissue was exposed
for 2h to TRITC-conjugated goat anti-mouse (1:200; Sigma-Aldrich, USA) and Alexa 488-
conjugated goat anti-rabbit (1:200; Sigma-Aldrich, USA) diluted in 2% goat serum/T-X/
PBS. The slides were washed in PBS and mounted in Fluoromount (Sigma-Aldrich, USA).

The sections were examined and imaged using an Axioplan 2 fluorescence microscope and
software (Zeiss, Germany). Brain and gut sections underwent the same procedures as
cochlear sections. Brain structures in which post-mitotic neurons have been previously
detected (Abrous et al., 2005; Garcia-Verdugo et al., 1998; Guidi et al., 2005) were
examined. In gut tissue, the stem cell region in the small intestine crypts were examined
(O’Hara and Sharkey, 2007). The treatment group with the greatest potential for cochlear
neurogenesis is ES/NT, based on the results of a previous study (Shepherd et al., 2005). At
least three sections per cochlea were examined for the left and right cochleae of all ES/NT
animals (n = 6) and the left cochlea of one animal (n = 1) in every other group.

3.1 Electrically-evoked auditory brainstem response thresholds

Examples of EABR traces to E1-2 stimulation at the beginning and end of the treatment
period are shown in Figure 3 for an ES/AP animal. Analysis was focused upon E1-2 because
they were the most apical electrodes located in the basal turn and nearest to the source of
NTs; therefore, treatment effects would be expected to be most prevalent in this region.
Changes in threshold from post-implantation (day 0) were compared between ES/NT and
ES/AP. Threshold changes in US animals could not be examined as stimulating arrays were
only implanted at the time of the terminal experiment. The mean change in E1-2 threshold
over time (Fig.3b) shows an increase in threshold for ES/AP animals, but little change for
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ES/NT animals. An independent samples t-test on day O threshold current values confirmed
that there was no significant group difference between groups post-implantation (p > 0.05).
To determine if changes in E1-2 threshold over time were significant, and whether NT
treatment had any effect, a repeated measures one-way analysis of variance (ANOVA) was
performed on EABR threshold data (within-subjects factor: day 0-day 16-day 28 EABR
threshold; between-subjects factor: ES/AP-ES/NT treatment). There was a significant
change in EABR threshold over time (F (df 12) = 9.614, p = 0.003) that was driven
primarily by a threshold increase is ES/AP animals, as indicated by a significant interaction
between day and treatment (F = 5.367, p = 0.022). The treatment main effect was not
significant (p > 0.05). Therefore, changes in EABR threshold over time were dependent
upon the treatment received.

EABR thresholds were examined across all cohorts at the end of the treatment period. The
group means for E1-2 are shown in Figure 4. E1-2 group means were compared using a two-
way ANOVA (US-ES and AP-NT factors; normals excluded). NT animals had a
significantly lower threshold than AP (F (df 15) = 5.508, p = 0.033). Higher thresholds were
observed in ES compared to US animals, although this effect was only just significant (F =
4.559, p = 0.050) (Fig.4). There was no significant interaction between the two treatments (p
> 0.05). An a posteriori independent samples t-test between normal controls and US/NT
E1-2 thresholds showed that the means were not significantly different. The above trend —
lower thresholds in NT animals and higher in ES animals — was observed across other
electrodes following the treatment period, including at wider bipolar inter-electrode
separations (e.g. E1-3, data not shown).

3.2 Organ of Corti and spiral ganglion neuron survival

H&E-stained cochlear sections were examined to assess the status of the organ of Corti and
SGNSs. The organ of Corti was severely degenerated in the left and right cochleae of all
deafened treatment groups, as indicated by the collapsed support cell structures (Fig.5a).
Figure 5 also illustrates representative examples of SGNs in Rosenthal’s canal at upper turn
1 for each treatment group, as well as the peripheral region in a normal and a chronically
deaf cochlea. The density of SGNs in Rosenthal’s canal was greater in NT cochleae
compared to AP-treated and contralateral control cochleae, with no obvious rescue effect
associated with ES. The cell bodies in NT cochleae also appeared closer to a normal
morphology (i.e. large, round) compared to AP cochleae, which had shrunken and
amorphous somata.

For each animal the mean SGN density value was calculated for each half-turn of the left
(treated) and right (deafened control) cochlea from lower turn 1 to upper turn 3 and values
compared across groups. No significant treatment group effects were seen at any turn in the
right control cochleae (two-way ANOVA, AP-NT and US-ES factors, p > 0.05), indicating
no significant differences in the degenerative response to deafening in any cohort.
Significantly greater SGN density was seen in NT-treated cochleae compared to AP controls
in upper turn 1 (Fig.5h), lower turn 2, upper turn 2, and lower turn 3 (not illustrated; p <
0.05). No other main or interaction effects, including ES effects, were found at other
cochlear locations (p > 0.05). The same pattern of results was seen when comparing the
means of left SGN density normalized to the contralateral control cochlea density (upper
turn 1 shown Fig.5h), except a significant increase in NT animals above AP was not seen at
lower turn 3 (not illustrated; p > 0.05). NT treatment therefore had a significant SGN
preservation effect in the basal and second cochlear turns compared both to AP-treated
controls and within-animal controls. An a posteriori independent samples t-test showed that
left upper turn 1 SGN density for ES/NT (treatment group with the highest mean density)
was significantly lower than normal (two-tailed t (df 9) = 3.264, p = 0.010).
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3.3 Scala tympani tissue response and electrode impedance

Electrode impedances were periodically monitored over the treatment period and were
compared to the scala tympani tissue response to chronic implantation. At the time of
implantation, electrode impedances were found to be similar between electrodes for each
implant (~2kQ), with a tendency to increase over time (Fig.6). To determine whether
significant differences occurred between treatment groups, a repeated measures two-way
ANOVA was performed (within-subjects factor: day 0-day 28 impedance, between-subjects
factors: implant electrode, ES/AP-ES/NT treatment). Open or short circuit electrode
measurements were excluded. There was a significant increase in impedance over time (F
(df 33) = 60.517, p < 0.0005), a significant effect of electrode number (F = 7.966, p <
0.0005), and a significant interaction between day and electrode number (F = 6.612, p <
0.0005). The significant interaction between day and electrode indicates that the impedance
increase over time was dependent upon the electrode, as is evident from the data shown in
Figure 6. Post-hoc analysis of the electrode effect showed that E6 — the electrode closest to
the round window — exhibited significantly greater impedance over time compared with all
other electrodes (Bonferroni, p < 0.03). The treatment main effect and all treatment
interactions were not significant (p > 0.05), indicating that NT treatment did not have an
effect on electrode impedance.

The tissue response in the ST of implanted cochleae was examined. Very little tissue
response was observed in the majority of cochleae. No cochlea exhibited new bone growth
in any turn, or fibrous tissue beyond upper turn 1. There appeared to be a greater volume of
fibrous tissue present in ES/NT cochleae compared to ES/AP (Fig.7). When qualitatively
ranked for lower turn 1 response severity, the difference between ES/AP and ES/NT groups
was significant (Mann-Whitney U test, p = 0.027). There was not a significant relationship
between the extent of the tissue response and the change in impedance of E5 (electrode near
the tissue response region examined) over time either across all ES animals or within the ES/
AP or ES/NT groups (Spearman’s rho, p > 0.05) (Fig.7c).

3.5 BrdU labeling

The potential for neurogenesis in the cochlea was assessed using BrdU. Positive BrdU
labeling was observed in brain and gut control tissue in locations previously shown to
exhibit mitosis (Garcia-Verdugo et al., 1998; Guidi et al., 2005; O’Hara and Sharkey, 2007;
Abrous et al., 2005). In the present study, labeling in the brain was seen in the subgranular
zone of the hippocampus, the subventricular zone, along the rostral migratory stream, and in
the olfactory bulbs. In the gut, labeling was seen in the intestinal crypts, along the villi, and
in the external wall tissue (Fig.8). Immunolabeling negative controls were obtained by
excluding the primary and/or secondary antibodies. No nuclear labeling was seen in any of
these control sections, indicating specific labeling of nuclear BrdU, although some non-
specific binding of the secondary antibody was seen. However, the non-specific
fluorescence signal was observed as globular and intense puncta, whereas positive BrdU
labeling had a more uneven and sharp-edged appearance to the labeling, allowing positive
signal to be distinguished in experimental tissue. In contrast to the positive control tissue,
there was no evidence of BrdU labeling in SGNs within Rosenthal’s canal (Fig.8).
Identification of SGNs in Rosenthal’s canal was possible by neurofilament labeling.

Some BrdU-positive nuclei were observed in other cochlear tissues, although the degree of
labeling was quite variable. Labeled nuclei were occasionally seen in the medial wall of the
scala vestibuli, in bone, around blood vessels, or associated with a fibrous tissue response
within the scala tympani. In one ES/NT cochlea, BrdU labeling was present in nuclei in the
modiolus and upper basal turn Rosenthal’s canal, but these nuclei were not from
neurofilament-labeled cells (Fig.8d). These were likely Schwann cells, as judged by the
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distinct spindle-shaped nuclei and apparent association with neural processes (compare with
H&E images, Fig.5). However, Schwann cell BrdU labeling was only observed in this one
cochlea, and therefore Schwann cell genesis cannot be presumed to be a treatment effect.

4 Discussion

This study examined the response of the cochlea to chronic NT and/or ES treatment
following an initial two-week period of deafness in guinea pigs. NT treatment increased
SGN survival and reduced EABR thresholds compared to AP treated controls. Moreover,
there was no significant interaction between ES and NT treatments for either EABR
threshold or SGN density, although fibrous tissue response was greater following ES/NT
compared to ES/AP treatment. Finally, greater-than-normal SGN densities reported
following treatment with several neurotrophic factors including NTs (Glueckert et al., 2008;
Miller et al., 2007; Shepherd et al., 2005), implying that neurogenesis may be induced by
ES/NT treatment, however no evidence of neurogenesis was evident in the present study.

4.1 Effects of treatments on spiral ganglion neurons

In the basal and middle turns of all left (treated) and right (untreated) deafened cochleae, the
organ of Corti had undergone significant degeneration, although some organ of Corti
structure was usually present in the apical turn. Increases in ABR threshold of >50dB were
also observed, indicating a severe-profound SNHL. These deafness induced changes were
also associated with lower SGN density than normal, in agreement with previous
observations (Leake and Hradek, 1988; Sugawara et al., 2005; Takeno et al., 1998). The
SGN density values measured in the present study tended to be higher than in previous
guinea pig studies (Agterberg et al., 2008; Dodson and Mohuiddin, 2000; Shepherd et al.,
2005; Gillespie et al., 2004; Wise et al., 2005), due to the use of thicker (12um) frozen
sections in the present study compared to thin sections (e.g. 2um, resin-embedded) in most
previous studies, resulting in more SGNs captured in each section. Frozen sections were
used in the present study to facilitate immunohistochemistry.

Our results show that chronic intracochlear ES in the deafened guinea pig does not provide
trophic support of SGNs, in that ES/AP-treated cochleae exhibited no evidence of increased
SGN survival compared with deafened, unstimulated control cochleae. These results are
consistent with previous chronic ES studies obtained from a number of species (Araki et al.,
1998; Shepherd et al., 2005; Shepherd et al., 1994; Agterberg et al., 2010; Li et al., 1999),
although other groups have reported a trophic influence on SGNs from chronic ES alone
(Hartshorn et al., 1991; Kanzaki et al., 2002; Leake et al., 1991; Leake et al., 1999; Leake et
al., 1992; Mitchell et al., 1997). These differences may be due to methodological differences
including the technique and duration of deafness prior to treatment and stimulation
parameters (Miller, 2001; Shepherd et al., 2006).

SGN survival was significantly greater in NT cochleae compared to controls, in agreement
with previous studies on the application of exogenous NTs to deaf cochleae (Agterberg et
al., 2009; Ernfors et al., 1996; Gillespie et al., 2003; Miller et al., 1997; Richardson et al.,
2005; Wise et al., 2005; McGuinness and Shepherd, 2005). Furthermore, SGN cell bodies
appeared shrunken in both US/AP and ES/AP compared to normal controls and NT-treated
cochleae, although this was not quantified in the present study. Previous quantitative studies
have reported significantly greater soma area (Richardson et al., 2005; Shepherd et al., 2005;
McGuinness and Shepherd, 2005) and circularity (Agterberg et al., 2008) following NT
treatment compared to deafened control cochleae. Changes in soma size can be associated
with corresponding diameter changes in peripheral and central SGN processes (Agterberg et
al., 2008; Dodson and Mohuiddin, 2000; Glueckert et al., 2008; Wise et al., 2005), which
could have a direct effect upon SGN responsiveness to ES.
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It has been previously reported that NT-mediated SGN survival was enhanced by chronic ES
(Shepherd et al., 2005), although this effect was not evident in the present study. There
were, however, some methodological variations between these studies - including the use of
two neurotrophins in the present study (NT-3 and BDNF) versus BDNF alone in Shepherd
et al. (2005) - that may have contributed to these different findings. However, perhaps the
most important difference is that a longer deafness period before treatment used in the
present study. Longer deafness periods result in differences in SGN degenerative state at the
time of treatment onset. A previous study using deafening procedures almost identical to the
present study, reported that one week after deafening there was no change in SGN density or
soma circularity (Versnel et al., 2007). At two weeks after deafening, there was still little
decrease in SGN density compared to normal (Versnel et al., 2007; Agterberg et al., 2008;
Gillespie et al., 2004), morphological changes to SGNs were evident, including reduced
soma area and circularity. Therefore, we expect that in the present study most SGNs were
available for rescue at the time of implantation; however — unlike the Shepherd et al., (2005)
study - the degenerative process was well underway, perhaps irreversibly for some neurons.
We note that the rate of SGN degeneration in this animal model is very rapid compared with
other deaf animal models and experience with clinical material. It is possible that there is a
post-deafening “critical period” during which the potentially beneficial interactive effects
between ES and NT treatments are maximally effective. After this period, ongoing SGN
degeneration may be accompanied by significant changes in gene expression which affect
the SGN response to the combined treatment. For example, changes in the expression of Trk
receptors — the receptors to which NTs bind and initiate pro-survival signaling (Skaper,
2008) — would affect the amount or type of NT binding. Also, changes in voltage-gated ion
channel expression could affect modulations in intracellular levels of ions (e.g. Ca2*) in
response to ES. Such effects would be likely to influence the treatment outcome by altering
the activation of molecular signaling pathways.

4.2 Effects of treatments on EABR threshold

Significantly lower EABR threshold was observed in NT treated animals compared to AP
animals in the present study, as well as a barely significant increase in EABR threshold in
ES compared to US animals. Previous studies have also observed reductions in EABR
threshold following treatment with neurotrophic factors (Shepherd et al., 2005; Agterberg et
al., 2009; Shinohara et al., 2002). This effect could be due to changes in SGN morphology,
including increased SGN soma size (Agterberg et al., 2008; Richardson et al., 2005;
Shepherd et al., 2005) or peripheral afferent fiber diameter (Wise et al., 2005), which could
directly cause reductions in activation threshold (McNeal, 1976; Rushton, 1951). The lower
EABR thresholds could also be related to changes in the expression levels of different
voltage-gated ion channels (Adamson et al., 2002). Reduced thresholds are regarded as a
functional improvement for cochlear implants, including decreased battery consumption and
the potential for the use of smaller stimulating electrodes (Seligman and Shepherd, 2004).

Because of the experimental design, EABR threshold change could not be monitored over
time in US animals, making it difficult to compare electrophysiological data between US
and ES cohorts. Therefore, it is unclear to what extent the threshold increase over time in
ES/AP animals is related to SNHL-induced degeneration of SGNs and their peripheral
fibers. However, previous studies in which EABRs are monitored longitudinally typically
report an increase in threshold over time, with no significant difference between chronically-
implanted unstimulated or electrically stimulated cohorts (Shepherd et al., 2005; Coco et al.,
2007; Shinohara et al., 2002; Vollmer et al., 2007). In the present study, the significantly
lower EABR threshold observed longitudinally in the ES/NT cohort compared with ES/AP
animals indicates that combined ES and NT treatment can effectively decrease EABR
thresholds, and is consistent with previous observations showing threshold reductions
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associated with chronic NT delivery with and without chronic ES (Shepherd et al., 2005;
Shinohara et al., 2002).

4.3 Effects on scala tympani tissue response and electrode impedance

Electrode impedances increased significantly over time, although the increases were small in
magnitude, with the possible exception of E6, which showed a larger increase. This was
likely related to the position of E6 proximal to the round window. Fibrous tissue growth was
seen in most cochleae to varying degrees. The tissue response appeared to be more extensive
in ES/NT compared to ES/AP, indicating that NTs may increase the severity of the tissue
response. This was supported by statistical analysis of qualitatively ranked response
severity. A more extensive tissue response following NT treatment has also been observed
previously (Shepherd et al., 2005), and may be an immune response to the foreign (human
recombinant) peptides, rather than a reaction to NTs per se. In the long term, the growth of
fibrous and osseous tissue around the implant and throughout the ST could interfere with
implant functionality (Xu et al., 1997), as well as reduce residual hearing function (Choi and
Oghalai, 2005). With increasing numbers of patients with residual hearing receiving
cochlear implants (Kim et al., 2010), any factor contributing to fibrous tissue growth would
be of clinical concern. Severe tissue response is also typically related to significant SGN
degeneration (Xu et al., 1997). However, the present results indicate that the tissue response
did not affect SGN survival or implant function, presumably due to the relatively short
treatment period. Longer treatment periods may result in a more significant impact of the
NT-enhanced tissue response. The increased tissue response may be able to be mitigated by
NT co-treatment with other drugs, such as anti-inflammatory agents.

4.4 Investigating neurogenesis in the cochlea

Previous studies reported SGN densities that were greater than normal following treatment
with neurotrophic factors (Glueckert et al., 2008; Miller et al., 2007; Shepherd et al., 2005),
suggesting that neurogenesis may be induced by these treatments. However, no evidence of
neurogenesis as a result of cell division was evident in the present study. The appropriate
control measures were taken to ensure that the application and detection was successful, and
evidence of this success was apparent in positive and negative control tissues, as well as
positive labeling in non-neuronal cochlear cells. Although there were no indications that
new neurons were present in the cochlea from newly divided cells, this does not rule out the
possibility that new neurons were present, but had differentiated from pre-existing neural
progenitor cells. However, in vitro studies showed neurogenesis in pharmacologically
treated spiral ganglion explants by induced mitosis (Rask-Andersen et al., 2005; Wei et al.,
2007), supporting a mitotic route for SGN neurogenesis. Those studies also suggest that
other trophic factors such as glial-derived neurotrophic factor may more readily produce
spiral ganglion neurogenesis than NTs.

There were some methodological differences between the previous studies reporting greater-
than-normal SGN density and the present study. As discussed above, the present study used
a longer pre-treatment deafness period of two weeks compared to five days by Shepherd et
al. (2005). The lack of neurogenesis detection in the present study could be indicative of a
“critical period” following deafness onset after which neurogenesis cannot be induced, at
least by treatment with BDNF/NT-3 and chronic ES. Another explanation for the greater-
than-normal SGN density in the previous studies (Glueckert et al., 2008; Miller et al., 2007;
Shepherd et al., 2005) is that there were systematic differences in ratios of counting error
types between treatment groups, due to treatment related changes in SGN morphology
(although appropriate corrections were applied in some studies). While the potential for
induced neurogenesis in the spiral ganglion requires further study prior to any clinical
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application of NTs to the cochlea, the present results suggest that neurogenesis does not
occur.

4.5 Conclusions

The present study show increased SGN survival and reduced EABR thresholds in long-term
deafened NT-treated cochleae compared to AP controls. There was no enhancement of NT-
mediated SGN survival by chronic ES. Moreover, there was no evidence of neurogenesis in
the spiral ganglion. However, the present results indicate that in cases with more advanced
SGN degeneration, exogenous NT delivery with or without ES results in greater SGN
survival and lower EABR thresholds compared to chronic ES alone. Thus, exogenous NT
treatment has the potential to benefit implant patients, with the maximal benefit likely to be
obtained with early intervention.
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Figure 1.

Auditory brainstem response traces (averaged from 200 trials) to free-field click stimuli
presented to the left ear of a guinea pig (a) one week prior to deafening, and (b) two weeks
after deafening. The PIII-NIII wave (heavy black) was used to determine threshold. Large
threshold increases (>50dB) occurred following deafening, usually to thresholds >100dB
p.e. SPL.
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Figure 2.
Micro-focus x-ray from an ES/AP animal taken 28 days after implantation showing the six

electrode rings of the implant in the basal turn of the left cochlea, and the lead wires exiting
the bulla. Intracochlear electrode numbering is shown. The site of neurotrophin infusion was

just apical to E1. RW = round window. Scale bar = 1mm.
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Figure 3.

(a) Bipolar (E1-2) EABRs evoked by biphasic current pulses recorded at three points during
the treatment period in an ES/AP animal. Threshold (indicated by the bold traces) increased
over time. Grey windows indicate the wave used to determine threshold (1-2ms post-
stimulus, presumably corresponding to PI1I-NIII of ABR; see Fig.1). Note that EABR
waveform shape and amplitude were different between days. This may be due to changes
over the treatment period, but is more likely related to slight differences in recording
electrode placement. Threshold should not be significantly altered by electrode placement
differences alone. Stimulus artifacts have been blanked out (0-1ms). (b) Mean EABR
threshold change for E1-2 from day 0 to day 28 in ES animals. An increase occurred in ES/
AP animals (n = 3) whereas little change occurred in ES/NT animals (n = 5). Error bars + 1
SEM.
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Figure 4.

(a) Mean E1-2 EABR threshold for each group at the conclusion of the treatment period.
Thresholds were significantly lower in NT animals compared to AP, and thresholds were
significantly higher in ES compared to US (* two-way ANOVA). Data from acutely
deafened normal animals are shown for comparison but were not included in the ANOVA.
Data from one ES/AP and one ES/NT animal were not included as electrode 1-2 for these
two animals was not available at the time of the experiment. Error bars + 1 SEM.
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Figure 5.

H&E stained cochlear histological samples and SGN density data for upper turn 1 (boxed
area in g). (a) Representative midmodiolar sections showing an intact organ of Corti in a
normal cochlea (solid arrow) compared to a degenerated organ of Corti in a chronically deaf
ES/NT cochlea (open arrow). (b-f) Representative images of Rosenthal’s canal (e.g. dashed
line in ¢) from the left (treated) cochlea for each group. SGN somata appear smaller and the
packing density lower in AP cochleae compared to NT and normal controls. Higher
magnification images of SGN somata from different cochleae are shown in the insets.
Morphological degeneration of the somata was apparent in AP animals, unlike NT-treated
cochleae. (g) Low magnification micrograph of a midmodiolar section from a normal
hearing left cochlea. The upper (U) and lower (L) aspect of each turn (T) is shown (e.g. T1U
= upper turn 1). The perforation created at the apex to facilitate fixative diffusion can be
seen (arrowhead). (h) Left cochlea mean SGN density values (left panel) and left cochlea
SGN density normalized to the contralateral control cochlea (right panel) for upper turn 1,
one of the locations where significantly greater density was seen in NT animals (* two-way
ANOVA). For comparison, the means for right deafened untreated control cochleae are
illustrated in the left panel. The means for normal controls are shown for comparison but
were not included in the ANOVASs. See Table 1 for group n values. Error bars + 1 SEM. ST
= scala tympani.
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Figure 6.

Common ground impedance means are shown for all implant electrodes over the treatment
period. There was no significant treatment effect so data are shown pooled across the two
ES groups (total n = 10). Measurements other than day 0 and day 28 have been pooled
across 3-day bins. Impedances increased significantly over time. Error bars £ 1 SEM.
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Figure 7.

(a) Representative examples of the fibrous tissue response (f.t.) in lower turn 1 scala
tympani (ST) of ES/NT and ES/AP cochleae. ES/NT cochleae appeared to have a more
extensive tissue reaction in the ST than ES/AP. The * show the likely chronic locations of
the implants. (b) Qualitative ranks for tissue response severity plotted against the change in
impedance from post-implantation to day 28 for E5 (electrode near cochlear region
examined). There was no significant relationship between impedance change and rank
across all ES animals or within either ES/AP or ES/NT groups (Spearman’s rho, p > 0.05).
The letters in ¢ indicate the data points for the micrographs in a and b.
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Figure 8.

Immunodetection of BrdU in cochlear and control tissue. (a,b) Representative example
showing the lack of BrdU labeling in Rosenthal’s canal (RC; blue dashed line) of an ES/NT
cochlea. (a) BrdU (red) and (b) neurofilament (green) in upper turn 1. SGN somata can be
seen in the neurofilament channel, but no BrdU labeling was seen in SGN nuclei. (c,d) In
one ES/NT cochlea, positive BrdU labeling was seen in what appear to be Schwann cell
nuclei (arrowheads) in the modiolus (mod, not shown) and RC . An intense globular object
(*) that was likely artifactual — possibly non-specific secondary antibody binding as was
seen in negative controls (arrowheads in f) — can also be seen. No BrdU-labeled nuclei in
cochlear tissue were surrounded by a neurofilament-labeled soma. The peripheral structures
(i.e. OSL and SL) in c-d can be seen to be detached from the slide and folded back (curved
arrows), obscuring part of RC. This illustrates the difficulties the DNA denaturation steps
can create for analysis of sectioned cochlear tissue. (e-g) Positive and negative BrdU
labeling controls (gut tissue). The complete labeling protocol (e) yielded positive labeling
(white) in stem cell nuclei in the intestinal crypts (Cr), whereas exclusion of primary (f) or
secondary antibodies (g) did not result in labeling. The image brightness has been increased
in f and g to better view the gut anatomy. OSL = osseous spiral lamina, SL = spiral limbus,
ST = scala tympani. Scale bars = 50um (same scale a-d and e-g).
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Experimental cohorts and group numbers. Treatment details are given in the next sections.

Table 1

Unstimulated (US)

Chronically Stimulated (ES)

Artificial perilymph (AP) US/APn=6 ES/APn=14
BDNF & NT-3 (NT) USINTn=5 ESINTn=6
Normal hearing n=5
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