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Abstract
Exogenous neurotrophins (NTs) have been shown to rescue spiral ganglion neurons (SGNs) from
degeneration following a sensorineural hearing loss (SNHL). Furthermore, chronic electrical
stimulation (ES) has been shown to retard SGN degeneration in some studies but not others. Since
there is evidence of even greater SGN rescue when NT administration is combined with ES, we
examined whether chronic ES can maintain SGN survival long after cessation of NT delivery. Young
adult guinea pigs were profoundly deafened using ototoxic drugs; five days later they were
unilaterally implanted with an electrode array and drug delivery system. Brain derived neurotrophic
factor (BDNF) was continuously delivered to the scala tympani over a four week period while the
animal simultaneously received ES via bipolar electrodes in the basal turn (i.e. turn 1) scala tympani.
One cohort (n=5) received ES for six weeks (i.e. including a two week period after the cessation of
BDNF delivery; ES6); a second cohort (n=5) received ES for 10 weeks (i.e. a six week period
following cessation of BDNF delivery; ES10). The cochleae were harvested for histology and SGN
density determined for each cochlear turn for comparison with normal hearing controls (n=4). The
withdrawal of BDNF resulted in a rapid loss of SGNs in turns 2–4 of the deafened/BDNF-treated
cochleae; this was significant as early as two weeks following removal of the NT when compared
with normal controls (p<0.05). Importantly, there was not a significant reduction in SGNs in turn 1
(i.e. adjacent to the electrode array) two and six weeks after NT removal, as compared with normal
controls. This result suggests that chronic ES can prevent the rapid loss of SGNs that occurs after
the withdrawal of exogenous NTs. Implications for the clinical delivery of NTs are discussed.
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Introduction
Deafness is one of the most common disabilities in society. In the majority of cases this occurs
as a result of loss of sensory hair cells leading to a permanent sensorineural hearing loss
(SNHL). Loss of hair cells sets in place a gradual but ongoing degeneration of spiral ganglion
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cells (SGNs), the primary afferent neurons of the cochlea (Gillespie et al., 2004; Hardie et al.,
1999; Heid et al., 1998; Leake et al., 1988; Liberman et al., 1978; Mair, 1973; McGuinness et
al., 2005; Ryugo et al., 1998; Shepherd et al., 1997; Shepherd et al., 2004; Shepherd et al.,
2005; Steel et al., 1984; Takeno et al., 1998). SGNs are the target neurons for cochlear implants;
the functional integrity of these neurons is therefore important for the success of these neural
prostheses.

The removal of afferent input to SGNs removes both the neural activity and neurotrophin
support that is normally supplied by hair cells, leading to cell death via apoptosis (Alam et al.,
2007; Ladrech et al., 2004; Scarpidis et al., 2003). It is therefore not surprising that attempts
to rescue SGNs centre on the use of electrical stimulation (ES) to induce neural activity in these
neurons and/or the application of exogenous neurotrophins (NT).

In vitro studies have demonstrated that prolonged periods of depolarization of deafferented
SGN cultures via elevated levels of extracellular potassium promotes neural survival via the
activation of L-type voltage gated calcium channels (Hegarty et al., 1997; Miller et al.,
2003). The resultant elevated intracellular calcium levels activate a number of down-stream
pro-survival signalling pathways including cyclic AMP protein kinase, and calcium/
calmodulin-dependent kinases II and IV (Bok et al., 2003; Hansen et al., 2001a; Roehm et al.,
2005).

The pro-survival effects of chronic ES of SGNs remain less clear in vivo. Using a variety of
animal models, a number of studies have demonstrated rescue effects associated with ES
(Hartshorn et al., 1991; Kanzaki et al., 2002; Leake et al., 1999; Leake et al., 1991; Leake et
al., 1992; Leake et al., 1995; Lousteau, 1987; Miller et al., 1995; Mitchell et al., 1997). In
contrast, other studies report no trophic effects associated with ES per se (Araki et al., 1998;
Coco et al., 2006; Li et al., 1999; Shepherd et al., 1994; Shepherd et al., 2005; Widijaja et al.,
2006); these findings are consistent with a recent temporal bone study of 11 cochlear implant
patients that showed no evidence of enhanced SGN survival in the implanted ear compared to
the contralateral deafened control ear (Khan et al., 2005).

A number of growth factor families have been shown to play important roles in both the
development and maintenance of SGNs (Fritzsch et al., 1999; Rubel et al., 2002). Both pre-
synaptic hair cells and support cells within the organ of Corti, and post-synaptic neurons within
the cochlear nucleus are necessary for SGN survival, reflecting complementary neurotrophic
support from both sources (Hafidi, 1999; Lefebvre et al., 1992b; Lefebvre et al., 1994;
Schecterson et al., 1994; Stankovic et al., 2004; Tan et al., 2006; Tierney et al., 2001; Ylikoski
et al., 1993). These NTs include both brain-derived neurotrophic factor (BDNF) and
neurotrophin-3 (NT-3; (Lefebvre et al., 1992a; Schecterson et al., 1994; Tan et al., 2006;
Ylikoski et al., 1993), with receptors for both of these NTs expressed on SGNs (Schecterson
et al., 1994; Tan et al., 2006; Ylikoski et al., 1993).

The long-term delivery of exogenous NTs into the cochlea promotes a significant increase in
SGN survival following SNHL. Unlike the in vivo ES studies described above, the trophic
effects of NT delivery on SGNs have been highly significant and universally observed across
studies. The majority of these studies delivered BDNF and/or NT-3 to deafened guinea pig
cochleae over treatment periods of 2–8 weeks via an osmotic pump (Ernfors et al., 1996;
Gillespie et al., 2004; Miller et al., 1997; Richardson et al., 2005; Staecker et al., 1996; Wise
et al., 2005; Yamagata et al., 2004), although NT released from alginate beads placed on the
round window have also been effective (Noushi et al., 2005). In addition, nerve growth factor
(Gillespie et al., 2004; Schindler et al., 1995; Shah et al., 1995), glial cell line-derived
neurotrophic factor (Kanzaki et al., 2002; Yagi et al., 2000; Ylikoski et al., 1998) and
neurotrophin-4/5 (Gillespie et al., 2004) delivered alone; or ciliary-derived neurotrophic factor
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(Miller et al., 1997) or fibroblast growth factor (Miller et al., 2007) delivered in combination
with other NTs, have also demonstrated SGN rescue in vivo. These robust findings have also
been reported following NT delivery using viral vectors (Kanzaki et al., 2002; Staecker et al.,
1998), and in species other than the guinea pig (McGuinness et al., 2005; Staecker et al.,
1998). Pettingill et al., (2007) provides a detailed overview of these studies. Finally, in contrast
to long-term NT delivery, a single infusion of NT directly into the scala tympani does not
appear to promote long-term SGN survival (Richardson et al., 2005).

Significantly, in vitro studies have demonstrated that the trophic support of SGNs via
depolarization appears to be additive with the actions of some NTs (Hansen et al., 2001a). This
research has been extended to in vivo studies, demonstrating enhanced SGN survival in
deafened cochleae treated with both exogenous NTs and ES (Kanzaki et al., 2002; Shepherd
et al., 2005). Moreover, this work has also shown a functional advantage, in the form of
significantly reduced electrically evoked auditory brainstem response (EABR) thresholds in
ears treated with NTs (Shepherd et al., 2005; Shinohara et al., 2002), that may be associated
with a NT mediated growth of SGN peripheral processes towards the scala tympani (Miller et
al., 2007; Staecker et al., 1996; Wise et al., 2005) or reflect the increased diameter of NT treated
SGNs (McGuinness et al., 2005; Shepherd et al., 2005), as threshold to ES decreases with
increasing neuron size (Grill, 2004).

The duration of the exogenous NT supply is a key issue that impacts on the safe clinical delivery
of these drugs. Although there is evidence that SGN survival is maintained well after cessation
of NT administration (Miller et al., 2006), other research has demonstrated that the withdrawal
of NT support leads to an accelerated loss of SGNs (Gillespie et al., 2003) - a finding that
implies that NTs must be supplied continuously. Given the positive results of combining ES
and NT delivery, we have examined whether chronic intracochlear ES can provide trophic
support to SGNs long after removal of the source of exogenous NTs.

Material and Methods
Experimental subjects

Twelve healthy young pigmented guinea pigs weighing between 400–844 g (mean 569 ±133g)
were used in the present study under approval of the Royal Victorian Eye and Ear Hospital’s
Animal Research and Ethics Committee, and conformed to the guidelines of the National
Health and Medical Research Council of Australia.

All animals had otoscopically normal tympanic membranes and normal hearing determined
by click-evoked auditory brainstem response (ABR) thresholds of < 43 dB peak equivalent
sound pressure level re 20 µPa (p.e. SPL; Hardie et al., 1999). Guinea pigs were systemically
deafened using a single co-administration of kanamycin (400 mg/kg subcutaneously [sc]) and
frusemide (100 mg/kg intravenously [iv]; Gillespie et al., 2003). Only animals exhibiting a
severe-profound SNHL (i.e. ABR click thresholds >93 dB p.e. SPL in both ears) were used in
this study. The animals were divided into two treatment groups. Both groups received BDNF
over a four week period in combination with chronic ES delivered for either six (ES6; n=5) or
10 weeks (ES10; n=5; Table 1). The remaining animals served as normal hearing controls (n=
2; i.e. n=4 cochleae).

Electrode array and delivery techniques
The electrode array consisted of three platinum (Pt) band electrodes on a 0.6 mm diameter
silicone carrier. Each Pt electrode was connected to a stainless-steel leadwire system via a 25
µm diameter platinum/iridium (90/10) wire (Shepherd et al., 2002). A Pt marker was located
5 mm from the tip of the array as a guide to insertion depth. A 0.75 mm internal diameter (ID)
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polyvinyl chloride tube connected a mini-osmotic pump (Alzet 2004) to a 0.124 mm ID
delivery-tube located within the central core of the electrode array. The contents of the osmotic
pump were delivered to the scala tympani of the cochlea through a lumen in the delivery-tube
at the tip of the array (Shepherd et al., 2002).

Preparation of the osmotic pump
The Alzet 2004 mini-osmotic pump has a reservoir capacity of 200 µl and a flow rate of 0.25
µl/hour, providing a continuous infusion period of 28 days. Under sterile conditions pumps
were loaded with recombinant human BDNF (PeproTech) containing 0.1% guinea pig albumin
in 200 µl of Ringer’s solution giving a BDNF concentration of 62.5 µg/ml. After allowing for
20% absorption by the pump and delivery cannula this effectively delivers 10 µg of BDNF per
cochlea (Gillespie et al., 2003). The loaded pumps were incubated in sterile Ringer’s solution
for 36–48 h at 37°C prior to surgery in accordance with the manufacturers’ specifications.

Surgical details
Five days following deafening each animal was anaesthetized with ketamine (60 mg/kg
intramuscularly [im]) and xylazine (4 mg/kg im), and prepared for surgery. ABRs were
recorded to confirm that the hearing loss was severe to profound. Surgery was performed under
aseptic conditions. Supplemental doses of anaesthesia were administered during surgery at a
level sufficient to maintain the animal in an areflexic state. Carprofen (4 mg/kg sc) and Baytril
(10 mg/kg sc) were administered to provide long-term analgesia and broad-spectrum antibiotic
cover respectively. A dorsal approach was used to expose the left cochlea of each animal. The
round window membrane was incised and the electrode array was inserted ~4.5 mm into the
scala tympani. The round window was sealed with muscle, the leadwire proximal to the
electrode array was fixed using dental cement (Durelon), and the distal leadwire exited the skin
via a small incision in the neck. The osmotic pump was connected to the delivery-tube and
implanted into a subcutaneous pocket between the scapulae (Brown et al., 1993) and the
wounds were sutured. Each animal was given 10 ml of Hartmann’s solution sc. During surgery
the animal’s temperature was maintained at 37°C using a heating pad. No surgery was
performed on the right cochlea of each animal; these cochleae served as deafened, untreated
controls.

Electrically-evoked ABRs and chronic electrical stimulation
Immediately following implant surgery, EABRs were recorded in response to 100 µs/phase
biphasic current pulses delivered to the bipolar electrode pair. Recording techniques were
similar to those used to evoke ABRs with the addition of a sample- and- hold artefact suppressor
designed to block the stimulus artefact (Shepherd et al., 2005). Threshold was defined as the
smallest current level required to evoke a peak-trough response amplitude of >0.25 µV for
wave III of the EABR, i.e. within a latency window of 1.5–2.5 ms following stimulus onset
for both responses. During recording the animal’s temperature was maintained at 37°C using
a heating pad.

Five days following implant surgery both groups commenced a chronic ES program using
programmable current source stimulators. The output of the stimulator delivered 100 µs/phase
charge balanced biphasic current pulses to a bipolar electrode pair at a stimulus rate of 1200
pulses per second (pps) and was amplitude-modulated to a depth of 50% at 30 Hertz. Electrode
shorting and capacitive coupling were used to ensure complete charge recovery (Huang et al.,
1999). The amplitude of the stimulus waveform was set so that the minimum current level
equalled the post-operative EABR threshold (i.e. maximum stimulus intensity 6 dB above
EABR threshold). EABR thresholds were monitored each month and if necessary stimulator
thresholds were adjusted accordingly. All animals in the ES groups received 6 h of stimulation
per day, five days per week for a period of six (ES6) or 10 weeks (ES10) following implantation

Shepherd et al. Page 4

Hear Res. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



beginning five days following implantation resulting in total stimulation times of 150 and 285
hours respectively.

Cochlear histology
Each animal was euthanized with an overdose of anaesthetic (150 mg/kg sodium pentobarbital;
intraperitoneal) and systemically perfused with heparinized normal saline at 37°C followed by
phosphate buffered 4% paraformaldehyde at 4°C. The insertion depth of the electrode array
was determined, the drug delivery system was checked for its patency, the presence of leaks
and an intact connection to the osmotic pump, and the pump was examined for evidence of
residual fluid (Shepherd et al., 2005).

Cochleae were decalcified, dehydrated, embedded in resin and serially sectioned at 2 µm.
Sections every 126 µm were stained with haematoxylin and eosin. SGN densities for each of
the four cochlear turns (basal turn T1; T2; T3; and apical turn T4) were measured from five
representative mid-modiolar sections. Each cochlear turn was identified and the cross-sectional
area of Rosenthal’s canal within each turn was measured using NIH Image. All neurons with
a clear nucleus were then counted in each turn and SGN density (cells/mm2) calculated. The
SGN soma area measurements were recorded from the same five sections. In this case the soma
area of cells clearly exhibiting a nucleolus was measured using NIH Image. SGN density and
soma area measurements were made from the treated (left) and the deafened untreated (right)
cochlea of each animal, as well as the cochleae obtained from the two normal control animals.
A single observer performed all measurements blind. Results were expressed as mean ±
standard error of the mean (SEM) and statistical analysis was performed using a Kruskal-
Wallis one-way ANOVA followed by a Dunn’s pairwise multiple comparison test. A
difference was considered statistically significant at p<0.05.

Results
Status of the electrode arrays and drug delivery system

At post mortem examination all 10 chronically implanted electrode arrays were confirmed to
be located within the scala tympani, the drug delivery system was functioning normally and
there was no residual fluid detected in any osmotic pump.

Chronic depolarization prolongs the trophic effects on SGNs following the withdrawal of
BDNF

Low power micrographs of the first three turns of both an ES6 and ES10 treated cochleae
compared with their deafened untreated contralateral controls (ES6c and ES10c, respectively)
are illustrated in Figure 1. A normal hearing control cochlea (control) is included for
comparison. There are a number of histological features of note. First, with one important
exception, there was extensive loss of SGNs throughout all three cochlear turns of both the
BDNF/ES treated cochleae and the unimplanted, deafened controls. The exception to this trend
was the increased survival evident in turn 1 of both the ES6 and ES10 cohorts as well as turn
2 of the ES6 cohort. This increase in survival, which was observed close to the stimulating
electrode array located in the scala tympani, is illustrated at higher magnification in Fig. 2. A
fine fibrous tissue capsule was evident in turn 1 of the treated cochlea, illustrating the location
of the electrode array (*; Fig. 1).

Figure 3 illustrates the mean SGN density for the ES6 and ES10 cohorts and their respective
deafened controls expressed as a percentage of normal cochleae. For comparison, we have also
included our previously published data illustrating SGN densities in deafened cochleae
following four weeks of concurrent BDNF and ES treatment (Fig 3; Shepherd et al., 2005).
The withdrawal of BDNF after four weeks resulted in a loss of SGNs in all turns of the treated
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cochleae. Significantly, the rate of SGN loss appeared greater in turns 2–4 than the natural rate
of SGN degeneration observed following a SNHL (compare gradients of graphs for treated
and deafened control data; Fig. 3). Moreover, the rate of SGN degeneration following cessation
of BDNF increased with increasing distance from turn 1. While there was a significant
difference in SGN density between the treated and deafened control cochleae at both six and
10 weeks (i.e. two and six weeks following cessation of BDNF delivery) in turn 1 and – to a
lesser extent - turn 2, the rapid loss of SGNs in turns 3 and 4 resulted in no statistically
significant difference between treated and deafened control cochleae as early as two weeks
following completion of the BDNF delivery in these turns (Table 2).

The far more gradual rate of SGN degeneration evident in turn 1, compared with more apical
regions of the treated cochleae, are further emphasized when they are compared with normal
hearing controls (Table 3). While there was a reduction in SGN density in turn 1 (i.e. adjacent
to the electrode array) after NT removal, this reduction was not significant compared with
normal control cochleae for both ES6 and ES10 cohorts. Although the reduction in SGNs in
turn 2 of the ES6 cohort was also not significant, turn 2 of the ES10 cohort and turns 3 and 4
of both cohorts exhibited significant reductions in SGN density.

Figure 4 illustrates the mean soma area for the ES6 and ES10 cohorts and their respective
deafened controls, expressed as a percentage of normal cochleae. These data are also compared
with our previously published data illustrating soma area of SGNs in deafened cochleae
following four weeks of concurrent BDNF and ES treatment (Fig 4; Shepherd et al., 2005).
The cessation of BDNF delivery after four weeks resulted in a dramatic reduction in soma area
of the SGNs in all turns, however soma area remained greater than normal in turn 1 (p<0.05;
Fig. 4). Again in turns 2–4, the rate of SGN shrinkage appeared greater than the natural rate
observed following a SNHL (compare gradients of graphs for treated and deafened control
data; Fig. 4). While there was a significant difference in SGN soma area between treated and
deafened control cochleae at both six and 10 weeks (i.e. two and six weeks following cessation
of BDNF delivery) in turn 1 and 2, the rapid reduction in SGN soma area in turns 3 and 4
resulted in no statistically significant difference between treated and control cochleae as early
as two weeks following cessation of BDNF delivery in these turns (Table 4).

Discussion
The present results demonstrate that the withdrawal of exogenous NT support to SGNs in
deafened cochleae results in a rapid loss of SGNs; a finding consistent with a previous study
from our laboratory (Gillespie et al., 2003). It must be noted, however, that these effects of
neurotrophin withdrawal have not been consistent across laboratories (e.g. Miller et al.,
2006). Importantly, chronic ES - continuing after cessation of the NT delivery – significantly
reduced the rate of SGN loss although this effect was localized to the region of the cochleae
proximal to the electrode array (i.e. T1). Although SGN density in T2 of the ES6 cohort (i.e.
2 weeks after cessation of BDNF) had not reduced to levels significantly less than normal
control cochleae, the ES10 cohort (6 weeks after cessation of BDNF) exhibited a significant
SGN loss in T2 compared with normal controls. Importantly, ongoing ES also maintained SGN
soma area at near normal levels for SGNs adjacent to the electrode array, in contrast to more
distal SGNs that exhibited rapid neuronal shrinkage following the withdrawal of NT support.
These novel findings have important implications for the application of NTs in a clinical setting.

The most marked evidence of a trophic effect of electrical stimulation on SGNs following the
withdrawal of NT support occurred in the basal turn of the cochlea, adjacent to the bipolar
electrode array. Given the relatively localized current distribution for this electrode geometry
(Black et al., 1980; Brown et al., 1992; Snyder et al., 2004; van den Honert et al., 1987), this
finding implies that the observed changes were a result of the depolarization of SGNs rather
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than a more widespread effect of ES on the neural population that has been reported by others
(e.g. Mitchell et al., 1997). While we have not observed evidence of SGN rescue following
chronic ES alone (Araki et al., 1998; Coco et al., 2007; Shepherd et al., 1994; Shepherd et al.,
2005), ES has been shown to retard the degeneration of SGNs in other studies (Hartshorn et
al., 1991; Kanzaki et al., 2002; Leake et al., 1999; Leake et al., 1991; Leake et al., 1992; Leake
et al., 1995; Lousteau, 1987; Miller et al., 1995; Mitchell et al., 1997). Preliminary studies from
our laboratory have shown increased expression levels of the NT receptor Trk B in the lower
basal turn of SGNs from deafened cochleae subject to chronic ES compared with deafened
controls (Widijaja et al., 2006), a finding that has also been observed in the central nervous
system (Du et al., 2000; Meyer-Franke et al., 1998). An ES induced increase in TrkB expression
in SGNs would support the observed enhancement of SGNs in NT treated cochleae subject to
ES and may contribute to the ongoing maintenance of SGNs following the NT withdrawal.
Interestingly, the systemic application of the GM1 ganglioside - which is known to up-regulate
TrkB signalling (Rabin et al., 2002) - has also been shown to rescue SGNs following SNHL
(Leake et al., 2007). Moreover, this study demonstrated that GM1 and ES resulted in an additive
rescue effect on SGNs, implying that two complementary mechanisms were associated with
this response. Of particular relevance to the present study, ES was shown to maintain a modest
trophic effect on SGNs following the withdrawal of the ganglioside (Leake et al., 2007).

There are a number of potential sources of endogenous NT within the deafened cochlea (i.e.
cochleae devoid of an organ of Corti) following the cessation of exogenous sources. First, a
number of NTs, including BDNF and NT-3, are known to be widely distributed in the cochlear
nucleus (Hafidi, 1999; Lefebvre et al., 1994; Tierney et al., 2001) and are thought to exert a
trophic influence on SGNs (Lefebvre et al., 1994). Second, neural activity – including patterned
ES - is known to up-regulate the secretion of endogenous BDNF in various neurons by
regulating the transcription of the BDNF gene (Balkowiec et al., 2000; Balkowiec et al.,
2002; Gartner et al., 2002; Hansen et al., 2001a; Lever et al., 2001; Lu, 2003; Nanda et al.,
2000; Rocamora et al., 1996; Tan et al., In Press). Thus chronic intracochlear ES could be
expected to increase endogenous levels of BDNF in SGNs; this mechanism may contribute to
the reduced SGN degeneration following ES reported in some studies. Finally, Schwann cells
are known to produce NTs (Hansen et al., 2001b; Mirsky et al., 1999), prompting a number of
authors to suggest the possibility of reciprocal neuron-glial interactions in the auditory nerve
resulting in SGN rescue (Hansen et al., 2001b; Lefebvre et al., 1992b). Both in vitro and in
vivo studies have provided evidence that Schwann cells can promote SGN survival (Andrew,
2003; Whitlon et al., 2003). Importantly, the ability of Schwann cells to respond to
neurotrophins (Mirsky et al., 1999), their long-term survival following SNHL (Hurley et al.,
2007), and apparent proliferation following exogenous neurotrophin infusion (Wise et al.,
2005), suggest that Schwann cells may be well placed to stimulate and / or enhance any
reparative response within the deafened cochlea following NT administration and chronic ES.

The accelerated loss of SGNs following cessation of NT delivery observed in turns 3–4 of the
ES6 cohort and turns 2–4 of the ES10 cohort were consistent with the findings of Gillespie et
al., (2003) who demonstrated SGN losses of ~60% over a 2 week period. Although there is
evidence that SGN survival is maintained well after cessation of NT administration (Miller et
al., 2006), reports of accelerated neural loss occurring following NT withdrawal has also been
described in other neural systems. For example, short-term administration of nerve growth
factor is not sufficient to permanently rescue cholinergic neurons following a lesion of the
septohippocampal pathway (Montero et al., 1988). In addition, although BDNF treatment
supported the survival of retinal ganglion cells following the transection of the optic nerve,
most of these ganglion cells degenerated soon after BDNF administration ceased (Mansour-
Robaey et al., 1994).
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Shrinkage of SGN soma following SNHL observed in the present study, has also previously
been reported in other deafness models (Araki et al., 1998; Elverland et al., 1980; Leake et al.,
1988; Leake et al., 1999; Shepherd et al., 1997). Neuronal shrinkage presumably reflects a
down regulation in biosynthetic activity of the SGNs following a SNHL. For example, the
activity driven metabolic needs of these cells is related to the re-establishment of the resting
membrane potential following action potential propagation (Kadekaro et al., 1985). Such high
metabolic requirements would be greatly diminished as a result of the significant reduction in
both driven and spontaneous activity that occurs following deafness (Hartmann et al., 1984;
Liberman et al., 1978; Shepherd et al., 1997). To this end, studies of chronic ES of the SGNs
in deafened subjects have reported small but significant increases in SGN soma area in the
stimulated cochlea (Araki et al., 1998; Coco et al., 2007; Leake et al., 1999). Our results,
illustrating the maintenance of SGN soma area localized to neurons close to the stimulating
electrode array, are consistent with these results. Finally, in contrast to deafened control
cochleae, the soma area of SGNs treated for four weeks with exogenous BDNF were
significantly greater than those of normal controls (Fig 4; Shepherd et al., 2005). The increases
in soma area associated with NT administration are much greater than the increases observed
following chronic ES. Although the mechanisms underlying an increased soma area following
NT delivery remain unclear, this is a common neural response (Gratto et al., 2003; McGuinness
et al., 2005; Perez-Navarro et al., 1999) that may be associated with elevated concentrations
of the exogenous NT compared with normal endogenous levels.

Clinically viable neurotrophin delivery techniques
While the present results are promising, from a clinical perspective further research is necessary
before NTs can be combined with cochlear implants. First, the long-term safety and efficacy
of NT delivery to the cochlea must be examined. This is particularly important when applying
drugs to the inner ear as the scala tympani is patent with cerebrospinal fluid and the brain via
the cochlear aqueduct (Gopen et al., 1997). Second, an appropriate strategy for long-term
delivery of NTs must be established. The delivery of a neurotrophin protein in solution via a
pump is not clinically acceptable in the long-term because of increased risks of infection. There
are several alternative options for neurotrophin delivery within a clinical setting including NT
capture in a polymer, or via overexpression using cell- or gene- based therapies. While these
techniques are capable of maintaining neurotrophin levels during the few weeks after the
implant is inserted and before electrical stimulation begins, their application must be
considered as part of a safe implant surgical protocol; i.e. their administration must not
significantly prolong the surgery, increase the risks of trauma to cochlear structures, or
predispose the cochlea to an extensive inflammatory response or infection. Although no
technique has been used clinically, several are currently under experimental evaluation.
Hendricks et al., (in press) contain a detailed discussion on available methods.

While increased SGN survival could be expected to result in improved clinical performance,
it should be noted that human temporal bone studies to date have not demonstrated a correlation
between total SGNs and word recognition scores in cochlear implant subjects (Fayad et al.,
2006; Nadol et al., 2006; Nadol et al., 2001), emphasising the importance of central processing
and brain plasticity in clinical performance.

Conclusion
The present results suggest that SGNs can maintain a trophic advantage through ES alone,
following initial treatment with both NT and ES. From a clinical perspective this work implies
that while delivery of exogenous NTs is necessary to promote SGN rescue, when performed
in concert with ES, NTs may not need to be delivered continuously to promote SGN survival.
Moreover, the results support and extend our knowledge of the response of the deafened
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cochlea to NT delivery by demonstrating an accelerated loss of SGNs following the removal
of the exogenous NT in regions of the cochlea not subject to ES.
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Figure 1.
Representative photomicrographs of turns 1, 2 and 3 of a normal control, an ES6 cochlea and
its contralateral control (ES6c), and an ES10 cochleae and its contralateral control (ES10c),
showing the localized trophic effects of continued ES in turn 1 of the stimulated side (*),
compared to the more severe loss of SGNs in higher turns. Scale bar = 40µm.
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Figure 2.
High power photomicrographs of turn 1 Rosenthal’s canal from the stimulated and deafened
control cochleae of an animal from the ES6 cohort (a and b, respectively) and the ES10 cohort
(c and d, respectively). SGNs in turn 1 of the stimulated cochleae (a and c) were adjacent to
the scala tympani electrode array. SGN density in turn 1 of the treated cochleae were at or near
normal levels and their mean soma area slightly greater than normal despite the cessation of
BDNF two (a) or six (b) weeks prior to sacrifice. In contrast, there was a significant reduction
in the number of surviving SGNs in the untreated deafened controls (c and d). Surviving SGNs
in these cochleae exhibited significant shrinkage. Scale bar = 20 µm.
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Figure 3.
Mean SGN density (± SEM) of ES6 and ES10. These data are illustrated from turn 1 to turn 4
and show a reduction in SGN density in all turns following the cessation of exogenous BDNF
(ie. from weeks four to six). Data are normalized to normal hearing controls. For comparison,
these data are also compared with our previously published data illustrating SGN densities in
deafened cochleae following four weeks of concurrent BDNF and ES treatment (Shepherd et
al., 2005).
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Figure 4.
Mean SGN soma area (± SEM) of ES6 and ES10. These data are illustrated from turn 1 to turn
4 and illustrate a reduced soma area of the SGNs in all turns following the cessation of
exogenous BDNF (ie. from weeks four to six). In turn 1 the soma area remained greater than
normal. Data are normalized to normal hearing controls. For comparison, these data are also
compared with our previously published data illustrating SGN soma areas following four weeks
of concurrent BDNF and ES treatment (Shepherd et al., 2005).

Shepherd et al. Page 18

Hear Res. Author manuscript; available in PMC 2009 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Shepherd et al. Page 19

Table 1
Summary of treatment groups

Treatment group Total implant duration (weeks) Duration of BDNF treatment (weeks) Duration of ES alone (weeks)
ES6 6 4 2
ES10 10 4 6

Notes: 62.5 µg of BDNF/ml in 0.1% guinea pig albumin in 200 µl of Ringer’s solution.
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Table 2
Summary of statistical comparison between treated cochleae and deafened controls using Dunn’s pairwise comparison:
SGN density

Cochlear turn 6 weeks: 10 weeks:
Q P Q P

T1 14.9 <0.05 9.7 <0.05
T2 9.0 <0.05 7.0 <0.05
T3 2.1 ns 1.2 ns
T4 0.4 ns 0.8 ns
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Table 3
Summary of statistical comparison between treated cochleae and normal hearing controls using Dunn’s pairwise
comparison: SGN density

Cochlear turn 6 weeks: 10 weeks:
Q P Q P

T1 1.2 ns 1.2 ns
T2 2.7 ns 5.1 <0.05
T3 4.5 <0.05 6.4 <0.05
T4 3.7 <0.05 4.2 <0.05
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Table 4
Summary of statistical comparison between treated and deafened controls using Dunn’s pairwise comparison: SGN
soma area.

Cochlear turn 6 weeks: 10 weeks:
Q P Q P

T1 14.9 <0.05 9.7 <0.05
T2 9.0 <0.05 7.0 <0.05
T3 2.1 ns 1.2 ns
T4 4.1 <0.05 1.8 ns
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