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Research Article
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ABSTRACT

Both neurotrophic support and neural activity are
required for normal postnatal development and
survival of cochlear spiral ganglion (SG) neurons.
Previous studies in neonatally deafened cats demon-
strated that electrical stimulation (ES) from a cochlear
implant can promote improved SG survival but does
not completely prevent progressive neural degenera-
tion. Neurotrophic agents combined with an implant
may further improve neural survival. Short-term
studies in rodents have shown that brain-derived
neurotrophic factor (BDNF) promotes SG survival
after deafness and may be additive to trophic effects
of stimulation. Our recent study in neonatally deaf-
ened cats provided the first evidence of BDNF neuro-
trophic effects in the developing auditory system over
a prolonged duration Leake et al. (J Comp Neurol
519:1526–1545, 2011). Ten weeks of intracochlear
BDNF infusion starting at 4 weeks of age elicited
significant improvement in SG survival and larger
soma size compared to contralateral. In the present
study, the same deafening and BDNF infusion proce-
dures were combined with several months of ES from
an implant. After combined BDNF + ES, a highly
significant increase in SG numerical density (950 %

improvement re: contralateral) was observed, which
was significantly greater than the neurotrophic effect
seen with ES-only over comparable durations.
Combined BDNF + ES also resulted in a higher density
of myelinated radial nerve fibers within the osseous
spiral lamina. However, substantial ectopic and disorga-
nized sprouting of these fibers into the scala tympani
also occurred, which may be deleterious to implant
function. EABR thresholds improved (re: initial thresh-
olds at time of implantation) on the chronically
stimulated channels of the implant. Terminal electro-
physiological studies recording in the inferior colliculus
(IC) revealed that the basic cochleotopic organization
was intact in the midbrain in all studied groups. In
deafened controls or after ES-only, lower IC thresholds
were correlated with more selective activation widths as
expected, but no such correlation was seen after BDNF +
ES due to much greater variability in both measures.

Keywords: auditory deprivation, auditory nerve,
BDNF, cochlear implant, cochlear spiral ganglion,
electrical stimulation, neonatal deafness, primary
afferents, neurotrophins

INTRODUCTION

The cochlear spiral ganglion (SG) cells are bipolar
primary afferent neurons that relay auditory informa-
tion from the hair cells to the central auditory system.
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In cats, each inner hair cell is innervated by a single
synapse from ten to 20 type I SG neurons (Kiang et al.
1982; Liberman et al. 1990; Spoendlin 1969, 1975,
1981). Type I cells comprise roughly 95 % of the SG
population; they provide the main information path-
way to the central auditory system (Kiang et al. 1982)
and therefore represent the neural substrate for
cochlear implant (CI) function. In sensorineural
hearing loss, the hair cells degenerate, the distal
dendrites of the SG neurons (radial nerve fibers)
begin to retract, and subsequently the ganglion cell
somata in the cochlear modiolus also degenerate.

In cultured SG neurons, depolarization elicited by
elevated potassium strongly promotes the survival of
SG neurons (Hansen et al. 2001, 2003; Hegarty et al.
1997; Roehm and Hansen 2005). Electrical stimula-
tion from a CI has also been shown to promote SG
survival in vivo in deafened adult guinea pigs
(Hartshorn et al. 1991; Kanzaki et al. 2002; Lousteau
1987; Miller 2001; Miller and Altschuler 1995;
Mitchell et al. 1997) and in cats deafened early in life
(Leake et al. 1999, 2007, 2008b). In our laboratory,
studies of cats deafened prior to hearing onset have
shown that multichannel CI electrical stimulation
applied over several months results in substantial
improvement in SG neural survival (Leake et al.
1999, 2007, 2008a) above that seen in the contralater-
al deafened cochleae. Other studies, however, have
not found evidence of trophic effects of electrical
stimulation (Araki et al. 1998; Coco et al. 2007; Li et
al. 1999; Shepherd et al. 1994). These disparities in
findings suggest that differences among animal mod-
els, methods of stimulation (e.g., the position of
stimulating electrodes, applied signals, and efficacy
in exciting neurons across a broad sector of the spiral
ganglion), and/or methods of analysis of SG density
are critically important. But even in studies showing
highly significant trophic effects, electrical stimulation
only partly prevents SG degeneration after deafness
(Leake et al. 2008b). Thus, there has been consider-
able recent interest in neurotrophic agents that might
be used in conjunction with cochlear implantation to
enhance SG and auditory nerve survival (see Staecker
et al. 2010). Of particular interest is the nerve growth
factor (NGF) family of proteins, or neurotrophins
(NTs), including NGF, brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and neuro-
trophin-4/5, which bind to specific high-affinity
receptors of the Trk family. The intracellular signaling
mechanisms underlying the survival-promoting effects
of both neurotrophins and depolarization have been
elucidated by in vitro studies of SG neurons, which
indicate that multiple mechanisms underlie neural
protection (Hansen et al. 2001; Hegarty et al. 1997;
Wefstaedt et al. 2005; Zha et al. 2001). Specifically, L-
type voltage-gated Ca2+ channels mediate the survival-

promoting effect of depolarization through multiple
distinct signaling pathways, including an autocrine
neurotrophin mechanism, cAMP production, and Ca2+/
calmodulin-dependent protein kinase-mediated
phosphorylation of the transcription factor CREB.
In addition, the neurotrophins BDNF and NT-3 are
expressed by immature SG neurons and promote
their survival by an autocrine mechanism that is
additive with depolarization effects. Thus, we assume
that electrical stimulation in our prior animal studies
engaged the same mechanisms in vivo, and given
that exogenous NTs activate independent signaling
pathways, we hypothesize that intracochlear infusion
of NTs may elicit trophic effects that are additive to
survival-promoting effects of electrical stimulation.

Many previous studies have reported that exoge-
nous NTs delivered directly to the cochlea in adult
animals can protect SG neurons and promote their
survival after various insults (Ramekers et al. 2012).
Recent studies have shown highly significant effects of
BDNF in promoting SG survival (Agterberg et al.
2008; Glueckert et al. 2008; Miller et al. 2007;
Shepherd et al. 2008; Wise et al. 2005), and trophic
effects also have been reported with other neuro-
trophic factors such as glial cell line-derived neuro-
trophic factor (GDNF) (Kanzaki et al. 2002;
Maruyama et al. 2008; Yagi et al. 2000; Ylikoski et al.
1998) and fibroblast growth factor (FGF) (Glueckert
et al. 2008). Other studies have reported that the
survival-promoting effects of NTs are enhanced by
concomitant electrical stimulation and that these
effects can be maintained by stimulation after cessa-
tion of NT infusion (Kanzaki et al. 2002; Shepherd et
al. 2005, 2008).

Because neurotrophins regulate neuronal differen-
tiation and survival during development (Fariñas et al.
2001; Fritzsch et al. 1999; Gao et al. 1995; Korsching
1993; Rubel and Fritzsch 2002; Tessarollo et al. 2004;
Yang et al. 2011), we hypothesized that exogenous
NTs might be particularly effective in our developing
animals, after early-onset hearing loss. In our initial
study, cats were deafened as neonates, implanted
unilaterally and received 10 weeks of intracochlear
BDNF starting at 4 weeks of age. This elicited
significant improvement in SG survival compared to
contralateral (Leake et al. 2011). In fact, BDNF
treatment maintained neural survival equivalent to
deafened controls examined at 4 weeks of age (age at
start of treatment). Thus, the neurotrophic effects of
BDNF previously reported in rodents also occur in
developing animals and in a non-rodent species that
shows a considerably slower rate of SG neuronal cell
loss (Leake and Hradek 1988) and may better model
the slow SG degeneration in the human cochlea.

Although these findings in animal studies are
encouraging, a key issue for potential clinical applica-
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tion of NTs is whether neurotrophic effects persist
after terminating delivery of exogenous NTs. One
previous study in guinea pigs reported accelerated
degeneration of SG neurons after cessation of BDNF
administration (Gillespie et al. 2003), but other
reports have shown maintenance of improved neural
survival after NT treatment is terminated (Agterberg
et al. 2009). Another study reported that electrical
stimulation maintained improved SG survival for up to
6 weeks after cessation of BDNF delivery in guinea
pigs, but neurotrophic effects were observed only in the
basal cochlea near the stimulating electrode, and
accelerated neural degeneration was seen in the upper
cochlear turns (Shepherd et al. 2008). Because NTs
would be used with a CI, it is of particular interest to
determine whether electrical stimulation (ES) can
provide long-term trophic support after a limited
duration of intracochlear NT infusion. In the present
study, we replicated our earlier BDNF experiment, by
deafening cats as neonates and delivering BDNF for
10 weeks starting at 4 weeks of age, but animals in the
current study also received ES beginning at about
8 weeks of age and continuing for several months after
termination of BDNF delivery.

Our data demonstrate that this combined BDNF
infusion and ES (BDNF + ES) elicited highly signifi-
cant neurotrophic effects, with substantially higher SG
cell numerical densities and larger SG cell somata
observed in implanted cochleae compared to the
contralateral deafened ears. Other findings after
combined BDNF + ES included a higher density of
radial nerve fibers in the osseous spiral lamina,
ectopic and disorganized sprouting of fibers into the
scala tympani, angiogenesis within the SG in
Rosenthal’s canal, and an increase in the thickness
of the fibrotic tissue encapsulating the CI electrode.
Interestingly, a reduction in electrically evoked audi-
tory brainstem response (EABR) thresholds relative to
initial thresholds was observed for the two chronically
stimulated channels of the CI but not for a non-
stimulated control channel. Functional effects of
BDNF treatment were assessed in terminal electro-
physiological experiments, recording from the inferi-
or colliculus (IC) in these same animals. These data
demonstrated that final EABR thresholds were corre-
lated with minimum neural thresholds in the IC.
Moreover, the fundamental cochleotopic (frequency)
organization of the IC was clearly maintained not only
in animals studied as adults after BDNF and/or ES,
but also in untreated controls, despite deafening prior
to hearing onset. Finally, IC thresholds were correlat-
ed with activation widths measured at 2 dB above
threshold in deafened controls and in subjects
receiving only ES, but not in BDNF-treated subjects
in which much greater variability was observed. We
suggest that this may be due to the ectopic sprouting

of radial nerve fibers and is likely to be deleterious to
optimum CI function.

METHODS

All procedures involving animals were approved by the
Institutional Animal Care and Use Committee at the
University of California, San Francisco and conformed to
all NIH guidelines. The animals included in this study
were bred in a closed colonymaintained at theUniversity.

Experimental groups and deafening histories

The deafened animals included in this study received
daily injections of an ototoxic aminoglycoside antibiot-
ic, neomycin sulfate (60 mg/kg, SQ, SID). Neomycin
administration started 1 to 3 days after birth (depend-
ing on birth weight) and continued until kittens were
16 days old, at which time auditory brainstem response
(ABR) testing was performed as previously described
(Leake et al. 2011). Briefly, acoustic stimuli (100 μs
clicks, 20/s) were delivered by a canister headphone
(STAX, model SMR-1/MK-2) through a hollow ear bar
inserted into the external ear canal. If a profound
hearing loss was documented (absence of ABR at 90 dB
peak SPL), neomycin injections were terminated. If
residual hearing was observed, neomycin injections
were continued in increments of 2 to 3 days, and ABR
testing repeated until the hearing loss was profound.
Age at termination of neomycin injections ranged from
16 to 21 days in individual subjects (Table 1).

BDNF, osmotic pumps, and cochlear implant
electrodes

The cochlear implant electrodes used in this study
contained an integrated miniature cannula for intra-
cochlear drug delivery and have been described in
detail previously (Rebscher et al. 2007). In our initial
BDNF study (Leake et al. 2011), we used a shortened
version of this electrode that extended only about
6 mm into the scala tympani and had two to four
stimulating contacts. In the experiments reported
here, we used a later generation, longer electrode
array with a spiral-shaped silicone carrier molded to
fit within the cat scala tympani (left cochlea) and
specifically designed for combining drug delivery with
multichannel electrical stimulation. The port of the
drug delivery cannula was positioned at the apical tip
of the electrode about 360 ° from the round window
or about 12–13 mm from the cochlear base, which is
ideal because it is the approximate midpoint of the
24–25 mm cat cochlea. This facilitated diffusion of
BDNF throughout the cochlea. Electrodes contained six
platinum–iridium lead wires terminating in a linear
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array of six stimulation sites (250–300 μm in diameter)
activated as three bipolar pairs (interelectrode spacing
of 1 mm). Themost apical stimulation site, electrode #1,
was positioned near the electrode tip and cannula port.
Thus, the deep insertion enabled by the custom design
of these implants distributed electrodes along the full
circumference of the basal cochlear coil, encircling the
auditory nerve, and ensuring electrical activation across
a broad range of frequencies. The intracochlear elec-
trode was secured in place with a dacron cuff that was
fixed to the inferior aspect of the round window with
tissue adhesive (Tissuemend II™, Veterinary Products
Laboratories, Phoenix, AZ). The drug delivery cannula
within the cochlear implant (0.13 mm/0.005 in. ID) was
connected to vinyl tubing (0.69 mm/0.027 in. ID;
1.143 mm /0.008 in. OD) that was in turn attached to
the regulator of the osmotic pump, which was implanted
behind the right pinna.

Human recombinant BDNF for this study was
provided by Amgen, Inc. of Thousand Oaks, CA.
Osmotic pumps (Alzet, model #1002 or #2004;
infusion rate 0.25 μL/h) were filled and primed as
follows: Artificial perilymph (125 mM NaCl, 4.2 mM
KCl, 1.3 mM CaCl2, 21 mM NaCHO3, pH7.4, osmo-
larity 285–295 mOsm) was prepared from stock
solutions. Blood was drawn from each animal, centri-
fuged, and the supernatant serum was added to the
artificial perilymph (final concentration of 200 mg/

dL) to provide normal autologous protein. The
solution was then passed through a sterile filter and
divided into several sterile microtubes that were
frozen and stored at −80 °C until use. Osmotic pumps
were filled in a UV sterile environment. BDNF
(94 μg/mL) was added to the sterile perilymph, and
the solution (100 or 200 μL for 14- and 28-day pumps,
respectively) was loaded into a pump according to the
manufacturer’s directions. Allowing for 20 % loss in
the pump and cannula, the 14-day pump delivered
about 7.5 μg of BDNF and the 28-day pumps delivered
15 μg, for a total amount of 37.5 μg over the 10-week
infusion period. The pump was then primed in a
sterile saline bath in an incubation oven (37 °C, 5 %
CO2) along with the remaining BDNF/perilymph
solution for about 24 h prior to implantation. The
extra solution was used during the surgical implanta-
tion procedure to pre-fill the vinyl tubing and intra-
cochlear cannula before attaching the osmotic pump.
In two animals in the BDNF + ES group, dexameth-
asone was added to the BDNF solution in the cannula
only (1.5 mg/mL for a total dose 45–50 mg/mL over
5 days) in an attempt to reduce inflammation and
fibrosis associated with implantation. Because the
animals were small at the time of implantation (mean
body weight, 560 g; range, 520–610 g), a smaller
osmotic pump (model #1002) that delivered 14 days
of BDNF was implanted initially. Two weeks later, a

TABLE 1
Detailed experimental histories and SG numerical density data are shown for individual cats in the BDNF + ES and ES-only

groups for which histological data are presented

Subject
No. of days
(neomycin)

Age at
implant
(weeks)

Age at
Stimulation
(weeks)

Type of
stimulation

Duration of
stimulation
(weeks)

Age at study
(weeks)

SG density (% normal)

Implant Contralateral

Neonatally deafened cats: BDNF infusion and ES

#1–K313 16 5 10 SPa 14 24 75 % 50 %
#2–K318 16 5 8 SPa 17 25 76 % 43 %
#3–K319b 16 5 8 SPa 21 29 57 % 37 %
#4–K324 15 4.5 7 SPa 26 33 55 % 40 %
#5–K329 21 4 7 300 pps/30 Hzc 22.5 30 88 % 56 %
Mean (n=5) 17 5 8 20 28.2 70 % 45 %

Neonatally deafened cats: ES-only controls

#1–K352 16 6 8 SPa 15.5 24 69 % 56 %
#2–K335 16 7 9 SPa 16.5 26 78 % 57 %
#3–K83 19 9 10 80 pps 22 32 66 % 45 %
#4–K101 18 9 8 300 pps/30 Hzc 29 37 50 % 34 %
#5–K89 19 9 10 300 pps/30 Hzc 22 31 53 % 43 %
Mean (n=5) 18 8 9 21 30 63 % 47 %

All animals received electrical stimulation simultaneously on two bipolar channels of the cochlear implant (see text). Two subjects in the ES-only control group
(K352, K335) were implanted and stimulated concurrently with the BDNF + ES group. The remaining three subjects were selected from a previous study to match as
closely as possible the type and duration of stimulation and age at study of the subjects in the BDNF + ES group. The subjects in the ES-only group are listed in the
same order as the subjects they were selected to match in the BDNF + ES group

aSP, chronic stimulation was delivered by two channels of a CII™ Speech Processor (see text)
bIn subject K319, electrode wire #5 failed 1 month after implantation, and stimulation was subsequently delivered on electrodes #4 and #6
c300 pps/30 Hz, chronic stimulation was a continuous train of biphasic pulses (200 μs/phase) delivered at 300 pps and 100 % sinusoidally amplitude modulated at

30 Hz
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brief surgical procedure was performed to replace the
initial pump with a larger one containing a 28-day
supply of BDNF; this was replaced 1 month later with
a final 28-day pump. The pumps were examined upon
removal from the animals and appeared to be fully
depleted. The electrode components, pump, and
cannula appeared intact in all subjects at the time of
euthanasia, and there was no evidence of leakage.

Chronic electrical stimulation

Stimulation was delivered on two bipolar channels of
the CI and was initiated when animals were 7–10 weeks
old, depending on their recovery from surgery and
weaning. The apical and basal channels were both
activated for 4 h/day, 5 days/week, whereas the
middle channel was maintained as a non-stimulated
control channel and was activated only for the
collection of longitudinal EABR threshold data and
during the terminal electrophysiology experiment. In
all animals, with the exception of K329, the applied
stimulation was delivered by a Clarion™ CII speech
processor (loaned by Advanced Bionics, Inc.) using
the Bionic Ear Programming System software. Each
channel delivered trains of 90 μs/phase pulses at
1,114 pps. Levels of stimulation were controlled by the
loudness of ambient environmental sounds, including
vocalization by the two to three animals receiving
stimulation and sounds from a nearby television
playing varied video programming at a comfortable
listening volume. The minimum stimulation levels
were set at 3 dB below EABR thresholds (0 peak
values) and maximum stimulation levels at 6 dB above
EABR thresholds, but not exceeding 500 μA. One
subject, K329, received concurrent stimulation on the
two channels of the implant using computer-generat-
ed trains of pulses (200 μsec/phase biphasic pulses)
with a carrier rate of 300 pps and sinusoidally
amplitude modulated at 30 Hz (100 % modulation).
Stimulation intensity for this subject was set at 2 dB
above the EABR threshold as determined for the
individual stimulated channels. For all animals, the
signals delivered on the two CI channels were offset in
time such that pulses were interleaved and did not
occur simultaneously, modeling current clinical pro-
cessors. EABR thresholds were assessed every 2 weeks,
and stimulation levels on each channel were adjusted
accordingly.

In one animal (K319), electrode wire #5 of the
basal channel failed (very high impedance) about
1 month after implantation. Stimulation was then
delivered on a broader bipolar channel between
electrodes #6 and #4; however, 3 weeks before the
final electrophysiology experiment, the impedance of
this channel also became elevated, and stimulation
was delivered only on the apical channel. At the time

of the final experiment, connectivity to these electro-
des was restored by connecting to the wires in the
implanted section of the cable. It should be noted
that a sixth subject originally included in this BDNF+
ES group (K349) was eliminated from the histological
studies because electrode failure after only 1 month
resulted in intermittent stimulation on the apical
channel. However, at the time of the final experi-
ment, these electrodes were restored by connecting to
the wires in the implanted section of the cable and
electrophysiological data for K349 are included.

Table 1 also shows deafening and stimulation
histories of a comparison group of five neonatally
deafened animals that received only chronic ES, no
BDNF. These ES-only animals were matched to the
BDNF+ES group as closely as possible with regard to
the age at study because the duration of deafness has
been shown in prior studies to be an important factor
in SG survival (Leake et al. 2007). Two of the ES-only
subjects received stimulation from the CII speech
processor and were stimulated along with the BDNF +
ES group. A third subject (K327) was initially included
in this ES-only control group, but examination of
cochlear histology subsequently showed severe elec-
trode insertion trauma which clearly adversely affect-
ed SG survival over several millimeters. Therefore, this
animal was eliminated from the histological studies of
ES effects on SG survival because these data could
have biased our results toward seeing less of an SG
survival-promoting effect in the ES-only group as
compared to the BDNF + ES group, which was one
hypothesis we wanted to test. Three additional
animals were selected from an earlier study of ES-only
(Leake et al. 2007) to best match the duration of
stimulation and deafness of the BDNF + ES group.
Two of these animals received computer-generated
pulse trains at 300 pps that were sinusoidally ampli-
tude modulated at 30 HZ, and one animal received
stimulation at 80 pps (unmodulated).

Electrically evoked auditory brainstem response
thresholds

Auditory brainstem response thresholds to electrical
pulses (EABR thresholds) were determined bi-weekly
or monthly in all animals after implantation of the
intracochlear electrode. EABR measurements were
made with animals lightly anesthetized with isofluor-
ane. Electrical stimuli were charge-balanced biphasic
square wave pulses (200 μs/phase) generated by a
real-time processor and attenuated using a program-
mable attenuator (Tucker Davis RP2.1 and PA5).
Pulses were delivered at 20 pps to the selected bipolar
pair of CI electrodes via a custom-designed optically
isolated and capacitively coupled voltage-to-current
converter that was calibrated prior to each recording
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session. Responses were recorded differentially from
silver wires inserted subcutaneously (vertex, active;
ipsilateral mastoid, reference; contralateral mastoid,
ground), amplified (10,000×) and bandpass-filtered
(0.3–10 kHz) using a battery-powered preamplifier
(DAM-50), and digitized to 12-bit resolution at 20 kHz
(National Instruments PCI-6071E). At each stimulus
current level (1-dB increments), responses to 1,000
electrical stimulus pulses were averaged, and thresh-
olds were evaluated visually and confirmed by quan-
titative online threshold analysis based upon EABR
waveform variance (Don and Elberling 1994).
Thresholds were determined for each of three bipolar
pairs or channels of the implant: the apical channel
(electrodes 1, 2) was positioned approximately 12–
12.5 mm from the cochlear base, the middle channel
(electrodes 3, 4) was centered at about 8 mm and the
basal channel at about 5–6 mm (electrodes 5,6).
These cochlear locations correspond to roughly 4–
4.5, 8–9, and 15 kHz in the normal cat cochlea based
upon percentage distance from the base (Liberman
1982).

Electrophysiological recording

At the end of predetermined survival intervals, the
animals were studied in acute electrophysiological
experiments in which neural responses were recorded
from the auditory midbrain or inferior colliculus (IC)
in order to evaluate potential functional consequen-
ces of BDNF treatment in the central auditory system.
These recording methods have been described in
detail in previous publications (Rebscher et al. 2007;
Snyder et al. 2008). Briefly, under sodium pentobar-
bital anesthesia, the right IC was exposed, and a 32-
channel silicon probe (32 sites, 100-μm spacing on a
single shank; NeuroNexus Technologies, Ann Arbor,
MI) was inserted along a standardized trajectory
parallel to the tonotopic axis of the IC. When the
probe reached a suitable depth (i.e., responses to all
six intracochlear electrodes could be recorded within
the central nucleus of the IC (ICC)), responses of
multineuronal clusters and single neurons were
recorded. Two to four probe penetrations were made
in each subject, recording responses to charge-bal-
anced biphasic current pulses (200 μs/phase), deliv-
ered by each of the six individual intracochlear CI
electrodes in monopolar mode, and also for all five
contiguous bipolar electrode combinations (1–2, 2–3,
3–4, 4–5, 5–6). Minimum response thresholds and
response widths were determined by evaluating spatial
tuning curves (STCs; Snyder et al. 2008) for each
recording probe penetration within the ICC and each
CI channel. For a given stimulating channel, the STC
describes the strength of response on each recording
site (abscissa) for different stimulus levels (ordinate).

Strength of response for each recording site was
computed by measuring activity within a 20-ms time
window (5 to 25 ms following stimulus onset), then
subtracting the spontaneous rate (determined by
measuring activity in the absence of stimulation) and
normalizing by the maximum response evoked among
all current levels. A Poisson model was created for
each recording site using the spontaneous activity as
the rate parameter. For each recording site, the lowest
level stimulus that elicited activity significantly greater
than the spontaneous rate (pG0.01) according to the
Poisson model was identified as the minimum re-
sponse threshold, subject to the constraint that all
higher stimulation levels also elicited a significant
response. For each CI channel, the overall minimum
response threshold was identified as the lowest
stimulus level that evoked a significant response on
any recording site for any probe penetration. The
STC width was determined as the distance between
the most superficial and deepest sites exhibiting a
significant response for stimulation 2 dB above the
overall minimum response threshold in the same
probe penetration. These STC widths provided an
estimate of the extent of excitation across the
tonotopic gradient of the ICC (spatial selectivity or
tuning) for each channel. The cochleotopic organiza-
tion of the ICC was inferred by observing the
progressive increase in depth of the recording site
with the lowest response threshold (i.e., the “best
site”) for CI stimulating electrodes located progres-
sively further from the cochlear apex.

It should be noted that the animal groups for the
electrophysiological studies differed slightly from
those shown in Table 1, which shows the experimental
groups for histological studies. As noted previously,
one BDNF+ES subject (K349) was eliminated from
histological studies due to electrode failure and
intermittent stimulation, but this animal was studied
in a terminal electrophysiological study, making a
total of six in the BDNF+ES group. In the ES-only
group, electrophysiological data were obtained for
three animals that were stimulated concomitantly with
the BDNF+ES group, K352, K335, and K327 (K327
was eliminated from the histological studies due to
severe insertion trauma; see “Discussion”). The three
other animals in the ES-only cohort (K83, K101, K89)
were selected from an earlier study in which electro-
physiological experiments were conducted using
tungsten microelectrodes, and IC data cannot be
compared directly to the probe data presented here.
Additional data from recent probe experiments were
obtained from three deafened animals implanted with
identical intracochlear electrodes to those used in the
current experiments. These three animals received
10 weeks of infusion of artificial perilymph (AP)
rather than BDNF and received no chronic electrical
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stimulation; they were described fully in a prior study,
in which histological data were reported (Leake et al.
2011). Together the three ES-only and three AP
animals comprised a control group of six animals.

Histological preparation of cochlear specimens

Methods for preparation of cochlear specimens were
as described previously (Leake et al. 1999, 2007,
2011). Briefly, with the animal deeply anesthetized
(sodium pentobarbital, I.V.), both cochleae were
perfused directly with mixed aldehyde fixative
(1.5 % glutaraldehyde and 2.5 % paraformaldehyde
in 0.1 M phosphate buffer, pH7.4) after removing the
stapes and opening the round window. In the
cochleae with an implanted electrode, the stapes was
removed and perfusion first was attempted through
the drug delivery cannula. Subsequently, the elec-
trode was carefully withdrawn from the scala tympani,
and the perfusion was performed as usual. If return of
fluid was not evident or was limited (e.g., due to
fibrosis around the implant), a small opening was
drilled in the cochlear apex, and perfusion was
carried out between the apex and the oval window.
An overdose of sodium pentobarbital was adminis-
tered, and a transcardiac perfusion was performed
with the same fixative solution. The temporal bones
were placed in fixative overnight, transferred to
phosphate buffer, and the cochlea was isolated and
the otic capsule bone was thinned using diamond
dental burrs. In implanted cochleae, the bony capsule
over the scala vestibuli of the basal turn was opened to
facilitate decalcification and infiltration of the basal
turn. Next, the specimens were post-fixed in 1 %
phosphate-buffered osmium tetroxide with 1.5 %
potassium ferricyanide (added to enhance contrast),
decalcified in 0.2 M EDTA for 36–48 h, dehydrated
and embedded in LX™ epoxy resin. Thick block
“surface preparations” containing both the organ of
Corti and spiral ganglion were prepared and mounted
with epoxy resin on glass slides. The basilar mem-
brane was measured, and small segments (~1 mm) of
the organ of Corti along with the adjacent spiral
ganglion were excised in each 10 % sector of the
cochlea. These specimens were remounted and
oriented for sectioning in the radial plane. For
morphometric analyses, sections were cut at a thick-
ness of 5 μm, stained with toluidine blue and
examined with a Zeiss Axioskop II. At selected locations,
additional semi-thin sections were cut at a thickness of
1–2 μm for photomicroscopy to illustrate histological
findings. The organ of Corti was evaluated for the
presence of hair cells, condition of supporting cells,
evidence of chronic infection and/or inflammatory
response, and trauma from surgical insertion of the
electrode. Morphometric analyses were carried out to

assess SG cell survival and cell size, radial nerve fiber
density and size, cross-sectional area of blood vessels
within Rosenthal’s canal and thickness of the tissue
encapsulating the electrode within the scala tympani.

Histological and morphometric analyses

Unbiased stereology to assess spiral ganglion cell numerical
density

Survival of the SG neurons was assessed by morphomet-
ric analysis of the density of cell somata in Rosenthal's
canal as a function of cochlear location, in paired
comparisons between the implanted cochlea and the
opposite side. Because several previous studies
(Agterberg et al. 2008, 2009; Glueckert et al. 2008;
Leake et al. 2011; Shepherd et al. 2005, 2008) have
reported that BDNF results in increased SG cell soma
size, we utilized a physical disector stereological method
that accurately estimates the number of objects (nucleoli
of SG neurons) in a given volume of tissue, independent
of their size (Mouton 2002) as described previously
(Leake et al. 2011). Four sets of six serial sections (5 μm
thickness) were collected at each of 9 locations repre-
senting 10 % sectors of the cochlea. In adjacent serial
sections, counts were made to determine the number of
“new” nucleoli appearing only in the second section.
Images were acquired using a Zeiss Axioskop 2, an
Axiocam MRc5 camera, and a 40X/0.95 NA lens. In the
native files a 330 by 250 μm field was equal to 2584 by
1936 pixels, and the system acquired images at 150 dpi
(resolution, 7 pixels/μm). Pairs of serial sections were
imaged at a resolution of 3.2 pixels/μm, 300 dpi, and a
screenmagnification of ~3000X. In Adobe Photoshop™,
the “wand” tool was used to select all cells with a visible
nucleolus in the reference section, preserving cytoplas-
mic boundaries but excluding the nucleus, and other
reference structures (e.g., vessels) were also selected.
The selected structures were copied, creating a template
that was inserted into a file with the image of the second
serial section. The two images were then matched and
aligned, and the “new” nucleoli in the second section
were counted. A minimum of four pairs of serial sections
(~20 μm of separation between serial pairs) were
analyzed at each location to obtain a data set of at least
50 cells. In addition, the “magnetic lasso” tool was used to
outline Rosenthal’s canal. The canal outlines and images
of cells were imported into the NIH Image J (version
1.37v) and the canal areas (used to calculate numerical
density) and cell areas were determined. Image selection
procedures for these and all other morphometric
analyses were performed with the observer blinded to
experimental conditions.

For overall group comparisons to assess the effects
of BDNF and ES on SG cell density, the mean number
of nucleoli in a [100 μm]3 volume of Rosenthal’s
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canal was calculated for each of the nine cochlear
sectors (0–90 % from the base).

Measurements of cross-sectional areas of spiral ganglion cells
and Rosenthal’s canal

Measurements of SG cell somata were made at the
same time and in the same images as the physical
disector analysis of SG cell numerical densities
described above. The Photoshop images were
imported as Tiff files into Image J. The “analyze
particles" function was used to estimate cross-sectional
areas of all SG cell somata containing a nucleolus, as
previously selected for the disector analysis. This
analysis measured the perimeter of the SG cell
cytoplasmic boundary, excluding the somatic myelin
and satellite cells. Approximately 50 cells were mea-
sured for each cochlear sector.

At four selected cochlear locations (10–20 %, 30–
40%, 50–60%, and 70–80% intervals) separate measure-
ments of the cross-sectional area of Rosenthal’s canal
were made in ten serial sections selected randomly from
the original 24 serial images used for the numerical
density analysis. In Photoshopc™ Tiff images, the bound-
ary of Rosenthal’s canal was traced with the “magnetic
lasso” tool, the canal outline images were converted to
monochrome, imported into Image J, and canal area was
measured using the “particle analysis” function.

SG cell area and numerical density data for normal
adult cats were obtained previously using these same
methods (Leake et al. 2011) and were used to express
data as percentages of normal.

Radial nerve fiber counts and cross-sectional areas

In order to evaluate radial nerve fiber survival and
size, separate series of sections (5 μm thickness) were
cut transversely through the osseous spiral lamina,
orthogonal to the radial plane. Three cochlear
regions in the basal turn at about 3–6, 7–9, and 11–
13 mm (matched between the left and right sides for
each animal) were selected in which the blocks used
for cell counts still had remaining tissue. Serial 5 μm
sections were cut starting at the habenula and
proceeding 135 μm toward the modiolus. Every third
section was imaged (7.6 pixels per μm, 150 dpi),
providing a total of 9 samples per location. In
Photoshop™ the “rectangular marquee” tool (fixed
size) was used to count the number of cross-sectional
profiles of fibers in a 100 μm length of the osseous
spiral lamina. A reference structure was identified in
all 9 sections of the series to ensure that counts
sampled about the same region. Data were averaged
for the nine sections and multiplied by ten to provide
an estimate of the number of fibers per millimeter
length of the osseous spiral lamina. Fiber size was
assessed in these same nine images per cochlear

sector, using the “wand” tool to select the axonal
profiles of the first ten fibers at one side of each image
that had a roughly cross-sectional (round) profile.
The selected fiber profiles were imported into Image J
and their areas measured using the “wand” tool to
outline the outer perimeter of the myelin by demar-
cating the boundary between the higher pixel density
of the myelin as compared to the adjacent tissue. The
values were averaged for the nine sections at each
cochlear location.

Measurements of vessels in Rosenthal’s canal

To assess the potential angiogenic effects of BDNF
(and/or electrical stimulation) within the SG, the
cross-sectional areas of vessels within Rosenthal’s canal
were measured. At three cochlear locations, about
3–6 mm, 7–9 mm and 11–13 mm from the base,
Rosenthal’s canal was imaged (Photoshop) in four
sections that were separated from each other by
about 25 μm. The “wand” or “lasso” tools were used
to select profiles of all clearly identifiable vessels
(profiles with clear endothelial lining and/or
containing red blood cells), excluding those with
diameters smaller than ~10 μm. Tiff files of vessel
outlines were imported into Image J and the cross-
sectional areas of vessels were measured. The cross-
sectional area of Rosenthal's canal was measured in
the same sections, and the area occupied by vessels
was estimated as a percentage of the overall canal
area.

Measurements of tissue encapsulating the cochlear implant

To evaluate the extent of fibrosis around the CI
electrode, two cochlear locations were selected where
a clear fibrous encapsulation had formed around the
electrode in the scala tympani (usually about 6 and
10 mm from the base). Sections were imaged (40×
objective), and the thickness of the tissue was deter-
mined at two locations in each section in measure-
ments made orthogonal to the basilar membrane and
osseous spiral lamina and within 200 μm of the
habenula perforata.

Statistical analyses

For all statistical analyses performed, the data were
normally distributed, and in all but one instance, the
data also showed equal variance among the samples
and thus did not violate the assumptions of the tests.
The cell size data for the ES-only vs. contralateral
comparison failed the equal variance test; therefore, a
nonparametric version of two-way ANOVA (Friedman’s
test) was used. All statistical analyses were performed
using the Sigma Stat™ (version 2.03) or MatLab™
software (Friedman’s test).
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RESULTS

Experimental groups

Table 1 shows the individual histories for the exper-
imental animals for which histological data are
included in the study. Data are shown for the main
experimental group of five neonatally deafened cats
that received intracochlear BDNF combined with
several months of ES delivered by a cochlear implant.
Also shown are data for five additional early-deafened
animals that received no BDNF but were studied after
similar periods of chronic ES for comparison (termed
ES-only group). The number of days of neomycin
injections required to induce profound hearing loss
ranged from 15 to 21. Age at initial implantation ranged
from 31 to 36 days for the BDNF + ES group, and
intracochlear infusion of BDNF continued for 10 weeks
in all subjects. In the BDNF + ES group, chronic
stimulation was initiated at a mean age of 8 weeks,
continued for 14 to 26 weeks, and animals were about
28 weeks old at the time of study. In the ES-only group,
chronic ES was initiated at ~9 weeks of age, continued
for 15–29 weeks, and animals were on average 30 weeks
old when studied. SG numerical density values (aver-

aged over the entire cochlea) are shown as percent of
normal for individual subjects (see below).

EABR thresholds

Initial auditory brainstem response thresholds elicited by
electrical stimulation (EABRs) on bipolar CI channels
were determined either at the time or surgery or within
1–2 weeks after surgery. However, in one subject (K313)
initial testing was delayed until 3 weeks after surgery due
to slow postsurgical recovery. EABR thresholds then were
tracked longitudinally at 2- to 4-week intervals over the
duration of study in both BDNF + ES (Fig. 1A, B) and ES-
only experimental groups (Fig. 1C). The longitudinal
EABR threshold data show considerable intersubject
variability, especially in initial thresholds obtained near
the time of implantation. Careful review of the longitu-
dinal data for individual subjects shows that the threshold
for the basal CI channel (electrodes 5, 6, dashed line)
tended to be higher than that of the apical channel (1,2).
In one subject in the BDNF + ES group (K319), data for
the basal CI channel were not available for this analysis
due to wire breakage. Statistical comparison of the mean
initial and final EABR thresholds in the BDNF + ES
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FIG. 1. Electrically evoked auditory brainstem response (EABR)
threshold data. A Longitudinal EABR thresholds are shown for the
two stimulated channels of the cochlear implant (solid lines, apical
bipolar electrode pair 1,2; dashed lines, basal electrodes 5, 6)
recorded in neonatally deafened animals during 10 weeks of
intracochlear BDNF infusion and several months of chronic electri-
cal stimulation. B Longitudinal EABR data for the non-stimulated
control channel (electrodes 3, 4) in the five BDNF + ES animals. C

EABR thresholds for the two stimulated channels in the ES-only
animals. D Mean summary data show a significant improvement in
threshold (initial vs. final threshold) on the stimulated channels in the
BDNF + ES group. In contrast, no significant change over time is
seen for the unstimulated middle channel (3,4) of the BDNF + ES
group or for the stimulated channels of the ES-only group. (Data
shown are means and standard deviations; ***pG0.001.)

LEAKE ET AL.: Trophic Effects of BDNF and Electrical Stimulation 195



animals (Fig. 1D) revealed a significant decrease (i.e.,
improved sensitivity) for the combined data from the two
stimulated channels (Students t test, paired; t(8)02.39,
pG0.001). The threshold shift on the apical channel
averaged −71 μA, −2 dB and was similar to the basal
channel (mean −77 μA; −2 dB). It is also interesting to
note that the single animal (K313) in which EABR testing
was delayed until 3 weeks post-op exhibited initial EABR
thresholds that were already quite low, and in this animal
no subsequent improvement was seen. In contrast to the
stimulated CI channels, the middle channel that served
as an inactive control channel (except for collection of
threshold data) showed no significant change in thresh-
old (shift of +7 μA 0 dB; t(4)00.01; p00.99). Further, no
significant difference in threshold was observed for the
stimulated channels in the ES-only control group (t(10)0
−0.67, p00.52).

Effects of BDNF + ES on spiral ganglion cell soma
size

Evaluation of the organ of Corti confirmed that no
intact hair cells were present in any of the deafened
animals included in the study. In the group of five
animals examined after combined BDNF + ES, the
mean cross-sectional areas of the cell somata of SG
neurons in the implanted cochleae were consistently
larger than cells on the contralateral side in all
cochlear sectors (Fig. 2A). An overall trend toward
decreasing cell size from base to apex was apparent in
both the BDNF + ES and control cochleae, as
reported previously in normal cats and in deafened
cats examined at shorter durations of deafness (Leake
et al. 2011). Averaged for all cochlear regions, the
mean cell area following BDNF delivery and ES was
about 235 μm2, as compared to about 200 μm2 for
cells in the contralateral cochlea, and this difference
was highly statistically significant (two-way ANOVA:
F(1,72)035.75, pG0.001). When compared to data
for normal adult cats, mean cell areas on both
sides were significantly smaller than normal, with a
mean of 88 % of normal for BDNF + ES and 75 %
for deafened contralateral cochleae.

In the comparison group of neonatally deafened
cats examined after comparable periods of ES-only
with no BDNF infusion, SG cell somata were also
consistently larger on the stimulated side as shown in
Figure 2B (Friedman’s test: χ2 (1,N045)013.97, pG
0.001). Cell areas averaged 85 % of normal in the
stimulated ears and 75 % on the contralateral side,
similar to values in the BDNF + ES group. Moreover,
statistical comparison of cell size in the BDNF + ES
cochleae showed no significant difference from the
ES-only ears (two-way ANOVA: F(1,72)01.70,
p00.197).

Effects of BDNF on survival of spiral ganglion
neurons

The physical disector method (counts of the nucleoli
of SG neurons in adjacent serial sections) was applied
to estimate the numerical density of SG neurons in
Rosenthal’s canal for nine cochlear sectors from the
base to the apex in all the animals included in this
study. Figure 3A presents data for the five animals
examined after combined BDNF + ES. The numerical
density of SG cells in the BDNF + ES cochleae was
consistently higher than that on the other side in all
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FIG. 2. Cross-sectional areas of the somata of spiral ganglion
(SG) neurons. A Data are shown in the BDNF + ES group for
nine cochlear sectors representing 10 % intervals from base to
apex. Cell areas throughout the cochlea are significantly larger in
the BDNF + ES cochleae as compared to the contralateral
deafened cochleae. After BDNF + ES, the mean SG cell area is
about 235 μm2, which is significantly smaller than normal but
also significantly larger than cells contralaterally, which on
average measured about 200 μm2. B Data for neonatally deafened
animals that received chronic ES only (no BDNF) and were selected
to match the BDNF + ES group for duration of deafness and duration
and type of applied ES. Again, cell areas are larger in the implanted
and stimulated cochleae than contralateral, and values are quite
similar to the BDNF + ES group. (Data presented are means and
standard errors.)
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cochlear sectors, with the largest differences seen in
middle cochlear sectors where cell loss was greatest
contralaterally. Averaged for the entire cochlea and
expressed as percentage of normal, the mean cell
density after BDNF + ES was about 70 % of normal,
compared to about 45 % in the contralateral deaf-
ened cochleae, and this difference was highly signif-
icant (two-way ANOVA: F(1,72)045.30, pG0.001).
When calculated as percentage increase, normalized
to survival on the contralateral side, the BDNF + ES
cochleae showed a 56 % increase in SG survival.

Figure 3B presents comparable data for the ES-only
group. As in the combined BDNF + ES data, the
numerical density of SG cells in the implanted ears
was consistently higher than that on the opposite side,
with the single exception of the 30–40 % sector
(where slight electrode insertion trauma often oc-
curred; see below). Overall, the mean SG cell density
in the ES-only cochleae was about 63 % of normal,
compared to 47 % on the contralateral side, and this
difference was highly significant (two-way ANOVA:
F(1,72)015.68, pG0.001). When normalized to the
survival in the deafened control ears, this represents
an increase of more than 30 % in SG survival in the
ES-only cochleae. Direct comparison of SG density in
the implanted cochleae from BDNF + ES and ES-only
groups showed no significant difference. However,
when we calculated the differences in SG density
(treated minus control), the 25 % of normal increase
in SG survival resulting from combined BDNF + ES
was significantly greater that the difference of 16 %
seen in the ES-only group (two-way ANOVA: F(1,72)0
4.56, p00.036; Fig. 3C).

A spurious factor that could potentially affect SG
neuronal density is a systematic difference in the size
of Rosenthal’s canal that might occur between sides or
across groups. Figure 4A shows the data obtained
from direct measurements of the cross-sectional area
of Rosenthal’s canal in a subset of four cochlear
intervals in the BDNF + ES cochleae and matched
data from the contralateral cochleae. The canal area
in the BDNF + ES-treated side was equivalent to that
of the normal adult cochlea (average, 97 % of
normal), and the canal in the contralateral untreated
ears was slightly smaller (90 % of normal), but this
difference was not statistically significant (two-way
ANOVA: F(1,32)03.41, p00.074). Note that the trend
toward larger canal size in the treated cochleae would
tend to bias our data toward a lower cell density in the
BDNF + ES data compared to the contralateral side
and thus only increases confidence in the finding of
increased neuronal survival in the treated ears.
Figure 4B shows measurements of Rosenthal’s canal
in the ES-only group, in which the canal was 100 % of
normal for the stimulated ears compared to 93 % of
normal on the control side, and again this small
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FIG. 3. A Numerical densities of SG neurons. Data are shown for
10 % cochlear sectors from base to apex, with data expressed as
percentage of normal for the same BDNF + ES group shown as in
Figure 3A. The BDNF + ES cochleae show higher densities for all
cochlear intervals than the paired data for the contralateral ears,
although significant neural degeneration occurred on both sides.
Averaged over all cochlear sectors, SG cell survival is substantially
improved at about 70 % of normal after BDNF + ES, as compared to
about 45 % on the opposite side. B Data from the ES-only group also
show a significantly higher numerical density in the implanted and
stimulated cochleae, compared to contralateral deafened ears. C To
directly compare the effects of treatment in the two groups, the
difference in numerical density (increase re: contralateral deafened)
is shown for both the BDNF + ES group and the ES-only group. (Data
presented are means and standard errors.)
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difference between sides was not statistically signifi-
cant (two-way ANOVA: F(1,32)03.63, p00.066).

The histological sections in Figure 5 illustrate the
effects of combined BDNF + ES. In light microscopic
images taken from a basal cochlear sector (20–30 %
from the base), the higher density of SG cell somata
within Rosenthal’s canal is evident in the BDNF + ES
treated ear (Fig. 5A, C) as compared to the same
region in the contralateral ear (Fig. 5B, D). These
images also illustrate the markedly higher density of
radial nerve fibers within the osseous spiral lamina
noted in the implanted cochlea as compared to the
opposite side (arrows). In the higher magnification
images, the larger cross-sectional areas of SG cell

somata in the BDNF + ES cochleae (Fig. 5C) also can
be appreciated, compared to cells on the contralateral
side (Fig. 5D).

It is of interest to note in Figure 5A that although
no intact hair cells were present in the degenerated
organ of Corti throughout the cochleae in these early-
deafened animals, some remnants of supporting cells
usually were present (see also Fig. 8A). The condition
of the organ of Corti ranged from complete resorp-
tion and formation of a single layer of flattened cells
(Fig. 5B), to full maintenance of the cytoarchitecture
of the organ of Corti with well-formed phalangeal
scars where hair cells had degenerated. As reported
previously (Leake et al. 2007), the degeneration of
supporting cells tended to be most severe in the
cochlear base and to improve progressively in more
apical regions (see “Discussion”).

Radial nerve fiber number, size and distribution

The dendrites of the SG neurons (radial nerve fibers)
were assessed in tangential cross-sections of the
osseous spiral lamina (orthogonal to the radial plane)
cut at three cochlear locations within the basal half of
the cochlear spiral as described previously (Leake et
al. 2011). The number of cross-sectional profiles of
radial nerve fibers was consistently higher in the
BDNF + ES cochleae in all three cochlear sectors
examined, as compared to the contralateral deafened
ears (Fig. 6A). The highest density was observed in the
most basal cochlear sector, where nearly 60 % of the
normal fiber population was maintained with BDNF +
ES; values were about 30 % of normal in the middle
and apical sectors. Substantially lower fiber counts
(~20 % decrease) were observed in the contralateral
ears in the basal cochlear sector (20–30 %) adjacent
to the basal stimulating CI channel (electrodes 5, 6),
and also at the apical location (50–60 %) adjacent to
the apical stimulating channel of the CI (electrodes 1,
2). A more modest increase in the implanted ears
(less than 10 %) was observed in the middle cochlear
sector (30–40 %) near the non-stimulated CI channel
(electrodes 3, 4). Given the consistent difference in all
three cochlear regions, overall fiber counts were
significantly higher in the combined BDNF + ES
cochleae compared to contralateral (two-way
ANOVA: F(1,24)08.64, p00.007). In contrast, fiber
counts from the same three cochlear regions in the
ES only group showed a left–right difference only in
the most basal sector, and overall there was no
statistically significant difference between sides (two-
way ANOVA: F(1,24)01.19; p00.286, Fig. 6B). Further,
direct statistical comparison indicated that fiber
numbers in BDNF + ES cochleae were significantly
higher than the ES-only ears (two-way ANOVA:
F(1,24)06.11, p00.021).
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FIG. 4. A The mean cross-sectional area of Rosenthal’s canal in
neonatally deafened cats after combined BDNF + ES, sampled in
four cochlear sectors from the base to the apex. Canal area in
the BDNF + ES cochleae averaged 97 % of normal and was
slightly larger than on the contralateral side (90 % normal), but
this difference was not statistically significant. B Rosenthal’s
canal area data for the same four cochlear sectors in the ES-only
group. Canal area averaged exactly 100 % of normal in the
implanted, stimulated cochleae, and was slightly but not
significantly larger than that in the contralateral deafened
cochleae (93 % of normal).
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Figure 6C shows the calculated ratio of the fiber
counts (in percent of normal) to SG cell numerical
density (percent of normal) obtained from the
same cochlear sectors. This ratio provides a rough
estimate of the relative percentage of the surviving
SG cells that have maintained their radial nerve
fibers. After BDNF + ES, the basal sector had about
80 % of the surviving SG cells apparently associat-
ed with fibers, approximately 50 % in the middle
region and 75 % in the more apical sector.
Calculating these same ratios for animals studied
after ES alone shows lower values in all three
cochlear sectors (65 %, 30 %, and 33 % of normal,
respectively). Two-way analysis of variance gave a
main effect for treatment, F(1,24)06.97, p00.014,
indicating that the cell-to-fiber ratio was significant-
ly higher for the BDNF + ES cochleae than for the
ES-only ears.

In addition to the greater number of radial nerve
fibers observed, measurements of their cross-sectional
areas (outer perimeter of myelin) revealed that fibers
were substantially larger in the BDNF + ES cochleae
than on the contralateral side (Fig. 7A, B, C; one-way
ANOVA: F(1,28)012.35, p00.002). In fact, fibers

averaged about 140 % of normal after BDNF + ES,
whereas those in the contralateral deafened ears were
not significantly different from normal. In the ES-only
group, fiber areas were also larger on the implanted
side but the difference (106 % vs. 93 % of normal) was
much less than in the BDNF + ES group (Fig. 7D;
Student’s paired t test, t(4)03.42; p00.027). It should
be noted that because the fiber counts and area
measurements were made at the light microscopic
level, no attempt was made to assess potential
pathological alterations in the myelin or the axoplasm
of these fibers. Therefore, some fibers that were
undergoing initial stages of degeneration may have
been included in both fiber counts and area data.

Another notable finding after BDNF + ES was that
myelinated radial nerve fibers had sprouted through
the lower bony plate of the osseous spiral lamina and
had grown into the scala tympani where they were
observed under the osseous spiral lamina and basilar
membrane and within the fibrous tissue encapsulating
the cochlear implant electrode (Fig. 8A). Such ectopic
sprouted neuronal processes were observed in the
BDNF + ES cochleae of all five animals examined but were
not observed in deafened control ears or in the ES only

FIG. 5. Light microscopic images of histological sections of the
cochleae from a neonatally deafened animal (K313) illustrating the
marked neurotrophic effects observed following combined BDNF +
ES. The 20–30 % sector of the implanted left BDNF + ES cochlea (A,
C) and the paired region from the contralateral deafened control
cochleae (B, D) illustrate the higher density of SG cells in Rosenthal’s
canal and the maintenance of a greater number of radial nerve fibers
within the osseous spiral lamina (filled arrows in A, B) after BDNF
infusion. In the implanted ear, the scala tympani aspect of the
osseous spiral lamina (just below the radial nerve fibers) is
thickened by ectopic neo-osteoneogenesis, and below this, the

fibrous tissue that encapsulated the CI electrode is evident in the
scala tympani (as measured for the data presented in Figure 9B).
The higher magnification images in C and D illustrate the quality
of preservation, staining of the tissue after osmium post-fixation
and the resolution of images used for morphometric analyses in
the study. The higher density and size of SG perikarya in the
BDNF-treated cochlea as compared to neurons on the opposite side
are evident. Open arrows in panel C indicate enlarged blood vessels
after BDNF + ES as measured for data in Figure 9A. Scale bars=50 μm.
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group. These fibers were largely limited to the cochlear
sector adjacent to the cochlear implant electrode, and
within this region, the number and distribution of fibers
were quite variable among the individual cochleae. These
sprouting neurons passed through the osseous spiral
lamina to enter the scala tympani, but such fibers were
seldom, if ever, seen in regions of insertion trauma, even
when the osseous spiral lamina was disrupted by fracture.
Because SG survival often was clearly compromised in
these limited damaged areas (as compared to adjacent
regions), few radial nerve fibers were present, and
sprouted fibers were not observed. In two animals K313,
K318, sprouted fibers in the implanted ears were seen in
locations apical to the implant, as far as 16 and 18 mm
from the base, respectively. It is interesting to note that the
Schwann cells associated with these sprouted fibers often
appeared hypertrophied and/or more numerous than
usual as illustrated in Figure 7A and also apparent in
Figure 8A and B. Note particularly in Figure 8A, the large
and numerous Schwann cells associated with fibers within
and exiting the osseous spiral lamina and in the area
under the basilar membrane (arrowheads). Transmission
electronmicroscopy of these fibers in three of the BDNF +
ES cochleae demonstrated the presence of both large
myelinated and smaller unmyelinated profiles (Fig. 8B)
that sometimes aggregated into small fascicles surrounded
by fibrotic tissue. The TEM image in Figure 8B also
illustrates the very large and prominent Schwann cells
associated with these sprouting neurons.

Angiogenesis in Rosenthal’s canal and fibrotic
encapsulation of CI

Figure 9A presents data on the cross-sectional area of
vessels within Rosenthal’s canal after combined BDNF +
ES. Vessel areameasured in the same cochlear sectors as
the fiber density/areameasurements (shown as percent
normal) was markedly greater in the BDNF + ES animals
than in the contralateral deafened cochleae (one-way
ANOVA, F(2,57025.07, pG0.001) and was almost triple

the normal vessel area (see Fig. 5A, C for histology).
Interestingly, data from animals studied immediately
after BDNF delivery at ~14 weeks of age (Leake et al.
2011) showed findings very similar to the present data
from the BDNF + ES group, suggesting a relatively long-
term effect. In contrast, after ES alone and in the
contralateral deaf ears, vessel area was not significantly
different from normal. Examination of histological
sections in regions adjacent to the CI also suggested
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plane to evaluate survival of the peripheral processes of the SG
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examined after combined BDNF + ES treatment as compared to the
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rough estimate of the relative percentage of the surviving SG cells
that have maintained their radial nerve fibers. In all sectors, values
are higher in the BDNF + ES group.
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increased peri-implant fibrosis in the BDNF-treated ears.
Measurements of the thickness of the fibrotic tissue layer
encapsulating the electrode array (Fig. 9B) revealed
thicker fibrosis in the BDNF + ES group (190 μm) as
compared to ES alone subjects (120 μm; [Students t -test,
t(15)0−2.81, p00.013]), in a group that included the
animals in the current study and several additional ES-
only subjects from prior studies (Leake et al. 1999, 2007).
An example of this peri-implant fibrous tissue is illustrat-
ed in Figures 5A and 8A shows a contrasting example
where only very loose areolar tissue formed around the
implanted electrode.

Functional effects of BDNF and/or electrical
stimulation

Figure 10 presents data from the terminal electro-
physiology experiments using 32-channel probes to
record from the central nucleus of the IC (ICC) in
these animals. Minimum thresholds for electrical
activation of bipolar CI channels are plotted as a
function of the EABR thresholds for the same

channels. The ICC thresholds were usually lower than
EABR thresholds, and the two values showed a strong
correlation accounting for roughly 70 % of the
variance in the data (linear regression, R200.710,
F(1,31)073.46, pG0.001). No obvious trends were noted
in the data for the different deafened groups repre-
sented, although all but one of the data points falling
above the equal intensity line (i.e., indicating that ICC
threshold was higher than the corresponding EABR
threshold) were from chronically stimulated cats.

To test for a relationship between threshold and
selectivity of stimulation, the IC threshold data for
bipolar CI channels were plotted as a function of
activation widths measured at 2 dB above minimum
threshold for the same bipolar channel of the CI
(Fig. 11). In control subjects that received ES alone or
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FIG. 7. The cross-sectional areas of the radial nerve fibers were
also evaluated at the same three cochlear regions where fiber counts
were performed. These measurements were made in higher magni-
fication images, as illustrated here in sections taken from the
implanted cochlea (A) and contralateral deafened cochlea (B) in
one combined BDNF + ES subject (K318). No systematic difference
across regions was observed, and the data were averaged for all
regions. C Fibers in the BDNF + ES cochleae are significantly larger
than fibers in the contralateral cochleae and also markedly larger
than normal. D Fiber areas in cochleae examined after chronic ES-
only also are larger than fibers in the contralateral deafened
cochleae, but not larger than normal.

FIG. 8. A Light microscopic image of the organ of Corti (20–30 %
cochlear sector) in a neonatally deafened animal (K319) after
combined BDNF + ES, illustrating the ectopic sprouting of radial
nerve fibers exiting from the osseous spiral lamina into the scala
tympani (arrows) and forming small bundles (arrowheads) that take a
spiral course within the loose fibrotic tissue matrix above the
cochlear implant electrode. B Transmission electron micrograph
image of these sprouted peripheral fibers in the scala tympani of this
same cochlea illustrates several large, well-myelinated axonal
profiles (m) as well as numerous unmyelinated fibers (u). Scale bar
in A=50 μm; scale bar in B=0.5 μm.
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intracochlear infusion of artificial perilymph (no BDNF
or chronic ES), lower ICC thresholds were significantly
correlated with smaller, more selective ICC activation
widths as expected (Fig. 11A; linear regression: R200.35,
F(1,24)012.67, p00.0016). This relationship accounts for
roughly one third of the variance in the data for the
control group. In contrast, in animals studied immedi-
ately after combinedBDNF + ES, no such correlation was
observed (Fig. 11B; linear regression: R200.033,
F(1,22)00.76, p00.39). Careful inspection of the data
in these figures suggests that both activation widths
and thresholds were more variable with BDNF
treatment. For example, for very low IC thresholds
of less than 25 dB STCs in different subjects varied
from a highly selective 2-dB activation width of

0.2 mm to extremely broad activation of 92.5 mm.
This failure to observe the expected relationship of
minimum threshold to selectivity of activation may
relate to the observed BDNF effects of ectopic, disorga-
nized sprouting in these ears (see “Discussion”).

Figure 12 presents additional data from these IC
probe recordings. Each of the first five panels
illustrates data from an individual cat implanted with
a six-wire CI electrode and studied after combined
BDNF + ES. Each line represents a single probe
placement, plotting best depths for monopolar stim-
ulation of electrodes 1 (most apical) through 6 (most
basal). Although bipolar channels were used for
chronic stimulation, examination of best depths for
individual monopolar electrodes was used for this
study to provide a higher resolution evaluation of the
ICC cochleotopic organization. The normal cochle-
otopic gradient is apparent in a monotonic relation-
ship between the site of cochlear stimulation and ICC
depth for all penetrations. That is, threshold level
responses at superficial ICC sites are evoked by
stimulation of low frequency (apical) electrodes,
whereas threshold level responses at deeper ICC sites
are evoked by stimulation of high frequency (basal)
electrodes, as appropriate for the well-known tono-
topic organization of the ICC.

DISCUSSION

Longitudinal EABR threshold data

Previous studies in adult-deafened guinea pigs have
reported reduction in EABR thresholds (Shepherd et
al. 2005; Shinohara et al. 2002) and larger amplitude
of the suprathreshold EABR responses (Agterberg et
al. 2009) after 4 weeks of intracochlear infusion of
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BDNF. Improved EABR thresholds have also been
reported after intracochlear overexpression of BDNF
by adenovirus (Chikar et al. 2008) and intracochlear
infusion of CTNF (Yamagata et al. 2004) or GDNF
(Maruyama et al. 2008; Scheper et al. 2009). Our
previous study demonstrated a marked 6-dB improve-

ment in EABR thresholds over 10 weeks of BDNF
infusion in neonatally deafened, developing cats
(Leake et al. 2011). In the present study, a longitudi-
nal reduction in EABR thresholds also was observed,
but only for the two chronically stimulated bipolar
channels of the CI, and not for a middle non-
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FIG. 11. Inferior colliculus activation widths or STC data for
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ordinate indicates stimulus intensity, and the abscissa indicates depth
in ICC, which corresponds to CF in normal-hearing animals. Strength
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statistically significant increase in activity for each recording site
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(arrows) are indicated (see Methods for details). The black vertical bar
indicates a nonresponsive recording site on the probe. C STC widths
are plotted as a function of minimum ICC threshold for the same CI
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stimulated control channel. The specific mechanism(s)
underlying these changes in threshold are unclear. It is
possible that the larger size and number of the radial
nerve fibers or the ectopic sprouting into the scala
tympani above the stimulating CI electrodes could
provide an improved electrode-to-neuron coupling
resulting in improved thresholds. However, none of
these findings showed specific regional differences in the
three basal cochlear sectors examined (corresponding
to the locations of the three CI channels) that might
account for the observed differences across channels.
Alteration in the SG neuronal membrane properties or
channels also could account for the observed EABR
threshold reductions. Alternatively, it should also be
noted that previous animal studies have shown that lower
EABR thresholds are correlatedwith better SG survival in
the cochlear region near the stimulating electrodes
(Leake et al. 2008b). Thus, it may be possible that some
neurons initially unresponsive to electrical stimulation,
due to ototoxic drug administration effects, become
viable and responsive during BDNF treatment. From the
standpoint of clinical application of CIs, lower thresholds
to electrical stimulation may be advantageous, potential-
ly resulting in larger dynamic ranges for electrical
stimulation, reduced power consumption and improved
battery life for a speech processor. Importantly, a recent
detailed study of a large cohort of CI recipients
demonstrated that lower CI sound-field threshold levels

(frequency modulated tones) were significantly related
to better CI performance (Holden et al. 2013).

Effects of deafness, BDNF, and ES on SG cell
soma size

Profound deafness has been reported to result in
reduction in the size of SG neuron perikarya in many
previous studies and in various deaf animal models
(Agterberg et al. 2008, 2009; Araki et al. 1998; Elverland
and Mair 1980; Glueckert et al. 2008; Leake et al. 1999,
2007, 2011; Leake and Hradek 1988; McGuinness and
Shepherd 2005; Shepherd et al. 2005; Wise et al. 2005).
Presumably, reduction in somatic size reflects reduced
metabolic requirements of these neurons due to
reduced spike activity after deafness (Hartmann et al.
1984; Liberman and Kiang 1978; Shepherd and Javel
1997). When electrical stimulation from a CI is applied
to reactivate these neurons, modest but significant
increases in SG soma area in the stimulated cochleae
have been reported (Araki et al. 1998; Coco et al. 2007;
Leake et al. 1999, 2007). However, the effects on soma
area associated with neurotrophin administration are
much greater than the cell size changes elicited with
electrical stimulation. In fact, several previous studies in
guinea pigs have shown that 4 weeks of intracochlear
infusion of BDNF resulted in large increases in SG
perikaryal size compared to deafened cochleae and
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cross- sectional areas that were even significantly larger
than in normal controls (Agterberg et al. 2008;
Glueckert et al. 2008; McGuinness and Shepherd 2005;
Shepherd et al. 2005, 2008). The mechanism(s) under-
lying this alteration are unclear, but we agree with the
suggestion by (Shepherd et al. 2008) that it may be
related to the high concentrations of exogenous neuro-
trophin applied in these studies using osmotic pumps.

Consistent with these previous studies, our data
indicate that BDNF + ES promoted growth and mainte-
nance of a significantly larger SG cell soma size as
compared to the contralateral deafened cochleae in
these developing animals (pG0.001). However, the
difference was relatively modest, with cross-sectional
areas of cells in the BDNF+ES cochleae averaging about
88 % of normal adult size, compared to about 75 % of
normal for cells on the contralateral side. Romand
(Romand and Romand 1990; Romand et al. 1980)
previously reported that SG cell somata in normal cats
are full adult size and well-myelinated by 1month of age,
the time at which BDNF treatment was initiated in the
deafened kittens in our study. In contrast, data from our
previous study showed that cells in neonatally deafened
animals at about 1 month of age were significantly
smaller than normal, averaging only 71 % of normal
(Leake et al. 2011). The present data indicate that after
10 weeks of BDNF combined with 5 months of ES, SG
cells were significantly larger than those in 4-week-old
deafened animals, but also smaller than normal. It is
interesting to note that data from a previous study
showed that immediately after 10 weeks of BDNF
infusion, cells had normal mean areas in the treated
ears, compared to 80 % of normal for cells on the
contralateral side. The current data indicate that a
significant decrease in mean cell area from normal to
88 % of normal occurred after cessation of BDNF,
despite ongoing electrical stimulation. A smaller, but
still significant decrement from 80 % to 75 % of normal
was seen in the contralateral untreated ears, presumably
due to the longer duration of deafness in the current
study.

Together, findings indicate that BDNF alone elicits
a substantial effect on neuronal somatic size, but this
effect is not maintained over the long-term with
ongoing CI stimulation. Consistent with this interpre-
tation are the similar findings in the ES-only group, in
which cell areas in the stimulated cochleae averaged
85 % of normal as compared to 75 % contralateral.

Combined BDNF and ES promote survival
of spiral ganglion neurons

A highly significant neurotrophic effect was observed
with intracochlear infusion of BDNF and 5months of ES.
Combined BDNF + ES resulted in a mean SG numerical
density of about 70% of normal as compared to 45% on

the contralateral side (pG0.001), and systematically
higher SG survival was maintained throughout the
cochlea (Fig. 4). The greatest difference in neural
density appeared to be in the apical half of the cochlea,
in the region ~50–90 % from the base, largely because
this is the area where progressive neuronal loss was
greatest on the contralateral side. As reported previously,
the trend for greater SG neuronal loss to occur in the
middle cochlear sectors seems to be unique to animals
deafened as neonates and is interesting because the hair
cell degeneration in these animals progresses from base
to apex (Leake et al. 1997), which is the typical pattern of
aminoglycoside ototoxicity in adult cats (Leake and
Hradek 1988). The initial SG neural degeneration in
these young animals apparently is not simply secondary
to sensory cell degeneration, and neurons in the middle
cochlear sectors appear to be more sensitive to direct
ototoxic damage than in other regions, presumably due
to some regionally varying aspect of cochlear maturation
or onset of function.

In our previous study, neonatally deafened cats were
examined immediately after 10 weeks infusion of BDNF,
and SG density was 80 % of normal, equivalent to values
seen in control deafened subjects studied at about
4 weeks of age, when BDNF treatment was initiated
(Leake et al. 2011). Thus, over the 10-week period of
infusion, BDNF maintained virtually all the SG neurons
that were present initially. In the current study, when we
terminated BDNF infusion and continued ES for several
months, SG survival was not maintained quite at this
same level but was reduced by roughly 10 %, to 70 % of
normal. One factor thatmay have contributed to this loss
was the fact that the present study used longer electrodes
that extended to the 50–60 % cochlear region, whereas
the earlier study used mainly shorter electrodes that
reached only the 30 % cochlear region. The longer
electrodes often cause slight insertion trauma in the
middle cochlear sectors that may have reduced survival
there. In point of fact, comparison of initial BDNF SG
data with the BDNF + ES data show that most of the
difference between the two groups occurred in these
middle cochlear sectors. Alternatively, although this
10 % reduction was statistically significant, with the
relatively small number of subjects in our experimental
groups, we cannot rule out the possibility that this small
difference is due to individual variability in ototoxic drug
effects across groups.

If the overall SG numerical density seen after
BDNF + ES (mean ~70 % of normal) is normalized
to the density in the contralateral deafened cochleae
(45 %), the resulting percentage increase in neuronal
survival is more than 55 %. In contrast, our previous
study of deafened animals studied immediately after
10 weeks of BDNF infusion showed only a 25 % mean
increase in SG numerical density, relative to contra-
lateral with SG survival of 80 % of normal vs. 65 %
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(Leake et al. 2011). The greater effect in the present
study indicates that combined BDNF + ES was highly
effective in promoting neuronal survival, while at the
same time much more severe neural degeneration
occurred in the non-implanted ears over the longer
duration of deafness. Together, the findings suggest
that the neurotrophic effects of exogenous neuro-
trophins can be maintained over a prolonged period
and that these “rescued” neurons are viable to support
ongoing electrical stimulation delivered by a CI. This is
important because our prior study of SG neurononal
survival immediately after 10 weeks of BDNF also
showed that many neurons in the BDNF-treated ears
do not have normal somatic myelin (Leake et al.
2011). Thus, it is noteworthy in the present study that
most of these neurons survive over the long-term,
even when subjected to the ongoing stress of chronic
ES. Moreover, a direct comparison of the neurotophic
effects of combined BDNF + ES to data from well-
matched subjects that receive only ES demonstrated
that the combined treatment elicited a significantly
greater effect in promoting survival of the primary
afferent SG neurons. BDNF + ES maintained an
additional 25 % of the normal SG neuronal popula-
tion compared to contralateral, whereas ES-only
improved survival by 16 % of normal (Fig. 4C). On
the other hand, our study does not allow us to define
the relative contributions of BDNF vs. ES to the
overall effects observed. In future work, it would be
of interest to examine the potential long-term effects
of this same BDNF treatment after a similar duration
of deafness, but without ongoing electrical activation.
Although our results suggest that BDNF + ES pro-
motes improved SG survival over ES alone, it remains
to be determined whether BDNF treatment effects
may persist and promote long-term neuronal survival,
without subsequent chronic ES.

Another factor that could influence accurate
assessment of neuronal survival is a systematic differ-
ence in the size of Rosenthal’s canal between sides or
among experimental groups. A reduction in the cross-
sectional area of Rosenthal’s canal was reported
previously in guinea pigs after electrical stimulation
delivered by a cochlear implant (Li et al. 1999). This
issue is potentially important in the present study
because of the young age at which the animals were
implanted and possible alterations elicited by BDNF
during a period when growth is still occurring. In the
present study, however, Rosenthal’s canal was 99 % of
normal adult size, both in the BDNF + ES cochleae
and in the ES-only ears, and the smaller canal area
observed in the contralateral cochleae (i.e., about
90 % of normal, both groups) actually would have
biased results toward a higher SG density in the
contralateral ears and less difference between the
two sides. It is interesting that the small yet significant

differences were so similar in both BDNF + ES and ES-
only experimental groups, leading the authors to
speculate that perhaps the larger population of
surviving SG neurons during postnatal development
tends to maintain a more normal canal size compared
to the more severely degenerated contralateral ears.

Another interesting aspect of the morphological
findings in cochleae from these deafened animals was
the condition of the supporting cells in the organ of
Corti after the hair cells had degenerated. As shown
previously in cats deafened neonatally by administra-
tion of neomycin, the supporting cells were most
severely degenerated in the cochlear base, where it
was often difficult to recognize pillar cells (see Fig. 5A,
B; Fig. 8A). Better maintenance of supporting cell
cytoarchitecture was seen at progressively more apical
regions. Previously, it has been reported that long-
term neuronal survival is enhanced when supporting
cells in the inner hair cell area remain intact
(Sugarawara et al. 2005), and recently it has been
suggested that the supporting cells may be the main
source of SG survival factors (Zilberstein et al. 2012).
In the present study, however, it is unclear what role,
if any, the supporting cells play in the observed effects
of BDNF + ES and ES-only in these developing animals.
The pattern of supporting cell degeneration follows the
basal-to-apical progression that is typical of aminoglyco-
side ototoxicity as reported previously (Leake et al. 1997,
2007). In contrast, the degeneration of SG neurons is
most severe in the middle cochlear sectors and the
survival-promoting effects of treatment are seen
throughout the cochlea, both in the BDNF + ES and
the ES-only ears. A previous study of neurotrophic
effects of GM1 ganglioside and ES in neomycin-
deafened cats (Leake et al. 2007) showed a rank–order
correlation of supporting cell condition to the overall
SG survival in control, deafened cochleae. In contrast,
no such correlation occurred in the implanted/stimu-
lated ears, where ES elicited a significant SG protective
effect that appeared to be independent of supporting
cell condition.

Radial nerve fiber size, distribution and sprouting

Our data on radial nerve fiber density within the
osseous spiral lamina demonstrated significantly great-
er numbers of fibers throughout the basal cochlear
turn following BDNF + ES as compared to both the
contralateral deaf ears and ES-only cochleae. The
highest fiber density in both groups was observed in
the most basal cochlear sector, about 3–5 mm from
the base. In the other two regions examined (about
7–9 and 11–13 mm), survival decreased markedly,
likely due to the more pronounced SG loss in those
middle cochlear sectors, as mentioned previously. In
the BDNF + ES group, if we view the data in terms of
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the difference between treated and control, the basal
and apical regions both showed a substantial increase
in fiber survival (~20 %) over contralateral, but the
middle sector showed a more modest difference
(7 %). The areas examined were selected to be
adjacent to the three bipolar channels of the CI, and
it is tempting to speculate that the more substantial
differences in the basal and apical cochlear sectors
were trophic effects of the chronic electrical stimula-
tion delivered on the adjacent CI channels (electro-
des 1, 2 and 5, 6, respectively), whereas the middle
channel remained inactive as a control (except for
collection of EABR data). In the ES-only group, there
was no significant difference between sides.

The finding of an increase in the number of
surviving radial nerve fibers after BDNF treatment is
consistent with the results of Wise et al. (2005) who
reported increased fiber survival after infusion of
BDNF and NT-3 in adult guinea pigs and also the
findings reported by Glueckert et al. (2008) after
combined BDNF and aFGF infusion. Importantly, the
latter study also used immunohistochemical techni-
ques to demonstrate that both the fibers in the
osseous spiral lamina and ectopic sprouting fibers
were afferent peripheral processes of SG neurons.
Interesting recent work has shown that adenoviral-
mediated expression of BDNF in the cochlea, pre-
sumably eliciting much lower concentrations of neu-
rotrophin, also can induce radial nerve fiber regrowth
(Shibata et al. 2010; Wise et al. 2010).

Our findings also showed that the larger popula-
tion of radial nerve fibers surviving in the BDNF + ES
cochleae had substantially larger cross-sectional areas
than fibers in the contralateral deafened ears. After
combined BDNF + ES, fiber areas were significantly
larger than normal (~140 %) in the three sampled
areas of the basal cochlea, whereas the surviving fibers
contralateral were normal in size. On the other hand,
the fibers measured in these BDNF + ES ears were
substantially smaller than fibers in our earlier study of
ears examined immediately after 10 weeks of BDNF
infusion, in which fiber areas averaged 175 % of
normal (Leake et al. 2011). Thus, our new data
suggest a return toward more normal values after
terminating BDNF and continuing ES over these
prolonged periods.

Along with the improved survival and larger size of
the SG radial nerve fibers in the BDNF + ES cochleae,
the marked ectopic and disorganized sprouting of
these neurons into the scala tympani is also very
important. The hypertrophy of the Schwann cells seen
in the osseous spiral lamina and in proximity to
sprouting fibers suggest that glial cell activation may
be associated with the ectopic neural remodeling in
the BDNF-treated ears. Djalali et al. (2005) reported
that BDNF is required for the maintenance of glial

cells and production of myelin basic protein. Given
that the high concentration of BDNF delivered in the
present study also resulted in increased fibrotic
response to the CI and angiogenesis within
Rosenthal’s canal observed (see below), it seems likely
that a glial cell response may also have occurred in
the auditory nerve in these animals. Although no
clear evidence of this was seen in the present
histological studies, additional work (e.g., immunohis-
tochemistry to assess myelin basic protein) would be
of interest in addressing this issue in the future.

Angiogenesis and fibrosis

It has been reported previously that BDNF promotes
endothelial cell survival and induces neoangiogenesis
(Kermani and Hempstead 2007) in many tissues and
organs, during development and also in response to
injury. In the present study, we documented signifi-
cant angiogenesis within Rosenthal’s canal in the
BDNF + ES cochleae, where vessel area was more
than doubled, in contrast to the normal vessel areas
observed both in the contralateral deaf ears and in
the cochleae examined after equivalent durations of
ES alone. This must be considered a significant
pathological finding, although the significance of
such marked angiogenesis is unclear. Similarly, the
fibrotic encapsulation of the CI electrode was signif-
icantly thicker after combined BDNF + ES ears as
compared to ES only. This is a concern because
thicker fibrosis would tend to displace the electrode
away from the osseous spiral lamina and modiolus,
which could increase thresholds to electrical stimula-
tion and result in limited dynamic range. It seems
likely that both of these findings may be related to the
relatively high concentrations of neurotrophin deliv-
ered by direct intracochlear infusion using osmotic
pumps in the present study.

Functional consequences of deafness, BDNF,
and ES

The potential functional consequences of BDNF and
improved neuronal survival are obviously extremely
important in terms of the implications for potential
clinical neurotrophin therapies. Data from acute termi-
nal electrophysiological experiments in both BDNF + ES
and control groups (ES-only or Implant + AP) demon-
strated that final EABR thresholds were well-correlated
with minimum neural thresholds in the IC, as expected.
Further, the fundamental cochleotopic (frequency)
organization of the IC was maintained both in animals
studied as adults after BDNF and/or ES, and also in
untreated controls, despite deafening prior to hearing
onset, and also despite any potential distortion of the
cochleotopic map due to SG fiber sprouting. That is, the
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minimum thresholds for apical to basal channels of the
CI occurred in a clear superficial-to-deep order, reflect-
ing the normal low-to-high frequency organization of the
IC. We interpret these findings to indicate that the basic
cochleotopic organization at the level of the midbrain is
relatively stable, and its persistence in our animal model
of congenital deafness is presumably why a CI can be
effective even in a congenitally deaf child. However, it is
important to remember that our ability to examine the
frequency resolution of the ICC is significantly limited by
the 1-mm separation of CI stimulation sites in deafened
animals, as compared to the precise frequency selectivity
in a normal hearing animal.

Moreover, additional findings suggest potentially
deleterious effects of BDNF treatment. Specifically, data
in subjects receiving only ES and in other deafened
control animals showed that central auditory neuronal
thresholds were correlated with relative selectivity of
activation (i.e., IC activation widths at 2 dB above
threshold). In contrast, no such correlation was seen in
BDNF-treated subjects, and this group also exhibited a
much greater intersubject variability in both IC thresh-
olds and activation widths. The finding of lower thresh-
olds associated with a much wider range of 2 dB
activation widths indicates that improvement in—or
even equivalent—selectivity of stimulation may not be
achieved with the improved neural survival in the
BDNF-treated ears. In fact, it seems likely that this
finding is a direct result of the ectopic disorganized
sprouting seen in these ears. Sprouted fibers would
produce exceptionally low thresholds due to the
extremely close coupling of some myelinated axons
directly adjacent to the stimulating contacts of the CI.
However, the excited SG cells from which these fibers
originate could be located at some distance away,
representing a significant offset in cochlear place
frequency. Thus, the variability in activation widths after
BDNF and the disorganized sprouting are of particular
concern for the potential application of neurotrophin
therapy in the human cochlea.

Clinical implications

Contemporary cochlear implants are generally very
effective. On average, CI users with the latest technology
enjoy speech recognition scores of about 80 % correct
on high-context sentences, the majority are able to use a
telephone (Zeng et al. 2008), and those with the best
outcomes even enjoy music (Drennan and Rubinstein
2008; Won et al. 2011). However, results on more
difficult tasks such as word recognition show that there
is great variability among CI recipients (Firszt et al. 2004;
Holden et al. 2013). This variability in outcomes has
refocused attention on the importance of auditory nerve
survival for CI function and on neurotrophic agents that
might be used with a CI to improve auditory nerve

survival (for review, see Staecker et al. 2010). In fact,
human CIs modified for intracochlear drug delivery
already have been designed (Hochmair et al. 2006) and
tested in animals (Paasche et al. 2003). However, animal
studies examining the long-term effects of potential
neurotrophic agents have been quite limited to date.

The issue of maintaining auditory nerve survival
seems particularly important in very young deaf
children and congenitally deaf infants who are now
receiving CIs (Nicholas and Geers 2007) because they
will have to acquire speech and language and depend
on electrical hearing for many decades. With pediatric
implants, there is evidence that restoring auditory
input early is more effective in allowing the immature
auditory system to adapt to electrical stimulation, and
it is encouraging that many children with CIs eventu-
ally are mainstreamed into public education settings
(Geers 2004; Nicholas and Geers 2007; Svirsky et al.
2000). However, the same studies show that many
other pediatric CI recipients lag far behind in
language development. Thus, we suggest that it is
critically important to better understand the specific
factors and mechanisms underlying SG degeneration
following early onset deafness and the role of neuro-
trophins (for review see Ramekers et al. 2012). To our
knowledge, our studies are the first to report on the
effects of exogenous neurotrophins combined with
electrical stimulation in deafened, developing ani-
mals. Our findings demonstrate that exogenous intra-
cochlear BDNF combined with chronic ES can result
in substantially improved survival of the cochlear SG
neurons in an animal model of congenital deafness.
Together with the many previous studies showing SG
protection with BDNF in adult animals, findings
suggest that neurotrophic agents can be successfully
combined with CI stimulation and may offer promise
for clinical therapies to promote improved cochlear
neuronal survival, both in the adult and developing
auditory system. However, the use of osmotic pumps
to deliver neurotrophic factors clearly is not a good
option for clinical application, particularly due to
concerns about infection (Shepherd et al. 2008;
Staecker et al. 2010). Numerous recent studies have
explored alternative strategies for cochlear delivery of
neurotrophins (Hendricks et al. 2008; Richardson et
al. 2008), including cell-based therapies (Warnecke et
al. 2007; Pettingill et al. 2008; Wise et al. 2011),
hydrogels (Endo et al. 2005), and gene therapy using
adenovirus-mediated expression of neurotrophic fac-
tors (Nakaizumi et al. 2004; Rejali et al. 2007; Chikar
et al. 2008; Wise et al. 2010). These methods may
provide better alternatives in the future, but they are
still under development and concerns about potential
side effects and risks have not yet been adequately
addressed. For recent reviews see: Ramekers et al.
(2012) and Shibata et al. (2010).
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Finally, the goal of neurotrophin therapy is to
improve neural survival for the purpose of supporting
optimized function of a CI, and it is important to
emphasize that recent advances in CI technologies, such
as current, focusing, virtual channel stimulation, and
other more complex stimulation strategies, rely on
highly spatially restricted current fields. We suggest that
it is a serious concern that the ectopic and disorganized
sprouting of the radial nerve fibers induced by exoge-
nous neurotrophins may be deleterious to these objec-
tives. In fact, in the cochleae studied in the present
BDNF + ES experiments, fascicles of these fibers were
traced in a spiral course for several hundred microns,
probably because of the longer durations of treatment
and survival studied. These fibers appear to survive over
the long-term, and they clearly could blur or distort the
precise cochlear frequency map, which would be
detrimental to optimum implant function. We hypothe-
size that with improved methods for delivering neuro-
trophic agents in more physiological concentrations
(e.g., viral-mediated neurotrophin expression), it may
be possible to elicit improved neuronal and radial nerve
fiber survival, and also maintain more normal cochlear
neuroanatomy of the radial nerve fibers by avoiding the
ectopic and disorganized exuberant sprouting seen with
high concentrations of neurotrophins.
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