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Temporary Neurotrophin Treatment Prevents Deafness-
Induced Auditory Nerve Degeneration and Preserves
Function

Dyan Ramekers,1,2 Huib Versnel,1,2 X Stefan B. Strahl,3 Sjaak F.L. Klis,1,2 and Wilko Grolman1,2

1Department of Otorhinolaryngology and Head & Neck Surgery and 2Brain Center Rudolf Magnus, University Medical Center Utrecht, 3508 GA, Utrecht,
The Netherlands, and 3Research and Development, MED-EL Medical Electronics, 6020 Innsbruck, Austria

After substantial loss of cochlear hair cells, exogenous neurotrophins prevent degeneration of the auditory nerve. Because cochlear
implantation, the current therapy for profound sensorineural hearing loss, depends on a functional nerve, application of neurotrophins
is being investigated. We addressed two questions important for fundamental insight into the effects of exogenous neurotrophins on a
degenerating neural system, and for translation to the clinic. First, does temporary treatment with brain-derived neurotrophic factor
(BDNF) prevent nerve degeneration on the long term? Second, how does a BDNF-treated nerve respond to electrical stimulation? Deaf-
ened guinea pigs received a cochlear implant, and their cochleas were infused with BDNF for 4 weeks. Up to 8 weeks after treatment, their
cochleas were analyzed histologically. Electrically evoked compound action potentials (eCAPs) were recorded using stimulation para-
digms that are informative of neural survival. Spiral ganglion cell (SGC) degeneration was prevented during BDNF treatment, resulting in
1.9 times more SGCs than in deafened untreated cochleas. Importantly, SGC survival was almost complete 8 weeks after treatment
cessation, when 2.6 times more SGCs were observed. In four eCAP characteristics (three involving alteration of the interphase gap of the
biphasic current pulse and one involving pulse trains), we found large and statistically significant differences between normal-hearing
and deaf controls. Importantly, for BDNF-treated animals, these eCAP characteristics were near normal, suggesting healthy responsive-
ness of BDNF-treated SGCs. In conclusion, clinically practicable short-term neurotrophin treatment is sufficient for long-term survival of
SGCs, and it can restore or preserve SGC function well beyond the treatment period.
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Introduction
Profound hearing loss is often caused by cochlear hair cell loss.
Cochlear implants (CIs) essentially replace hair cells by encoding

sound and conveying the signal by means of pulsatile electrical
stimulation to the spiral ganglion cells (SGCs), which form the
auditory nerve (Géléoc and Holt, 2014). SGCs progressively de-
generate in response to hair cell loss (Ylikoski et al., 1974; Spoen-
dlin, 1975; Versnel et al., 2007), which in human CI users has
been shown to be negatively correlated to speech perceptionReceived Jan. 9, 2015; revised June 25, 2015; accepted July 3, 2015.
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Significance Statement

Successful restoration of hearing in deaf subjects by means of a cochlear implant requires a healthy spiral ganglion cell population.
Deafness-induced degeneration of these cells can be averted with neurotrophic factors. In the present study in deafened guinea
pigs, we investigated the long-term effects of temporary (i.e., clinically practicable) treatment with brain-derived neurotrophic
factor (BDNF). We show that, after treatment cessation, the neuroprotective effect remains for at least 8 weeks. Moreover, for the
first time, it is shown that the electrical responsiveness of BDNF-treated spiral ganglion cells is preserved during this period as
well. These findings demonstrate that treatment of the auditory nerve with neurotrophic factors may be relevant for cochlear
implant users.
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(Seyyedi et al., 2014). Treatment with ex-
ogenous neurotrophic factors, such as
brain-derived neurotrophic factor (BDNF)
or neurotrophin-3 (NT-3), prevents SGC
degeneration (for review, see Ramekers et
al., 2012).

For treatment with neurotrophic fac-
tors to become suitable for clinical appli-
cation, long-term effectiveness is crucial,
with respect to both SGC survival and re-
sponsiveness to electrical stimulation
(Staecker and Garnham, 2010). If contin-
uous support is necessary for SGC sur-
vival (Pettingill et al., 2011), cell-based or
viral-based delivery of neurotrophic fac-
tors may be appropriate (e.g., Wise et al.,
2011; Atkinson et al., 2014). However,
these methods face practical and ethical
objections. Increased levels of neurotr-
ophic factors may have unpredictable ef-
fects (e.g., neoplasia) on the long-term,
and it may be difficult to stop the treat-
ment if necessary. From an ethical per-
spective, using genetically modified cells
or viruses for human applications might
be considered undesirable. For single
temporary delivery (e.g., through simple
and clinically feasible administration onto the round window
membrane) (Havenith et al., 2011, 2015), a sustained protective
effect is required. Such a prolonged effect has been demonstrated
for periods of 2– 4 weeks (Maruyama et al., 2008; Agterberg et al.,
2009; Fransson et al., 2010). However, these periods are relatively
short, leaving the question of whether degeneration has only been
postponed. Therefore, the first objective of the present study is to
assess SGC survival after a more extended period (8 weeks) fol-
lowing cessation of BDNF treatment, sufficiently long to observe
effects of withdrawal. If temporary treatment only postpones the
degeneration, a loss of �50% would be expected (van Loon et al.,
2013), whereas SGC loss would be negligible if temporary treat-
ment triggers a self-supporting mechanism in SGCs (Ramekers et
al., 2012).

The second objective is to examine the effect of neurotrophin
treatment on the nerve’s responsiveness by means of electrically
evoked compound action potential (eCAP) recordings. eCAPs
provide a more direct measure of functional effects of neurotro-
phin treatment than the commonly used electrically evoked au-
ditory brainstem responses (eABRs) (Shinohara et al., 2002;
Endo et al., 2005; Shepherd et al., 2005; Chikar et al., 2008;
Maruyama et al., 2008; Agterberg et al., 2009; Havenith et al.,
2011, 2015; Leake et al., 2011). We applied various stimulation
paradigms, which may discriminate between healthy and degen-
erated nerves. Specifically, we examined the effect of an inter-
phase gap (IPG) in the biphasic current pulse, the magnitude of
which has been shown to correlate with SGC survival (Prado-
Guitierrez et al., 2006; Ramekers et al., 2014). Furthermore,
temporal response properties, including neural recovery charac-
teristics, were assessed with multiple-pulse stimulation para-
digms (Ramekers et al., 2015). The main question is whether the
BDNF-treated nerve’s response resembles that of a healthy nerve
or of an untreated degenerated nerve.

This study examines whether brief neurotrophin treatment
has long-term protective effects on the auditory nerve, including
responsiveness to electrical stimulation. In general terms, this

study contributes to our knowledge of the role of neurotrophins
in neurodegenerative disorders.

Materials and Methods
Animals and experimental design. Forty female albino guinea pigs
(Dunkin Hartley; 250 –350 g) were obtained from Harlan Laboratories
and kept under standard laboratory conditions (food and water ad libi-
tum; lights on between 7:00 A.M. and 7:00 P.M.; temperature 21°C;
humidity 60%). All animals had bilateral normal hearing before any
experimental treatment, as assessed with click-evoked ABRs.

Animals were divided into five experimental groups as depicted in
Figure 1. One group served as normal-hearing controls (NH, N � 6). The
remaining groups (14 weeks deaf, 14WD, N � 6; BDNF-treated, BDNF0,
N � 9; BDNF-treated with an additional 4 week period after cessation of
the treatment, BDNF4, N � 10; and BDNF-treated with an additional 8
week period after cessation of the treatment, BDNF8, N � 9) were ex-
posed to ototoxic treatment 2 weeks before implantation. In all animals,
the right ears were implanted with an intracochlear electrode array com-
bined with a cannula, which was connected to a subcutaneously placed
osmotic pump. The pump reservoir was filled with PBS either with or
without BDNF. Four weeks after implantation, the osmotic pumps were
surgically removed to end the treatment. Depending on the treatment
schedule, animals were killed 4, 8, or 12 weeks after implantation (Fig. 1).
Electrophysiological measurements were performed immediately after
each surgical procedure and immediately before termination and histo-
logical processing of the cochleas. eCAP recordings after implantation
and after pump removal were performed in a brief session of 2–3 min, so
as not to allow possible neurotrophic effects of electrical stimulation to
occur, even though such effects were assumed to be negligible (Agterberg
et al., 2010). All surgical and experimental procedures were approved by
the Animal Care and Use Committee of Utrecht University (DEC
2010.I.08.103).

Cochlear implantation of normal-hearing animals involves stimula-
tion of the functional organ of Corti as well as stimulation of SGCs, but
the stable condition of the healthy cochlea was necessary to cancel out
any confounding effects of chronic implantation. Although electrically
evoked activity of hair cells (also known as electrophonics) is to be ex-
pected in normal-hearing animals, electrophonics do not influence the
eCAP because the latency of electrophonic spikes is 1–2 ms longer than
that of spikes directly evoked at the SGC soma or peripheral process

Figure 1. Treatment schedule for all five groups. At time point t � 0, all groups except the NH controls were ototoxically
deafened after confirmation of normal hearing. At t � 2, all animals were implanted with an electrode array and infusion cannula.
The subcutaneously positioned osmotic pump contained PBS either with (BDNF0, BDNF4, and BDNF8 groups) or without (NH and
14WD groups) BDNF. At t � 6, the osmotic pumps were surgically removed for all groups. At the end of the experimental procedure
(t � 6 for BDNF0, t � 10 for BDNF4, and t � 14 for all other groups) extensive eCAP recordings were performed, and the animals
were killed for histological analysis of both cochleas immediately afterward.
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(Javel and Shepherd, 2000; Stronks et al., 2010). We have specifically
chosen normal-hearing animals as positive controls, rather than acutely
deafened animals, for the following reasons. First, after acute deafening,
the cochlear condition is not stable, which may result in varying eCAP
outcomes during the recording session. Second, the isolated effects of
implantation over time (separate from deafness-induced degeneration)
can be investigated only in nondeafened chronically implanted animals.
Third, we compare the present data with data from our previous studies
(Ramekers et al., 2014, 2015), in which we had two groups of deafened
animals (2 weeks deaf with mild loss of SGCs, and 6 weeks deaf with
substantial loss of SGCs).

Deafening procedure. Animals were anesthetized by intramuscular in-
jection of dexmedetomidine (Dexdomitor; 0.25 mg/kg) and ketamine
(Narketan; 40 mg/kg), and click-evoked ABRs were recorded to confirm
normal hearing (for details, see Ramekers et al., 2014). Thresholds �40
dB peak equivalent SPL (peSPL) were considered to indicate normal
hearing. Deafening was done by subcutaneous injection of kanamycin
(Sigma-Aldrich; 400 mg/kg) and subsequent infusion of furosemide
(Centrafarm; 100 mg/kg) into the external jugular vein, which has been
shown to eliminate the majority of both inner and outer hair cells (West
et al., 1973; Versnel et al., 2007).

Osmotic pump preparation and cochlear implantation. We followed
procedures for BDNF delivery that were comparable with those per-
formed previously in our laboratory (Agterberg et al., 2008, 2009). Ap-
proximately 40 h before cochlear implant surgery, the Alzet osmotic
pumps (model 2004; reservoir volume: 200 �l; flow rate 0.25 �l/h; Du-
rect) were filled with PBS containing 1% guinea pig serum (Sigma-
Aldrich) for NH and 14WD groups. For the BDNF-treated groups, 100
�g/ml BDNF (PeproTech) was added. Pumps were then incubated in
sterile PBS at 37°C until implantation. With a flow rate of 0.25 �l/h, the
total quantity of BDNF infused into the cochlea after 28 d was �17 �g.

Anesthesia was induced as described for deafening above; in addition,
0.05 mg/kg atropine was given by intramuscular injection to reduce
bronchial secretion. Click-evoked ABRs were recorded to confirm a suc-

cessful deafening procedure (i.e., threshold shift �50 dB) before initia-
tion of the implantation procedure.

The skull was exposed, and five transcranial screws (1.2 mm diameter)
were placed for eCAP stimulation and for eCAP and ABR recording
purposes. These screws were placed 2 cm anterior to bregma (ABR ref-
erence electrode); 1 cm posterior to bregma (ABR active electrode); 1 cm
to the left of bregma (eCAP recording reference electrode); and two
screws 1 cm to the right of bregma (ABR ground electrode and eCAP
stimulation reference electrode). An additional screw was positioned just
anterior to bregma for anchoring of the electrode array connector onto
the skull. Via a retro-auricular approach, the right bulla was opened to
gain access to the basal turn of the cochlea. Within 1 mm from the round
window, a 0.4 mm cochleostomy was drilled. The array/cannula was
inserted through the cochleostomy into the scala tympani �4 mm. The
array had a diameter of 0.3 mm at the tip and slightly tapered so that it
sealed off the cochleostomy; it consisted of two electrodes, located �0.5
and 2.1 mm from the tip, and a 75 �m diameter fluid outlet located in
between. To ensure proper functioning of the electrodes and correct
insertion of the array, electrode impedances were measured and eCAP
recordings were tested.

The opening in the bulla was closed with glass ionomer cement (GC
Fuji PLUS; GC), and the connector of the electrode array was fixed onto
the skull with polymer dental cement (ProBase Cold; Ivoclar Vivadent
AG). The eCAP reference electrodes were soldered to the designated
transcranial screws, which were then covered with dental cement. The
cannula, which passed through the connector, was filled with sterile PBS
(either with or without BDNF) before insertion into the cochlea; the flow
moderator of the osmotic pump was attached, and the pump was subse-
quently placed subcutaneously anterior to the left shoulder.

Removal of the osmotic pump. To ensure treatment cessation, the os-
motic pumps were surgically removed 4 weeks after implantation (Agter-
berg et al., 2009). Anesthesia was induced as described for deafening
above. After carefully removing the encapsulating tissue, the osmotic
pump was examined for signs of treatment failure (e.g., detachment of

A
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B C D

Figure 2. A, Schematic representation of the pulses used for eCAP recordings. In single-pulse paradigms, PD was 50 �s and IPG varied between 2.1 and 30 �s; in multiple-pulse paradigms, both
PD and IPG were 30 �s. Pulse polarity was alternated to reduce the stimulus artifact in the recording. B–D, eCAP examples for different current levels (percentage of maximum current level) for an
NH animal (B), a BDNF0 animal (C), and a 14WD animal (D). E, Example of an input– output function derived from the eCAP N1-P2 amplitude (filled circles). Solid line indicates the fitted Boltzmann
curve (see Eq. 1). Dashed lines indicate the eCAP characteristics that were derived from the Boltzmann equation.
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the cannula; opaque content of the cannula),
and subsequently removed. The open cannula
was tied off using nonabsorbable nylon sutures
(Ethilon; Ethicon) and fixed to the subcutis.
The remainder of the cannula had an estimated
volume of �4 �l, which means that, after ces-
sation of BDNF treatment, 0.4 �g BDNF re-
mained in the tied-off cannula. Following
Fick’s first law of diffusion, and given the dif-
fusion constant of BDNF (4.57 � 10 �7 cm 2

s �1) (Stroh et al., 2004), the amount of BDNF
that would diffuse through a 75-�m-diameter
cannula over �10 cm in 8 weeks’ time is in the
order of only 1 ng.

Surgical procedure for eCAP experiment. At
the end of the treatment period (Fig. 1), exten-
sive eCAP recordings were done. Preparations
for these recording sessions were done as has
been described previously (Ramekers et al.,
2014). In brief, anesthesia was initiated with
Hypnorm (Vetapharma; 0.5 ml/kg i.m.), fol-
lowed by a gas mixture of 2% isoflurane evap-
orated in O2 and N2O (1:2). Atropine (0.05
mg/kg) was given to reduce bronchial secre-
tion. The animals were then tracheostomized
and were artificially ventilated throughout the
recording session.

CAPs. For a detailed description of eCAP re-
cording settings and stimulation paradigms, we
refer to Ramekers et al. (2014) for single-pulse
and to Ramekers et al. (2015) for multiple-pulse
stimulation.

A shielded cable was used to connect the elec-
trode array and reference electrodes to a MED-EL
PULSARCI

100 cochlear implant (MED-EL). The
implant was controlled by a PC via a Research
Interface Box 2 (Department of Ion Physics and
Applied Physics, University of Innsbruck, Innsbruck, Austria) and a Na-
tional Instruments data acquisition card (PCI-6533, National Instruments).
Stimulation and recording paradigms, as well as data analysis scripts, were
created in MATLAB (version 7.11.0; The MathWorks).

Both stimulation and recording of eCAPs were done with monopolar
configuration; the most apical of the two intracochlear electrodes was
used for stimulation, and the most basal one for recording. Biphasic
current pulses were presented with alternating polarity to reduce stimu-
lation artifact, whereas recordings to a subthreshold stimulus were sub-
tracted to eliminate measurement onset artifacts.

Single-pulse paradigm. The phase duration (PD) of the current pulses
was 50 �s; the IPG was varied from 2.1 to 30 �s (Fig. 2A). Maximum
current levels were determined for each animal and each recording ses-
sion individually, based on saturation of the input– output curves, or in
some cases based on the maximum output level of the implant (6.1 V
in our setup), which could be the limiting factor in case of high
impedances. The maximum charge per phase was 23 nC on average
(range among animals: 14 –30 nC; mean range among groups: 21–24
nC). Ten current levels were applied in 10% steps of the thus deter-
mined maximum current level. The amplitude of the negative peak,
N1, was defined as the difference in voltage between the N1 and the P2

peak (first positive peak following N1; see Fig. 2B–D). Input– output
functions were fitted with a Boltzmann sigmoid, following Ramekers
et al. (2014):

VeCAP � A �
B

1 � e
�

I�C

D

, (1)

where V is amplitude in �V, I is stimulus current in �A, and A–D are
fitting parameters. R 2 was between 0.91 and 1 (0.99 on average). From
these parameters, several variables were derived (Fig. 2E): the maximum

N1 amplitude (defined by B); the current level required to attain 50% of
the maximum N1 amplitude (defined by C); the slope at C (defined by
B/4D); the threshold (defined by C-2D, the current level at which the
tangent to the curve at C crosses A); and the dynamic range (defined by
4D). The N1 peak latency, averaged over the three highest current levels,
was analyzed in addition to these input– output characteristics.

Multiple-pulse paradigms. Current levels for masker-probe and pulse
train stimulation were 10% (for artifact reduction) and 100% of the
previously defined maximum current level. Biphasic current pulses (30
�s PD and 30 �s IPG) were presented either in pulse pairs (masker-probe
stimulation) with variable masker-probe interval (MPI; 0.4 –16 ms in 18
steps) or in 100 ms pulse trains with variable interpulse interval (IPI;
0.4 –16 ms in 10 steps).

The responses to the last 10 pulses of the pulse train were recorded
individually; first the response after N pulses in a 100 ms pulse train was
recorded, then the responses after N-1 through N-9 pulses were sepa-
rately recorded. In Figure 3, examples of eCAP recordings from a
masker-probe paradigm (Fig. 3A) and from a pulse train paradigm (Fig.
3B) are shown for all used pulse intervals.

Thus obtained N1 amplitudes were normalized to the amplitude
obtained with a single pulse at maximum current level, for each ani-
mal and each recording session separately. Figure 4 shows examples of
normalized amplitudes for the last 10 pulses of the pulse train. Fourier
analysis of these 10 amplitudes yielded the average eCAP amplitude
(DC component; used for recovery function fitting) and the ampli-
tude of the oscillation around this average (AC component, i.e., am-
plitude of the most dominant frequency; used for eCAP amplitude
modulation analysis).

To assess the recovery function of the pulse train data, the amplitudes
versus pulse interval were fitted with a commonly used exponential func-
tion (e.g., Morsnowski et al., 2006; Botros and Psarros, 2010; Ramekers et
al., 2015) as follows:
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Figure 3. Examples of eCAPs recorded with multiple-pulse paradigms. A, Responses to the probe pulse in a masker-probe
paradigm at maximum current level for various MPIs in a NH animal. B, Responses to the last (N th) pulse of a 100 ms pulse train at
maximum current level for various IPIs in a BDNF0 animal.
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eCAP � A � � 1 � e
�

IPI�t0

� � , (2)

where eCAP is the normalized eCAP amplitude for a given interpulse
interval IPI, A is the maximum eCAP amplitude evoked by a probe pulse
after a sufficiently long IPI (comparable to a single-pulse-evoked eCAP),
� is the recovery time constant, and t0 is the absolute refractory period.

In accordance with previous findings (Ramekers et al., 2015), masker-
probe recovery functions deviated from this conventional recovery func-
tion as they displayed a nonmonotonic or shoulder-shaped course (Fig.
5A). We therefore used a two-component exponential function to de-
scribe masker-probe recovery as follows:

eCAP � A � � 1 � c � e
�

MPI�t0

�A � � � 1 � e
�

MPI�t0

�B � , (3)

where eCAP is the normalized eCAP amplitude evoked by the probe for a
given masker-probe interval MPI, A is the maximum eCAP amplitude
evoked by a probe pulse after a sufficiently long MPI, c is a dimensionless
constant defining the ratio between the two exponential components, �A

is the recovery time constant of the first exponential, �B is the recovery
time constant of the second exponential, and t0 is the absolute refractory
period.

Histology. After completion of the final eCAP recording session, all
animals were killed, and both their right implanted and left nonim-
planted cochleas were harvested. Processing and analysis were largely
performed as previously described (van Loon et al., 2013). After intral-

abyrinthine fixation and decalcification, three semithin (1 �m) midmo-
diolar sections were cut from each cochlea at 60 �m intervals and stained
with 1% methylene blue, 1% azur B, and 1% borax in distilled water.

Using a Leica DC300F digital camera mounted on a Leica DMRA light
microscope and a 40� oil-immersion objective (Leica Microsystems),
micrographs of each transection of Rosenthal’s canal (2 basal, 2 middle,
and 3 apical transections), as well as the organ of Corti were obtained.
Within each transection of Rosenthal’s canal, the number of Type I and
Type II SGCs was counted and packing density was averaged across all
three sections. In two of the three sections, the average perikaryal area
was determined for Type I SGCs with a visible nucleus using ImageJ
(version 1.42q; National Institutes of Health). Subsequently, both pack-
ing density and perikaryal area were first averaged to obtain one value per
cochlear location (base, middle, and apex); these were then averaged to
obtain a single value per cochlea. Because the likelihood of detecting an
individual SGC depends on its perikaryal size, the average packing den-
sity was corrected for perikaryal size as previously described (Coggeshall
and Lekan, 1996; van Loon et al., 2013). Hair cell presence was sampled in
midmodiolar sections (Versnel et al., 2007). Hair cell counts included
hair cells with a nucleus, a cilia bundle, or a clear cochlear hair-cell-like
outline.

Statistical analysis. Differences in ABR threshold shifts were evaluated
with a one-way ANOVA (for differences among animal groups) or a
paired-samples Student’s t test (within NH animals after implantation).
Changes in SGC packing density and perikaryal area after implantation,
ototoxic treatment, or BDNF treatment were assessed with one-way
ANOVA or Student’s t test; the Bonferroni correction was applied in case
of post hoc multiple comparison. The differences in SGC packing density
in BDNF-treated animals for the three cochlear locations separately were
assessed using linear mixed-model analysis with cochlear location as co-
variate and time after deafening as factor, under the assumption of com-
pound symmetry. For this analysis, cochlear location was defined as the
distance from the round window, relative to the length of the basilar
membrane (e.g., first basal turn: 0.21; helicotrema: 1.0).

Differences in absolute values of single-pulse eCAP characteristics
(input– output characteristics and latency) were assessed with repeated-
measures ANOVA, using IPG as repeats, and for time points t � 6 (end of
BDNF treatment) and t � 14 (endpoint for groups BDNF8, NH, and
14WD) separately. The differential effect of IPG increase on eCAP char-
acteristics among groups was evaluated with one-way ANOVA for time
points t � 6 and t � 14 separately. To assess the longitudinal effect of
implantation on eCAP characteristics, a linear mixed model was used
with IPG as covariate and time (immediately upon implantation and
after osmotic pump removal) as factor; for this analysis, only the NH
eCAPs were used, so that neither deafening nor BDNF treatment con-
founded the data.

Differences in multiple-pulse eCAP characteristics (recovery and
eCAP amplitude modulation) among groups were assessed with one-way
ANOVA and post hoc multiple comparison with Bonferroni correction.

Linear regression was used to evaluate the relation between eCAP
measures and SGC packing density in NH and 14WD animals. Using this
linear relation, we predicted the eCAP measures for the average packing
densities found for each of the BDNF treatment groups. The deviation
between measured and predicted values in the BDNF-treated animals
was analyzed using Student’s t tests. The SD of the predicted values was
estimated by the residuals of the regression analysis.

All statistical tests were performed with SPSS version 20.0 for Win-
dows (IBM).

Results
Effect of deafening
A paired-samples Student’s t test showed that there were no dif-
ferences in hair cell counts between BDNF-treated and contralat-
eral untreated ears (inner hair cells: t(23) � 1.0; p � 0.33; outer
hair cells: t(23) � 0.28; p � 0.78). Hair cell counts from both ears
were therefore averaged. In the NH group, 100% inner hair cells
and 98% outer hair cells were present on average. For the deaf-
ened animal groups, between 0% and 2.2% of inner hair cells and
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Figure 4. eCAP amplitudes plotted for the last 10 pulses of pulse trains with different IPIs at
maximum current level for the following: A, an NH animal; B, a BDNF0 animal; and C, a 14WD
animal.
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between 0% and 13% of outer hair cells
had survived. Differences in outer hair cell
presence among the deafened groups were
statistically significant [one-way ANOVA;
F(3,26) � 6.3; p � 0.002; post hoc multiple
comparison with Bonferroni correction
showed that differences between BDNF0
and BDNF8 (p � 0.002) and between
BDNF0 and 14WD (p � 0.023) were statis-
tically significant]. Because there were no
differences in outer hair cell presence be-
tween BDNF8 and 14WD, outer hair cell
survival was most likely related to time after
deafening, rather than to BDNF or control
treatment.

Click-evoked ABR threshold shifts 2
weeks after the ototoxic treatment were 81
dB on average (range, 59 – 89 dB). In case
the ABR threshold could not be reached
with the maximum click level (�105 dB
peSPL), the threshold shift was defined as
the difference between the ABR threshold
before deafening and the maximum click
level. These threshold shifts did not significantly differ among the
deafened groups (one-way ANOVA; F(3,29) � 0.64, p � 0.59).
Additional ABR recordings during the final eCAP recording ses-
sion (6 –14 weeks after deafening) did not show any further
changes of the ABR threshold.

Effect of implantation
In all implanted ears (regardless of treatment), fibrosis or ossifi-
cation was regularly observed in the scala tympani around the
electrode array. A significant 10 dB ABR threshold shift (from 28
to 38 dB peSPL) was observed for the NH animals’ right im-
planted ears (paired-samples Student’s t test; t(5) � 2.8, p � 0.02),
which was most likely caused by direct insertion-induced trauma
to the organ of Corti or by the secondary fibrous tissue growth
around the electrode array in the scala tympani.

Assessment of successful BDNF treatment and
eCAP recordings
Four weeks after cochlear implantation and onset of the treat-
ment (termination of the BDNF0 group; pump removal for the
other groups), the connection of the cannula to the osmotic
pump was examined. In one BDNF8 animal, the cannula was
disconnected from the pump at this time point, and failure of
BDNF treatment was confirmed with histological analysis after
termination 8 weeks later: the SGC packing density was similar to
that of 14WD animals. In a second BDNF8 animal, the cannula
was partly ruptured at the flow moderator of the osmotic pump.
As with the previous case, the SGC packing density of this animal
was indistinguishable from that of 14WD animals. SGC packing
densities from both animals were identified as statistical outliers
in the BDNF8 group by SPSS, and both animals were hence ex-
cluded from further analysis.

Of the 38 animals that received treatment as planned, useful
eCAPs could be recorded in all except for one BDNF0 animal
because the eCAP threshold for this animal was unusually high
(i.e., near the maximum output voltage of the stimulator). Single-
pulse and masker-probe data presented here are obtained from
the remaining 37 animals (NH, N � 6; 14WD, N � 6; BDNF0,
N � 8; BDNF4, N � 10; BDNF8, N � 7). Finally, reliable eCAPs
in response to pulse trains could not be obtained in two BDNF0

animals and one BDNF4 animal because in these animals pulse
train stimulation gave exceptionally large stimulation artifacts,
which obscured the N1 peak. Pulse train data are therefore pre-
sented for 34 animals.

Light micrographs of Rosenthal’s canal
In Figure 6, representative examples of transections of
Rosenthal’s canal in the upper basal turn are shown. SGCs in
an NH cochlea are typically densely packed (Fig. 6A); 6 weeks
after deafening, substantial SGC loss was observed and the
remaining cells appear smaller, as exemplified by the left un-
treated ear of a BDNF0 animal (Fig. 6B). Four week treatment
with BDNF of the right ear in the same BDNF0 animal showed
enhanced survival of SGCs and an increase in cell size (Fig.
6C). Fourteen weeks after deafening, SGCs in an untreated
cochlea (14WD) had degenerated further (Fig. 6D) relative to
the 6WD condition (Fig. 6B). The effect of BDNF 8 weeks after
cessation of the treatment is still evident (Fig. 6E), showing
many more cells than in the untreated ear. Compared with the
condition immediately after the end of the treatment period
(Fig. 6C), the cell size was clearly reduced.

SGC packing density
In Figure 7, quantified SGC packing densities across all co-
chlear sections are shown in group averages as a function of
time after deafening. In addition to the implanted/treated
right and contralateral left ears from the present study, data of
the right ears of three groups from a previous study (Ramekers
et al., 2014) are shown in this figure. The guinea pigs in these
groups were acutely implanted and did not receive any neu-
rotrophic treatment. The first of these three groups consists of
six normal-hearing animals represented by the blue circle at
time point t � 0. The second consists of five 2 weeks deaf
(2WD) animals denoted by the black triangle at t � 2, the time
point at which the animals in the present study were implanted
and the BDNF treatment started. The third group contains six
6 weeks deaf animals (6WD) and is denoted by the black tri-
angle at t � 6. The remaining data points are the implanted
right ears (solid lines; filled symbols) and untreated contralat-
eral ears (dashed lines; open symbols) from the present study.
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There were no statistically significant differences among the
three groups of normal-hearing ears (one-way ANOVA; F(2,15) �
0.75; p � 0.49), indicating that neither cochlear implantation nor
infusion of PBS into the cochlea had any effect on the number of
SGCs. SGC degeneration (black lines) was previously shown to be
significant in the three acutely implanted groups (Ramekers et al.,
2014); here, it persisted beyond these 6 weeks as demonstrated by
the 14WD group [Student’s t test: 6WD-14WD (right ears only);
t(10) � 2.6; p � 0.014]. Progressive SGC degeneration was suc-
cessfully abolished during the 4 week treatment with BDNF (SGC
packing density in BDNF0 animals virtually identical to that in
2WD animals, and 1.9 times that in 6WD animals). Remarkably,
SGC degeneration did not recommence 4 or 8 weeks after cessa-

tion of the BDNF treatment (SGC packing density in BDNF8
animals on average 2.6 times that in 14WD animals). For a more
detailed examination, the SGC packing density for the BDNF-
treated ears is shown for the three cochlear locations separately in
Figure 7 (inset). There appeared to be location-dependent sur-
vival of SGCs after BDNF treatment: whereas the packing density
in the basal region did not decrease after treatment cessation, it
did slightly decrease from week 10 to 14 in the middle region, and
apical SGCs appeared to be largely unaffected by the treatment
even during the 4 week treatment period itself. Linear mixed-
model analysis using cochlear location as covariate and time after
deafening as factor (groups 2WD, BDNF0, BDNF4, and BDNF8)
showed that the course of SGC packing density over time (i.e.,

Figure 6. Examples of transections of Rosenthal’s canal (upper basal turn) containing the SGCs in the following: A, an NH animal (right implanted cochlea); B, a BDNF0 animal (left untreated
cochlea); C, the same BDNF0 animal (right implanted/BDNF-treated cochlea); D, a 14WD animal (right implanted cochlea); and E, a BDNF8 animal (right implanted/BDNF-treated cochlea).
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among groups) was indeed dependent
on cochlear location (interaction effect
time � location; F(3,54) � 6.9; p � 0.001),
whereas neither time after deafening nor
location showed a clear significant main
effect (location: F(1,54) � 2.6; p � 0.12;
time: F(3,37) � 2.8; p � 0.052).

As expected, the SGC packing density
of the unimplanted left ears of the deaf-
ened animals (BDNF0, BDNF4, BDNF8,
14WD; dashed lines) was similar to the
implanted right ears of the deafened un-
treated animals (black solid lines). The
somewhat larger difference between the
left ears of the BDNF8 animals and both
ears of the 14WD animals at t � 14 was not
statistically significant (one-way ANOVA;
F(2,16) � 2.7; p � 0.09).

SGC mean perikaryal area
Group averages of mean SGC perikaryal
area are shown as a function of time after
deafening in Figure 8. PBS infusion and
chronic cochlear implantation did not affect
SGC size in the NH animals (one-way
ANOVA; F(2,15) � 0.75; p � 0.49). As for
SGC packing density in Figure 7, previously
obtained data on the initial decrease in cell
size 2 and 6 weeks after deafening (2WD and
6WD) are shown in Figure 8. Compared
with 6WD animals and the untreated left
ears of the BDNF8 animals, mean perikaryal
area appeared to be larger for both ears of
the 14WD animals; differences were, how-
ever, not statistically significant (one-way ANOVA with groups
6WD, 14WD, and BDNF8 left ears; F(2,21) � 2.8; p � 0.083).

BDNF treatment and subsequent treatment cessation did in-
fluence mean perikaryal area: immediately after treatment, cells
were much larger (by �18% relative to the start of treatment),
and 4 and 8 weeks later, the cells again had a size similar to that
seen at the start of treatment. These effects were significant (one-
way ANOVA with groups 2WD, BDNF0, BDNF4, and BDNF8;
F(3,26) � 5.3; p � 0.005; post hoc multiple comparison with Bon-
ferroni correction yielded significant differences between BDNF0
and BDNF4 (p � 0.018) and between BDNF0 and BDNF8 (p �
0.009)). No significant differences among treated and untreated
ears were found after treatment cessation (one-way ANOVA;
F(3,31) � 1.4; p � 0.27).

Distributions of SGC perikaryal area
To assess the effects of deafening, BDNF treatment, and subse-
quent treatment cessation on cell size in more detail, the per-
ikaryal areas of individual SGCs are shown in histograms in
Figure 9. The main observation is that the apparent normal dis-
tribution of cell sizes in NH animals persists after deafening and is
shifted toward the left. This notion implies that after deafening all
SGCs become smaller (probably as a result of loss of neurotrophic
support), rather than that a divergence emerges between the
�25% cells that survive 14 weeks after deafening and those that
degenerate during this period. BDNF-treated cells were notice-
ably larger than untreated deaf or NH animals, but mainly in the
basal part of the cochlea. Although the distribution was some-
what skewed, there was no sign of bimodality of the distribution.

Finally, after cessation of the BDNF treatment, the mean cell size
gradually decreased, approximating that of 14WD animals, and a
normal distribution was preserved in these animals as well.

Single-pulse eCAP recordings
Examples of eCAP recordings to various current levels are shown
for an NH animal, a BDNF0 animal, and a 14WD animal in Figure
2B–D. Resulting input– output functions were fitted with a Boltz-
mann sigmoidal curve (Eq. 1; Fig. 2E). Group averages of the
input– output characteristics thus obtained are shown in Figure
10. Because single-pulse eCAPs were recorded at three time
points during the experimental period (after implantation, after
pump removal, and, depending on the treatment schedule, 4 or 8
weeks later), the data shown in Figure 10 are partly pooled across
groups. First, eCAP recordings from all deafened animals are
grouped together for the recording session immediately follow-
ing implantation; second, eCAPs from all BDNF-treated animals
at the end of the treatment period (final recording session for
BDNF0; pump removal for BDNF4 and BDNF8 animals) are
pooled. In addition, for various reasons, eCAP recordings imme-
diately postoperatively were not possible in some animals, so that
the number of animals per group for these sessions deviates from
those in the final recording session (see figure legend).

Early effects of chronic implantation were assessed for NH
animals by comparing eCAPs recorded immediately after im-
plantation with those obtained after removal of the osmotic
pump 4 weeks later. Linear mixed-model analysis, treating time
as factor and IPG as covariate, showed statistically significant
decreases in threshold (Figure 10G,H; F(6.8,1) � 9.8; p � 0.017),
level50% (Figure 10M,N; F(8.1,1) � 11; p � 0.010), and latency
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Figure 7. Group averages of SGC numerical packing density as a function of time after deafening. Filled symbols connected with
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(Figure 10P,Q; F(7.3,1) � 45; p � 0.001); amplitude, slope, and
dynamic range did not change significantly (for all three: p �
0.5).

Differences in absolute eCAP characteristics among groups
were evaluated for time points t � 6 and t � 14 separately, treat-
ing IPG as repeats in repeated-measures ANOVA (Table 1).
Significant differences among groups were found for all charac-
teristics except for threshold. In general, the differences were
largest between NH and untreated deafened animals (Fig. 10).
Amplitude and slope were larger for NH animals than for the
deafened animals, dynamic range and level50% were larger for
deafened than for NH animals, and latencies were longer for NH
than for deafened animals. For time point t � 14, the differences
were often more pronounced than for t � 6 (Table 1). A highly
significant main effect of IPG was found for all eCAP character-
istics for both time points: increasing the IPG resulted in an in-
crease in amplitude, slope, dynamic range, and latency, and a
decrease in threshold and level50%.

For all six eCAP characteristics, the change as a result of IPG
increase from 2.1 to 30 �s is shown in Figure 10 (right-hand col-
umn). Differences in the magnitude of this change among groups
(similar to the interaction effect IPG � group in the aforementioned
repeated-measures ANOVA) were assessed with one-way ANOVA,
the results of which are shown in Table 2. Subtle but consistent
differences among groups were found for amplitude (Fig. 10C) and
latency (Fig. 10R) at t � 14, and for level50% (Fig. 10O) for both time
points. Importantly, examining these four particular differences,
one observes that there were no differences in the IPG effect between
NH and BDNF-treated animals, whereas these two groups signifi-
cantly deviated from untreated deaf animals (post hoc multiple com-
parison with Bonferroni correction; Table 2). The IPG effect did not

change after cessation of the BDNF treat-
ment for any of the eCAP characteristics
(one-way ANOVA with groups BDNF0,
BDNF4, and BDNF8; p � 0.12).

Masker-probe recovery functions
eCAP waveforms in response to a probe
stimulus in a masker-probe paradigm are
exemplified for an NH animal in Figure 3A
(presented previously in Materials and
Methods). The eCAP amplitude gradually
decreased with decreasing MPI, until it dis-
appeared altogether for the shortest MPI
used (0.3 ms). Recovery functions were con-
structed from these eCAP amplitudes.

For three individual animals, masker-
probe recovery functions are shown in Fig-
ure 5A. For the NH and BDNF0 animals, a
peak is present for MPIs �1 ms, giving the
recovery function a nonmonotonic appear-
ance, and the curve of the 14WD animal
shows a shoulder �1 ms. Fitting of these
data was therefore done with a two-
component exponential function (Eq. 3), of
which the first exponential described the
peak �1 ms MPI, and the second described
the (slower) recovery, reaching saturation
for an MPI of �8 ms. Corresponding fits are
plotted as solid lines in the figure.

The average R 2 for masker-probe re-
covery function fitting was 0.96. Group
averages of the four parameters derived

from the fitted exponential function are depicted in Figure 11.
The absolute refractory period t0 was �0.5 ms for NH animals,
which was significantly shorter than that for the 14WD and
BDNF4 animals (�0.6 ms) (one-way ANOVA; F(4,31) � 3.4; p �
0.022; post hoc multiple comparison with Bonferroni correction:
NH-14WD, p � 0.048; NH-BDNF4, p � 0.036). Recovery time
constant �B was �0.5 ms faster for BDNF0 animals than for NH
or 14WD animals, and faster for BDNF4 animals than for NH
animals (one-way ANOVA; F(4,31) � 6.1; p � 0.001; post hoc
multiple comparison with Bonferroni correction: NH-BDNF0,
p � 0.003; NH-BDNF4, p � 0.014; 14WD-BDNF0, p � 0.024).
Adding t0 and �B yields a single measure for recovery. This mea-
sure still varied significantly among groups, but effects of t0 and
�B were partly cancelled (one-way ANOVA; F(4,31) � 3.9; p �
0.011; post hoc multiple comparison with Bonferroni correction:
14WD-BDNF0: p � 0.019).

The facilitation component of Equation 3, describing the peak
�1 ms MPI, was defined by facilitation constant c (defining the
amplitude) and time constant �A. There were no statistically signifi-
cant differences in c among groups (one-way ANOVA; F(4,31) � 1.0;
p � 0.42). Time constant �A was shorter for 14WD, BDNF0, and
BDNF4 animals than for NH animals by �0.2 ms (one-way
ANOVA; F(4,31) � 5.0; p � 0.003; post hoc multiple comparison with
Bonferroni correction: NH-14WD, p � 0.007; NH-BDNF0, p �
0.023; NH-BDNF4, p � 0.004).

Pulse train responses
Figure 3B shows examples of eCAP recordings to the last (N th)
pulse of 100 ms pulse trains with different IPIs (presented previ-
ously in Materials and Methods). As for the masker-probe exam-
ple in Figure 3A, the eCAP amplitude decreased with shorter
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pulse intervals, but this decrease was typically much faster for
pulse trains than for masker-probe stimulation. The eCAP am-
plitudes for the last 10 pulses of pulse trains with different IPIs are
plotted in Figure 4 for an NH, a BDNF0, and a 14WD animal.
Although the amplitude decreased with higher pulse rates, the
amplitudes of the last 10 pulses were relatively stable over pulse
number. For the 14WD animal, an oscillating pattern emerged at
high pulse rates (Fig. 4C).

Pulse train recovery functions for three individual animals are
shown in Figure 5B. The fitted exponential function (Eq. 2) is
shown in solid lines. Compared with the masker-probe recovery
functions in Figure 5A, these functions clearly show slower recov-
ery. Furthermore, their course could be well described using the
single exponential fit.

Pulse train recovery function fitting yielded recovery charac-
teristics t0 (absolute refractory period) and � (recovery time con-

Figure 9. Distributions of SGCs according to their perikaryal area in 20 �m 2 bins pooled across animals and plotted for three cochlear locations (columns) and for all animal groups (rows). Each
histogram is plotted such that its total area represents 100% of all constituting cells. All cells that were included in the averages in Figure 8 are used in these histograms: NH histograms contain cells
from both ears from the NH group from the present study, and additionally from the right ears of 6 NH animals from a previous study (Ramekers et al., 2014); the 6WD histograms contain cells from
the left untreated ears from BDNF0 animals and from 6 6WD animals from the previous study; the 10WD data are formed by left untreated ears of BDNF4 animals; the 14WD data represent a combined
pool from both ears from 14WD animals and the untreated left ears from BDNF8 animals. The number of cells and the number of animals from which these derived are shown in each respective plot.
Dashed line indicates the mean SGC perikaryal area in NH cochleas, for each cochlear location separately.
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stant). Group averages of these characteristics are plotted in
Figure 12, showing noticeably longer time constants compared
with those obtained with the masker-probe paradigm (t0 and �B).
The BDNF-treated animals had longer t0 than the other groups by
0.5– 0.8 ms, which was statistically significant for BDNF0 and
BDNF4 animals versus 14WD animals (one-way ANOVA; F(4,29)

� 5.0; p � 0.004; post hoc multiple comparison with Bonferroni
correction: 14WD-BDNF0, p � 0.006; 14WD-BDNF4, p �
0.014). No significant differences were found for � (one-way
ANOVA; F(4,29) � 1.9; p � 0.14). The combined measure t0 � �
varied significantly among groups, quite similarly to t0 by itself
(one-way ANOVA; F(4,29) � 3.4; p � 0.021; post hoc multiple
comparison with Bonferroni correction: 14WD-BDNF0: p �
0.033).

eCAP amplitude modulation
For the 14WD animal in Figure 4C, the amplitude displayed an
alternating pattern for responses to high-rate pulse trains. In Fig-

ure 12C, group averages of this eCAP amplitude modulation are
depicted as percentage of the maximum eCAP amplitude. Am-
plitude modulation was significantly larger for 14WD than for
NH animals, although overall differences among groups were not
statistically significant (one-way ANOVA; F(4,29) � 2.4; p � 0.07;
post hoc multiple comparison with Bonferroni correction: NH-
14WD, p � 0.02).

eCAP characteristics in relation to SGC packing density
Single-pulse eCAP characteristics for which the IPG effect was
significantly different among groups (amplitude, level50%, and
latency; see Fig. 10; Table 2) were evaluated with respect to their
relation to SGC packing density. In addition, the relation be-
tween eCAP amplitude modulation and SGC packing density was
assessed (Fig. 13). There was a significant correlation between
each of these four functional measures and SGC packing density
for the NH and 14WD (i.e., untreated) groups. Except for ampli-
tude (Fig. 13A, dashed lines), these correlations were highly sim-
ilar to those found for acutely implanted animals (Ramekers et
al., 2014, 2015). Overall, the BDNF-treated groups are located in
close proximity to the regression lines. Importantly, however, for
level50% (Fig. 13B), these groups were clearly below the regression
line (unpaired Student’s t test; BDNF0: p � 0.02; BDNF4: p �
0.06; BDNF8: p � 0.001), suggesting that the SGC function of
BDNF-treated SGCs is more similar to that of healthy SGCs in
NH animals than their respective SGC packing densities would
imply.

Discussion
Sustained SGC survival after treatment cessation
This study confirmed that SGC degeneration was averted during
BDNF treatment, as demonstrated in numerous studies per-
formed with several neurotrophic factors, including BDNF (for
review, see Ramekers et al., 2012). Strikingly, no significant loss of
SGCs was observed up to 8 weeks after treatment cessation, which
strengthens previous findings showing sustained preservation of
SGCs several weeks after cessation of treatment with BDNF or
GDNF (Maruyama et al., 2008; Agterberg et al., 2009; Fransson et

4

(Figure legend continued.) diverge into BDNF-treated (BDNF0, BDNF4, and BDNF8) and un-
treated animals (14WD) at t � 6. Data points at time points after t � 6 represent data from
separate (unmixed) groups. Summaries of the statistical analysis of these data are shown in
Tables 1 and 2. Gray bars represent the BDNF or control treatment period. Error bars indicate
SEM. NH: N � 5 at t � 2 and t � 6, N � 6 at t � 14; untreated: N � 19 at t � 2, N � 5 at t �
6, N � 6 at t � 14; BDNF-treated: N � 16 at t � 6, N � 10 at t � 10, N � 7 at t � 14.
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Table 1. Results from repeated-measures ANOVA, applied separately for each eCAP
characteristic, and for time points t � 6 and t � 14a

IPG Group

Time (weeks) F p F p

Amplitude 6 50 �0.001 0.57 0.58
14 36 �0.001 14 �0.001

Slope 6 9.8 0.005 2.4 0.11
14 38 �0.001 12 �0.001

Threshold 6 113 �0.001 1.3 0.30
14 78 �0.001 3.3 0.064

Dynamic range 6 15 �0.001 4.8 0.019
14 15 0.001 0.40 0.68

Level50% 6 57 �0.001 3.0 0.068
14 71 �0.001 4.4 0.030

Latency 6 14 �0.001 6.2 0.007
14 79 �0.001 9.8 0.003

aDegrees of freedom for IPG (between): 1; for group (between): 2; degrees of freedom (within) at t � 6: 23; at t �
14: 16.

Table 2. Results from one-way ANOVA testing eCAP differences with IPG among
groups, applied separately for each eCAP characteristic, and for time points t � 6
and t � 14a

Group Multiple comparison ( p)

Time (weeks) F p NH-BDNF0 NH-deaf BDNF0-deaf

Amplitude 6 0.51 0.61 1.0 0.97 1.0
14 15 �0.001 0.42 �0.001 0.003

Slope 6 0.83 0.45 1.0 1.0 0.64
14 0.69 0.52 1.0 1.0 0.84

Threshold 6 0.56 0.58 1.0 1.0 1.0
14 0.64 0.54 0.92 1.0 1.0

Dynamic range 6 0.75 0.49 1.0 0.72 1.0
14 2.8 0.091 1.0 0.12 0.28

Level50% 6 5.1 0.014 1.0 0.044 0.017
14 12 �0.001 1.0 0.005 �0.001

Latency 6 2.3 0.13 0.60 0.13 0.62
14 9.1 0.003 1.0 0.005 0.006

aDegrees of freedom for group (between): 2; degrees of freedom (within) at t � 6: 23; at t � 14: 16.
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al., 2010). Since Gillespie et al. (2003) reported SGC degeneration
after treatment cessation in the absence of electrical stimulation,
Agterberg et al. (2009) suggested that electrical stimulation of
SGCs as performed during weekly eABR recordings in all three
aforementioned studies may have been sufficiently neurotrophic.
The present findings, however, reject this notion, because electri-
cal stimulation during BDNF treatment was limited to 5 min, and
electrical stimulation after treatment was applied immediately
before death. The continued survival of SGCs may involve the
establishment of an autocrine neurotrophic mechanism (Rame-
kers et al., 2012). Autocrine BDNF signaling has been shown to
mediate growth and survival of mature neurons (Davies and
Wright, 1995) and pituitary melanotrope cells (Kuribara et al.,
2011).

A cochleotopic gradient in SGC survival emerged after treatment
cessation (Fig. 7), which has been reported repeatedly (e.g., van Loon
et al., 2013). An intuitive explanation for this gradient is that BDNF

was infused from the cochlear base, causing
a perilymphatic concentration gradient.
However, this should not lead to lower sur-
vival in the apical region because endoge-
nous BDNF levels in normal-hearing guinea
pigs are �10 pg/ml (Ito et al., 2005). More-
over, infusion with very low BDNF concen-
trations (50 ng/ml) may be effective (Miller
et al., 1997). A more likely explanation fol-
lows from cochleotopic gradients in neu-
rotrophic signaling in the healthy mature
cochlea: expression levels of NT-3 are high-
est in the apex, whereas BDNF expression is
thought to be higher in the cochlear base
(Davis, 2003). Administration of exogenous
BDNF will therefore have a more pro-
nounced effect basally than apically. This
notion is supported by the absence of a sur-
vival gradient when BDNF is coadminis-
tered with NT-3 (Wise et al., 2005) or with
fibroblast growth factor (Glueckert et al.,
2008), and by the finding that BDNF pro-
tects basal SGCs more potently than NT-3
does (Miller et al., 1997).

Because BDNF was infused through the
electrode array, complete removal of the
source of BDNF after the 4 week treatment
was not possible. The small quantity that
still remained in the cannula may therefore
have contributed to the sustained survival of
SGCs. However, of this small quantity, only
a fraction would have diffused into the co-
chlea (see Materials and Methods), and its
contribution to the strong sustained sur-
vival may be considered negligible.

SGC size
Immediately after BDNF treatment, SGCs
were larger than normal as commonly re-
ported (e.g., Agterberg et al., 2008). Subse-
quently, in contrast to the stabilized SGC
packing density, the cells shrank after treat-
ment cessation, as also observed by Agter-
berg et al. (2009). The opposing responses in
terms of number (Fig. 7) and size (Fig. 8) to
treatment, and discontinuation thereof,

strongly imply two separate mechanisms of action. This notion is
supported by studies using GDNF, which have shown SGC preser-
vation while the cell size was not affected (Scheper et al., 2009; Frans-
son et al., 2010). The fact that SGCs in the entire population become
smaller, whereas only a minority is lost with each time point after
deafening (Fig. 9), also favors the existence of two separate mecha-
nisms (van Loon et al., 2013).

Effect of BDNF on eCAP measures
We examined a wide variety of eCAP-derived variables to address
the crucial question how the auditory nerve, successfully pro-
tected by BDNF, responds to electrical stimulation. Changes in
eCAPs with varying IPG or with varying IPIs had been shown to
correlate with neural survival (Prado-Guitierrez et al., 2006;
Ramekers et al., 2014, 2015). In four measures, these correlations
were clearly confirmed by the control data of the present study
(Fig. 13). For each of these measures, the BDNF-treated nerves,
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regardless of time interval after treatment cessation, functioned
as expected based on SGC packing density. Thus, along with
preserving the SGCs, BDNF treatment preserved their respon-
siveness, and cessation of treatment did trigger neither degener-
ation nor deterioration of responsiveness.

In case of the IPG-difference measure of level50% (Fig. 13B), the
responses were even normal-like, suggesting improvement of re-
sponsiveness. A possible mechanism by which BDNF might cause
changes in SGC function is modulation of voltage-gated ion channel
expression, distribution, and activity. In in vitro experiments, Adam-
son et al. (2002) showed that redistribution of ion channels causes
basal SGCs to exhibit apical firing properties (sustained firing) after
NT-3 treatment and apical SGCs to display basal firing properties
(phasic firing) after BDNF treatment. It is therefore possible that the
eCAP changes we observed in BDNF-treated cochleas reflected a
more “basal” composition of the SGC population. It remains to be
investigated which response property (sustained vs phasic) is op-
timal for electrical stimulation of SGCs and, correspondingly,
which neurotrophin would be most suited to apply. Alterna-
tively, it might be crucial to preserve the natural base-to-apex
gradient in firing properties by coadministration of BDNF and
NT-3 (Needham et al., 2012).

Because sound encoding with CIs depends on high-rate stimula-
tion, a vital prerequisite for clinical application of BDNF is a limited
effect on temporal response properties of the auditory nerve. When
stimulated by pulse trains, BDNF-treated ears tend to recover more
slowly than untreated control ears (Figs. 5B, 12). Importantly, the
recovery improved toward normal values after treatment cessation.
The transient BDNF-induced increase in SGC size may initially af-
fect temporal responsiveness because membrane capacitance is lin-
early related to soma diameter (Limón et al., 2005). Additionally,
because BDNF treatment causes apical neurons to change from con-
tinuously firing to rapidly adapting under constant depolarization
(Adamson et al., 2002), slower recovery arguably is a logical conse-
quence of BDNF treatment.

Consistent with previous findings (Ramekers et al., 2015), recov-
ery functions for masker-probe stimulation were nonmonotonic or
shoulder-shaped for all animals (Figs. 5A, 11). Thus, BDNF did not
fundamentally change the complex recovery dynamics. A possible
mechanism underlying the increased eCAP amplitude for MPIs �1
ms is a temporary increase in firing probability following recovery
from refraction due to hyperpolarization-activated currents (Rame-
kers et al., 2015).

Relative eCAP measures to assess neural responsiveness
Following implantation, various absolute measures (threshold,
level50%, and latency) changed (Fig. 10). The mechanism under-
lying the substantial latency decrease after implantation is un-
clear. Changes in excitability, however (threshold and level50%),
can be attributed to tissue growth. The threshold decrease agrees
with previous reports in guinea pigs (Agterberg et al., 2009, 2010;
Havenith et al., 2011, 2015) and human CI recipients (Hughes et
al., 2001; Spivak et al., 2011). Importantly, corresponding relative
measures (IPG effect) changed to a lesser extent after implanta-
tion. Hence, measures obtained with IPG variation are better
suited to assess neural responsiveness because these are largely
independent of implantation effects.

Conclusion
Until recently, the necessity of SGC preservation to ensure good
CI performance was subject to debate, as CI performance had not
been shown to be better with larger numbers of surviving SGCs
(Nadol et al., 2001; Khan et al., 2005; Fayad and Linthicum,

2006). Recently, however, Seyyedi et al. (2014) found a strong
positive correlation based on SGC counts and word recognition
scores from both ears in bilaterally implanted patients. This find-
ing indicates that, when higher-level processing necessary for
speech perception is cancelled out, the ear that has the most SGCs
systematically has better CI performance.

We have shown that brief treatment with BDNF protects
SGCs for a period of time that well exceeds the treatment period
itself. We argue that a specific self-sustaining mechanism, possi-
bly an autocrine neurotrophic loop, is triggered by the exogenous
BDNF. Functional properties of the SGC population are largely
preserved as well, without any indication of the BDNF effect wearing
off after treatment cessation. Although it remains to be investigated
whether neurotrophin treatment is indeed beneficial for CI perfor-
mance in humans, the present findings have shown it to be clinically
practicable because temporary treatment is sufficient for long-
lasting effects. Temporary administration of neurotrophic factors to
the human cochlea has lower risk of infection or neoplasia and is
undoubtedly easier to achieve than chronic supply. Instead of os-
motic pumps, gelfoam, which can carry a similar dosage as in the
current study (20 �g), would be suitable as vehicle (Havenith et al.,
2011, 2015). Finally, whereas chronic delivery may cause excessive
sprouting of SGC peripheral processes, possibly deteriorating spatial
selectivity of CIs (however, see Landry et al., 2013), temporary treat-
ment will not give this problem because ectopic fibers retract as soon
as the neurotrophin source is removed.

Because there is no reason to assume that the long-lasting effect of
temporary neurotrophin treatment on both survival and function is
restricted to cochlear neurons, the present findings may be valuable
for treatment strategies in relation to other neurodegenerative dis-
eases, which involve spatially restricted neuronal loss.

References
Adamson CL, Reid MA, Davis RL (2002) Opposite actions of brain-derived

neurotrophic factor and neurotrophin-3 on firing features and ion chan-
nel composition of murine spiral ganglion neurons. J Neurosci 22:1385–
1396. Medline

Agterberg MJ, Versnel H, de Groot JC, Smoorenburg GF, Albers FW, Klis SF
(2008) Morphological changes in spiral ganglion cells after intracochlear
application of brain-derived neurotrophic factor in deafened guinea pigs.
Hear Res 244:25–34. CrossRef Medline

Agterberg MJ, Versnel H, van Dijk LM, de Groot JC, Klis SF (2009) En-
hanced survival of spiral ganglion cells after cessation of treatment with
brain-derived neurotrophic factor in deafened guinea pigs. J Assoc Res
Otolaryngol 10:355–367. CrossRef Medline

Agterberg MJ, Versnel H, de Groot JC, van den Broek M, Klis SF (2010)
Chronic electrical stimulation does not prevent spiral ganglion cell degen-
eration in deafened guinea pigs. Hear Res 269:169 –179. CrossRef Medline

Atkinson PJ, Wise AK, Flynn BO, Nayagam BA, Richardson RT (2014) Vi-
ability of long-term gene therapy in the cochlea. Sci Rep 4:4733. CrossRef
Medline

Botros A, Psarros C (2010) Neural response telemetry reconsidered: II. The
influence of neural population on the ECAP recovery function and refrac-
toriness. Ear Hear 31:380 –391. CrossRef Medline

Chikar JA, Colesa DJ, Swiderski DL, Di Polo A, Raphael Y, Pfingst BE (2008)
Over-expression of BDNF by adenovirus with concurrent electrical stim-
ulation improves cochlear implant thresholds and survival of auditory
neurons. Hear Res 245:24 –34. CrossRef Medline

Coggeshall RE, Lekan HA (1996) Methods for determining numbers of cells
and synapses: a case for more uniform standards of review. J Comp Neu-
rol 364:6 –15. CrossRef Medline

Davies AM, Wright EM (1995) Neurotrophic factors: neurotrophin auto-
crine loops. Curr Biol 5:723–726. CrossRef Medline

Davis RL (2003) Gradients of neurotrophins, ion channels, and tuning in
the cochlea. Neuroscientist 9:311–316. CrossRef Medline

Endo T, Nakagawa T, Kita T, Iguchi F, Kim TS, Tamura T, Iwai K, Tabata Y,
Ito J (2005) Novel strategy for treatment of inner ears using a biodegrad-
able gel. Laryngoscope 115:2016 –2020. CrossRef Medline

12344 • J. Neurosci., September 9, 2015 • 35(36):12331–12345 Ramekers et al. • Neurotrophic Protection of the Auditory Nerve

http://www.ncbi.nlm.nih.gov/pubmed/11850465
http://dx.doi.org/10.1016/j.heares.2008.07.004
http://www.ncbi.nlm.nih.gov/pubmed/18692557
http://dx.doi.org/10.1007/s10162-009-0170-2
http://www.ncbi.nlm.nih.gov/pubmed/19365690
http://dx.doi.org/10.1016/j.heares.2010.06.015
http://www.ncbi.nlm.nih.gov/pubmed/20600740
http://dx.doi.org/10.1038/srep04733
http://www.ncbi.nlm.nih.gov/pubmed/24751795
http://dx.doi.org/10.1097/AUD.0b013e3181cb41aa
http://www.ncbi.nlm.nih.gov/pubmed/20090532
http://dx.doi.org/10.1016/j.heares.2008.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18768155
http://dx.doi.org/10.1002/(SICI)1096-9861(19960101)364:1<6::AID-CNE2>3.0.CO;2-9
http://www.ncbi.nlm.nih.gov/pubmed/8789272
http://dx.doi.org/10.1016/S0960-9822(95)00144-8
http://www.ncbi.nlm.nih.gov/pubmed/7583114
http://dx.doi.org/10.1177/1073858403251986
http://www.ncbi.nlm.nih.gov/pubmed/14580116
http://dx.doi.org/10.1097/01.mlg.0000183020.32435.59
http://www.ncbi.nlm.nih.gov/pubmed/16319616


Fayad JN, Linthicum FH Jr (2006) Multichannel cochlear implants: relation of
histopathology to performance. Laryngoscope 116:1310–1320. CrossRef
Medline

Fransson A, Maruyama J, Miller JM, Ulfendahl M (2010) Post-treatment
effects of local GDNF administration to the inner ears of deafened guinea
pigs. J Neurotrauma 27:1745–1751. CrossRef Medline
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