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Abstract

Cochlear implants have been applied successfully for the treatment of unilateral hearing loss with quite a surprising benefit. One reason for this successful treatment
could be the occurrence of neuroplastic changes within the central auditory pathway upon a bimodal stimulation. Important parameters of the electro-stimulation
which could trigger neuroplastic changes are largely unknown. The present study, therefore, investigated at a cellular level, the effect of different stimulation rates and
intensities on key structures of the central auditory pathway.

Normal-hearing guinea pigs were mechanically single-sided deafened through a standard HiFocus1j electrode array being inserted into the first turn of the cochlea.
Four to five electrode contacts were available for stimulation.

After eCAP-threshold based speech processor fitting, three experimental groups were stimulated 16 hours per day for 90 days. A HiRes"-strategy, based on one of
three stimulation rates, low-rate 275 pps/ch, mid-rate 1500 pps/ch, or high-rate 5000 pps/ch was used, with the animals living in a standardised free field auditory
environment. Afterwards, the cell density was determined in key structures of the auditory pathway. Results were compared to those of unilateral implanted but not
stimulated controls.

A bilateral conservation of all the brain structures investigated was found in the low- and high-rate groups. A significant cell loss was observed in the mid-rate group.
This group also showed the highest mean stimulation current. Unilateral intra-cochlear electrical-stimulation leads to bilateral central nervous changes which correlate

with the stimulation current applied rather than the stimulation rate applied.

Introduction

Unilateral hearing loss produces impaired spatial hearing and
reduces speech understanding in noise, leading to a reduction in quality
of life. Various studies [1-3] have shown that unilateral hearing loss is
accompanied by a variety of changes within the peripheral and central
auditory pathways. Besides the well documented degeneration of
peripheral structures, changes within the central auditory pathway have
also been investigated recently. Some studies report on modulation
of network activity within the cochlear nucleus (CN), the inferior
colliculus (IC), and the auditory cortex (AC). Deafness related changes
typically mean a decrease in inhibition and an increase in spontaneous
or evoked activity [4-10]. Our group recently showed that changes in
neural activity can be normalized by intra-cochlear electrostimulation

(1].

As a result of deafferentation, structural modifications within
the central auditory pathway are highly probable following unilateral
hearing loss. Demyelination and a degeneration of the spiral ganglion
cell (SGC) population is triggered by hair cell loss [11,12]. This can lead
in turn to a damage of the CN, followed by a partial degeneration of the
entire auditory pathway. The damage becomes apparent as a cell loss, as
shown in several previous studies [11,13,14].

Nowadays, unilateral hearing loss is being successfully treated
with cochlear implantation [9,10]. Interestingly, electrical stimulation
arrests the progression of degeneration within the spiral ganglion and
the central auditory pathway. The conservation of central structures
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is possible through early and adequate intra-cochlear electrical
stimulation [16]. One prominent effect is the reduction of structural
changes within the DCN [13,15].

However, it is largely unknown which stimulation parameters
of cochlear implants are most advantageous in supporting the
conservation of auditory structures. This question is of utmost
importance for unilateral cochlear implant recipients, since structural
degeneration could influence the bimodal processing in a negative
manner. One potentially important parameter is the stimulation rate,
since this parameter influences the firing rate of the auditory nerve and
thus determines the input strength for central auditory processing.

The present study, therefore, aims to investigate the anatomical
changes of key structures within the central auditory pathway (DCN,
IC, medial geniculate body (MGB) and AC) that are produced by
chronic unilateral intra-cochlear electrical stimulation using different
stimulation rates.
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Materials and methods

The experimental protocol was approved by the governmental
commission for animal studies (LaGeSo Berlin, Germany; PI: Dr.
Dietmar Basta, approval No. G0280/04, G0392/08 and G0417/10).
Experiments were carried out in accordance with the EU-Directive
2010/63/EU on the protection of animals used for scientific purposes.
All efforts were made to minimize pain or discomfort.

Cochlear implant surgery

Sixteen adult guinea pigs (Cavia porcellus; Dunkin Hartley), verified
as normal hearing by frequency specific auditory brainstem response
measures, were unilaterally implanted under anaesthesia (Ketamine/
Xylazine). The cochlear implant was a HiRes 90k® device having 16
intra-cochlear electrode contacts available on its HiFocus1j® electrode
array (Advanced Bionics, Valencia, California, USA). Typically, the first
4-5 electrode contacts were inserted into the cochlea and hence could
be used to stimulate the cochlear nerve fibres within the first turn. The
animals were deafened mechanically by the insertion of a human-sized
cochlear implant electrode array producing a ruputure of the basilar
membrane and hence mixing endolymph and perilymph within the
cochlea.

The proper insertion and function of the implant was confirmed
intraoperatively. Both electrode contact impedances and amplitude
growth functions for the electrically evoked compound action
potentials (eCAPs) were measured for all inserted electrode contacts.

The same method of implantation was used for the control animals.

Frequency specific measurement of auditory brainstem
response thresholds

Frequency-specific auditory brainstem response thresholds at 2, 4,
6,8, 10, 12, 14, 16, 18, and 20 kHz were determined under anaesthesia
(Ketamine/Xylazine), before, six weeks after surgery and at the end of
the experiment, following 90 days of electrical stimulation.

Sub-dermal needle electrodes were placed at the vertex (reference),
mastoid (active), and at one foot (ground) while tone-burst stimuli
were delivered monaurally with in-ear tip transducers at different SPLs
from a sine-wave generator (Modell SSU2, Werk fiir Fernmeldewesen,
Berlin, Germany). A broadband noise with a peak level of 50 dB
SPL was delivered to mask the hearing contra-lateral ear during
measurement of the implanted ear. Recordings were carried out with
a Viking IV measurement system (Viasys Healthcare, Conshohocken,
Pennsylvania, USA). The brainstem responses (recording time 10
ms after stimulus presentation) were amplified (100,000x), filtered
(bandpass 0.15-3 kHz), and averaged (300x) by the Viking IV. A linear
regression line was fitted to the linear part of the relationship between
wave IV/V-amplitude and stimulus level (in dB SPL) for each frequency
tested. The equation of this linear function was used to determine
the auditory threshold, that is, the stimulus level at which zero IV/V
amplitude would occur.

Sound processor fitting

Six weeks after surgery, a sound processor (Auria® Advanced
Bionics, Valencia, California, USA) was mounted on the back of each
animal in the experimental groups and programmed with M-levels
(upper limit of the electrical stimulation) based on the threshold of
neural response imaging (tNRI), the eCAP threshold. The lower limit
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of the electrical stimulation (T-level) were set to 10% of M-levels. This
tNRI-based sound processor fitting is commonly used in children, or in
noncompliant adult implant recipients.

All non-used channels of the sound processor had their outputs set
to zero to avoid changes in the frequency filter bands (frequency range
per channel), which would occur, through elimination of channels.

Finally, the loudness was adapted to the Preyer-reflex threshold
by changing the overall profile of the stimulation program. The Preyer
reflex is a startle response involving pricking back of the ears upon a
sudden loud sound produced by the activation of the sound processor
in a noisy environment. The overall profile of the stimulation program
was decreased or increased until a first Preyer response was detected.

Intra-cochlear electrical stimulation

The intra-cochlear electrical stimulation was delivered to
the experimental groups via a cochlear implant that supported a
stimulation rates of 275 pps/ch (pulse width 227.2 ps per phase) for the
“low stimulation rate” group (LSR; n=3), a stimulation rate of 1513 pps/
ch (41.1 ps per phase) for the “medium stimulation rate” group (MSR;
n=3) and a stimulation rate of 5156 pps/ch (10.8 s per phase) for the
“high stimulation rate” group (HSR; n=4). All experimental groups
were compared to an implanted but not stimulated control group

(controls; n=6).

The HiRes-sound coding strategy running on the Auria® audio
processor was used to deliver the stimulation. The “Lord of the Rings”
radio play [17] was provided at a level of 65 dB SPL as a standardized
background acoustical environment. This radio play contains human
voices as well as species-related environmental sounds (e.g., rustling of
leaves and grass, wind blowing, cry of birds, cracking of perches). The
power spectrum of the standardized acoustic signal is shown in Figure
1. The main power of the signal is related to frequencies that are within
the filter bands of electrode contacts one to five (center frequency of
electrodes: E1=333 Hz; E2=455 Hz; E3=540 Hz; E4=642 Hz; E5=763
Hz). The experimental group, as well as the controls, experienced
similar acoustic environments for 16 hours per day. During this period,
the sound processor was activated. In total, the experimental groups
experienced 90 days of single-sided electrical stimulation via the
cochlear implant.
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Figure 1. Power spectrum of the frequencies within the standardized auditory signal, which
was applied to the guinea pigs for 90 days (16 h per day). Centre frequency of the inserted
intra-cochlear electrodes are: E1=333 Hz, E2=455 Hz, E3=540 Hz, E4=642 Hz, E5=763 Hz
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Histology

At the end of the experiment, under anaesthesia (Ketamine/
Xylazine), the animals were perfused and fixated through theleft ventricle
with NaCl 0,9% (20 ml/min, 0.1 bar) followed by 4% paraformaldehyde
in buffered saline (0.2 M). The brain was removed and stored in 4%
paraformaldehyde (24 h at 7°C). The tissue was embedded in paraffin
by using an automated embedder (Leica EG 1160 Histoembedder, Leica
Microsystems, Wetzlar, Germany) and cut (10 pum thick slices) with a
manual rotary microtome (Leica Microsystems, Wetzlar, Germany).
The slices were stained with the standard hematoxylin and eosin
staining method. Microphotographs of the areas of interest were taken
with a Canon EOS 1000D camera via a microscope (Axiovert 25C, Carl
Zeiss, Germany).

The cell density (cells per mm?) was determined in a defined area
within the DCN, the IC, the MGB and the AC. In the DCN the cell
density was determined separately for the three layers (molecular layer,
intermediate layer, deep layer). In the IC and MGB the cell density was
determined only in the central region, whereas all six layers of the AC
were examined.

Statistical procedures

The histological data of the experimental groups and the controls
were analysed by comparing the cell densities obtained from the
implanted and non-implanted sides (t-/u-test respectively, depending
on data distribution). The significance level for all statistical tests
was p<0.05. A Bonferroni alpha-correction was applied for multiple
comparisons.

Results

Frequency-specific auditory Brainstem Response Threshold
(ABR)

All animals showed normal ABR thresholds preoperatively
according to published values [18,19]. Six weeks after surgery there
were no detectable response on the implanted side upon auditory
stimulation up to 100 dB SPL. The non-implanted side showed no
significant threshold shift when compared to the controls after 90 days
of electrical stimulation.

Cell density

Cochlear nucleus: The cell density was determined for the
molecular layer (layer 1), the intermediate layer (layer 2) and the
deep layer (layer 3) of the DCN. Results of the treatment groups were
compared with those of the controls (LSR, n=705 slices [control, n=357
slices]; MSR, n=540 slices [control, n=351 slices]; HSR, n=297 slices
[control, n=360 slices]). Electrically stimulated animals of the LSR-
group showed a significant bilateral reduction of cell loss in all DCN-
layers compared to the controls (Figure 2). This reduction in cell loss
was also observed in layer 3 of the stimulated side in the HSR-group.
No stimulation effect was found in layers 1 and 2 for the HSR group.
The MSR-group showed a significant cell loss in all three layers of the
non-stimulated side and a bilateral cell loss in layer 2.

Inferior colliculus and medial geniculate body: No cell loss could
be found bilaterally within the IC for any of the experimental groups
compared to the controls (Figure 3) (LSR, n=120 slices [control,
n=120 slices]; MSR, n=120 slices [control, n=120 slices]; HSR, n=120
slices [control, n=120 slices]). A bilateral conservation was observed
for the LSR-group and the MSR-group within the IC and a unilateral
conservation for the HSR-group on the non-stimulated side.
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Figure 2. Mean cell density differences in the three layers of the dorsal cochlear nucleus
(DCN) compared to the same area of implanted but not stimulated controls. Asterisks
indicate significant differences. LSR=low stimulation rate group; MSR=medium
stimulation rate group; HSR=high stimulation rate group
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Figure 3. Mean cell density differences in the inferior colliculus (IC) compared to the same
area of implanted but not stimulated controls. Asterisks indicate significant differences.
LSR=low stimulation rate group; MSR=medium stimulation rate group; HSR=high
stimulation rate group
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Bilateral conservation within the MGB was also observed for the
LSR-group and the HSR-group (LSR, n=120 slices [control, n=120
slices]; HSR, n=120 slices [control, n=120 slices]). The MSR-group
(MSR, n=120 slices [control, n=119 slices]) showed a significant cell
loss on the non-stimulated side (Figure 4).

Primary auditory cortex : Figure 5 shows the average cell density
in the AC compared to the controls (LSR, n=432 slices [control, n=575
slices]; MSR, n=714 slices [control, n=575 slices]; HSR, n=546 slices
[control, n=573 slices]). Bilateral conservation of neuronal structure
compared to the controls, was found in all layers of the LSR-group. Such
a bilateral conservation could be observed only in layer 3 of the HSR-
group. All other layers of the HSR-group showed no effect bilaterally.
A significant bilateral cell loss was detected in layers 1, 3 and 5 of the
MSR-group, whereas layers 2 and 6 showed a cell loss only on the non-
stimulated side.

Discussion

Data from the present study shows different effects of unilateral
intra-cochlear electrical stimulation for the three different stimulation
rates on four major structures of the central auditory pathway (DCN,
IC, MGB and AC) in single-sided deaf animals.

Bilateral effects

This study reveals that the ascending auditory pathway is affected
bilaterally by chronic intra-cochlear electrical stimulation. This
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Figure 4. Mean cell density differences in the medial geniculate body (MGB) compared
to the same area of implanted but not stimulated controls. Asterisks indicate significant

differences. LSR=low stimulation rate group; MSR=medium stimulation rate group; HSR=
high stimulation rate group
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Figure 5. Mean cell density for the six layers of the auditory cortex compared to the same
areas of implanted but not stimulated controls. Asterisks indicate significant differences.
LSR=low stimulation rate group; MSR=medium stimulation rate group; HSR=high
stimulation rate group

interesting finding could be based on the interrelation between inputs
of both ears within the structures investigated.

One half of the ipsilateral neurons in the ventral cochlear nucleus
(VCN) [20], as well as neurons in the DCN [21,22], are excited by
contra-lateral acoustic stimulation. A missing input from the cochlea
leads to a reduction in suppression for the cochlear nucleus as well as
the IC [6,8,23].

The IC receives diverse afferents from the ipsilateral and
contralateral VCN, DCN, SOC and the contralateral IC. These inputs
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inhibit deprivation of the IC and result in a bilateral conservation [24-
26]. The MGB receives direct input from the ipsilateral IC, the nucleus
reticularis [27,28], as well as indirectly from the contralateral IC [24,26].
The MGB is missing a direct connection to the MGB of the other side.
Nonetheless, a sensitivity for binaural stimuli has been shown [28,29].

The input from the subcortical structures occur in multiple AC
layers. There are inputs from the ipsilateral ventral (layers 3+4) and
medial MGB (layers 1+6) into the primary auditory cortex, as well as
from the contralateral AC (layer 3) [28,30,31].

The specific bilateral effects detected in the present study could
be related to the, at least partly, bilateral bimodal input to the brain
structures under study. During unilateral electrical stimulation with a
CI in presence of a normal hearing contra-lateral ear, both pathways
(ipsi- and contralateral) were stimulated (electrically and acoustically)
simultaneously. Related to this is different signal coding and processing
within the entire pathway. Neuroplastic adaptive changes, as described
in this study, are required for the rehabilitation of different hearing
cues in unilateral cochlear implantees. A previous study showed
that one feature that is obviously processed differently, the interaural
time difference, was compensated by neuroplastic changes within the
rehabilitation period [32].

Specific structural changes

Earlier studies have shown that sensory deprivation by a cochlear
lesion led to a degeneration of the DCN [11,33,34]. In the present study,
a statistically significantly higher cell density was observed in the DCN.
This was observed bilaterally for the LSR-group and on the stimulated
side for the HSR-group (compared to a unilaterally implanted but
not stimulated control). These results support findings which show
a conservation of neuronal structures upon electrical stimulation
[11,13,35]. Surprisingly, a bilateral loss of DCN neurons was found
in the MSR-group. However, these results do not correlate in all three
DCN layers with the stimulation rates.

This also holds true for the MGB and all layers of the AC. Both,
the LSR-group and the HSR-group showed mainly bilateral structural
conservation whereas a cell loss was observed in the MSR-group. Thus,
a factor independent of the stimulation rate should be responsible for
the observed decline in cell density. Since all surgeries were carried
out under similar conditions (e. g. surgeon, anesthetics, gender, age,
approach), the speech processor fitting could be responsible for the
different results. The fitting procedure has a subjective component even
in human patients. The audiologist increases stimulation current until
the subjective most comfortable loudness is achieved. Loudness was
adjusted in the present study by the visual detection of the Preyer-reflex.
This procedure could possibly be biased by the individual threshold
detection. To exclude this potential bias we analyzed the stimulation
intensity across the stimulation rate groups.

Stimulation intensity

The stimulation intensity values of the three groups correlate well
with the cell densities in the DCN, MGB and the AC. The LSR and HSR
groups with the lower mean stimulation intensities (LSR=86.25 CU
[+5.9], HSR=161.80 CU [+5.4]) showed conservational effects for cell
density, whereas the MSR group, with significantly higher stimulation
intensity (191.92 CU [+20.2]), showed a cell loss compared to the
implanted but not stimulated controls (Figure 6). The significantly lower
mean intensity of the LSR-group resulted in a bilateral conservation in
all the nuclei. Following a medium stimulation intensity, structural
conservation, or even no cell density loss, could be observed (HSR-
group).
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Figure 6. Stimulus intensity of the three experimental groups in clinical units (CU).
LSR=low stimulation rate group; MSR= medium stimulation rate group; HSR= high
stimulation rate group

One explanation for the dosage dependent effect of stimulation
current on cell density is that the increased stimulation intensity
enhances neuronal activity, which in turn induces necrotic or apoptotic
processes in the lower auditory pathway. This happens on a fairly long-
term basis through a strong calcium influx [36]. Thus, overstimulation
in turn leads to an increased neurotransmitter release that can have a
necrotic effect (glutamate excitotoxicity) [36].

A deprivation of higher auditory structures could be the
consequence of the damaged auditory brainstem. Reduced excitatory
input may result in a decreased cell density in the MGB and AC. Such
effects were previously described after noise exposure [37]. However,
excito-toxic effects appear to be also possible in higher auditory
structures, since the IC, as the main source for afferent inputs to the
MGB and thus the AC, showed a bilateral structural conservation in
all treatment groups. Hence deprivation within the MGB and the AC is
limited. The reason why the IC is more robust against overstimulation
or deprivation is unknown. It could be related to the relay function
of IC neurons which receive multiple inputs from the lower auditory
pathway for an integrated processing of signal properties. This prevents
IC neurons from total deprivation.

Conclusion

In essence, the results of the present study demonstrate that
bilateral structural changes within the entire central auditory pathway
are induced by a unilateral cochlear implant stimulation. The electrical
input using biphasic, charge balanced pulses, prevents neuronal cell loss
following deafness induced deprivation, regardless of the stimulation
rate. High stimulation current seems to reverse the conservational
effects of the electrical input. More research is required to find out safe
current limits for chronic unilateral cochlear implant stimulation in
single-sided deaf patients.
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