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Abstract

Sensorineural hearing loss is commonly caused by damage to cochlear sensory hair cells.
Coinciding with hair cell degeneration, the peripheral fibres of Type | spiral ganglion neurons
(SGNs), that normally form synaptic connections with the inner hair cell, gradually
degenerate. We examined the time course of these degenerative changes in Type | SGNs and
their satellite Schwann cells at the ultrastructural level in guinea pigs at 2-, 6- and 12-weeks
following aminoglycoside-induced hearing loss. Degeneration of the peripheral fibres
occurred prior to the degeneration of the Type | SGN soma, and was characterised by
shrinkage of the fibre followed by retraction of the axoplasm, often leaving a normal myelin
lumen devoid of axoplasmic content. A statistically significant reduction in the cross-
sectional area of peripheral fibres was evident as early as 2-weeks following deafening
(p<0.001, ANOVA). This was followed by a decrease in Type I SGN density within
Rosenthal’s canal that was statistically significant 6-weeks following deafening (p<0.001,
ANOVA). At any time point examined few Type | SGN soma were observed undergoing
degeneration, implying that once initiated soma degeneration was rapid. While there was a
significant reduction in soma area as well as changes to the morphology of the soma, the
ultrastructure of surviving Type | SGN soma appeared relatively normal over the 12-week
period following deafening. Satellite Schwann cells exhibited greater survival traits than their
Type | SGN, however on loss of neural contact they reverted to a non-myelinating phenotype,
exhibiting an astrocyte-like morphology with the formation of processes that appeared to be
searching for new neural targets. In 6- and 12-week deafened cochlea we observed cellular
interaction between Schwann cell processes and residual SGNs that distorted the morphology
of the SGN soma. Understanding the response of SGNs, Schwann cells and the complex
relationship between them following aminoglycoside deafening, is important if we are to

develop effective therapeutic techniques designed to rescue SGNSs.



Introduction

Spiral ganglion neurones (SGNs), the afferent axons of the auditory nerve, convey acoustic
information from the hair cells of the cochlea to the central auditory pathway. There are two
SGN populations in mammalian cochleae; Type | SGNs exclusively innervating inner hair
cells (IHCs) and Type Il SGNs innervating outer hair cells (OHCs). These SGNs exhibit
clear morphological features that distinguish the two cell types: (i) Type | SGNs exhibit a
large soma containing a spherical nucleus with a pronounced nucleolus, slightly myelinated
by a satellite Schwann cell, a cytoplasm rich in ribosomes with few neurofilaments, and
highly myelinated peripheral and central fibres; (ii) Type Il SGNs have a small soma
ensheathed by a non-myelinating Schwann cell, a cytoplasm containing large numbers of
neurofilaments and few ribosomes, with unmyelinated peripheral and central fibres (Kimura
et al., 1979; Spoendlin and Schrott, 1989; Anniko et al., 1995). In the guinea pig the
myelinated Type | SGNs have a soma area of ~200 um? and represent >90% of all SGNs
while the unmyelinated Type Il SGN is considerably smaller (100 um?) and represents <10%

of the SGN population (Morrison et al., 1975; Brown, 1987b).

The Type | SGN contains two types of myelin laid down under different glial cell types. The
glial limitans, located within the internal auditory meatus, contains a clear transition between
peripheral and central myelin (Toesca, 1996; Hurley et al., 2007). Peripheral myelin, laid
down by Schwann cells, is associated with the peripheral fibres, the soma and the peripheral
portion of the central process, while central myelin, laid down by oligodendrocytes, includes
that portion of the Type | axon central to the glial limitans (Toesca, 1996; Knipper et al.,

1998; Hurley et al., 2007).

Sensorineural hearing loss is the most common cause of deafness and typically results from

damage to the sensory hair cells of the cochlea. This form of hearing loss can be caused by



many factors including exposure to ototoxic drugs such as the aminoglycosides (Forge and
Schacht, 2000), or exposure to loud noise, although noise exposure can also initiate damage
at the terminal endings of Type | SGNs (Kujawa and Liberman, 2015). A direct consequence
of ototoxically-induced damage to or loss of neural contact with the IHC is the anterograde
degeneration of the Type | SGN. A major factor contributing to Type | SGN degeneration is
the loss of the endogenous trophic support normally provided by the hair cells (Ylikoski et
al., 1993; Schecterson and Bothwell, 1994; Tan and Shepherd, 2006) and supporting cells
(Stankovic et al., 2004; Zilberstein et al.,, 2012) of the organ of Corti. Type | SGN
degeneration is progressive over time with as few as 5-15% of neurons remaining following
extended periods of severe-profound sensorineural hearing loss (Spoendlin, 1975; Webster
and Webster, 1981; Leake and Hradek, 1988; Xu et al., 1993; Shepherd and Javel, 1997,
Hardie and Shepherd, 1999; Ladrech et al., 2004). The rate of Type I SGN degeneration
varies among species and aetiology, however in general degeneration occurs rapidly in
guinea pigs (weeks; (Webster and Webster, 1981; Wise et al., 2005), Shepherd et al 2005),
compared to cats (months; (Leake and Hradek, 1988; Fallon et al., 2014), and humans (years;

(Nadol et al., 1989).

The SGNs are the primary target cells for cochlear implants that function by electrically
stimulating the residual neural population to provide auditory perception to recipients with
few, if any, residual hair cells. However, extensive SGN degeneration may negatively impact
on the clinical efficacy of cochlear implants (Seyyedi et al., 2014). It is important to
understand the response of SGNs following deafness as these findings will impact on
strategies designed to protect and regenerate these neurones (Shepherd et al., 2005; Wise et
al., 2005; Glueckert et al., 2008; Atkinson et al., 2012; Leake et al., 2013; van Loon et al.,
2013; Gillespie et al., 2014; Pinyon et al., 2014). Moreover, given the key role that Schwann

cells are known to play in peripheral nerve repair (Glenn and Talbot, 2013; Jessen and



Mirsky, 2016) it is equally important to understand the response of cochlea Schwann cells

during anterograde degeneration of Type | SGNs.

The aim of this study was to describe the ongoing ultrastructural changes in Type | SGNs and
Schwann cells in guinea pigs over a course of 12-weeks following deafening with
aminoglycoside drugs. We selected to evaluate Type | SGNs because they form the great
majority of afferent neurones within the auditory nerve, they are readily identifiable and are

the target neurones for stimulation via a cochlear implant.

Materials and Methods

Animals

Adult pigmented Dunkin-Hartley guinea pigs of either sex were used in the study (n=14). All
animals had otoscopically normal tympanic membranes. The experimental procedures were
approved by the Animal Research Ethics Committee of the Royal Victorian Eye and Ear
Hospital in accordance with the National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals, and conformed to the Code of Practice of the National Health and

Medical Research Council of Australia.

Auditory brainstem responses

Auditory brainstem responses (ABRs) were measured to assess the hearing status of the
guinea pigs prior to and following deafening, using procedures described previously
(Richardson et al., 2005; Wise et al., 2010). Briefly, guinea pigs were anaesthetized with
ketamine (60mg/kg, Parnell Australia) and xylazine (4mg/kg, Ilium, Australia) via
intramuscular administration and placed on a heat pad with the temperature maintained at

37°C in a sound attenuated room. ABRs were measured to acoustic clicks delivered by a



calibrated speaker at intensities up to 100 dB peak equivalent (p.e.) sound pressure level
(SPL). The amplified ABR was recorded and averaged over 200 trials using stimulus
intensities ranging from 10 to 100 dB p.e. SPL. Threshold was determined for all guinea pigs
prior to deafening (Wise et al., 2010) and only animals with normal hearing thresholds in

both ears (ABR threshold <50 dB p.e. SPL) were used in the study.

Deafening

Three guinea pigs were used as normal hearing controls while 11 animals were deafened
using the ototoxic aminoglycoside kanamycin and the loop diuretic frusemide (Gillespie et
al., 2003; Wise et al., 2010). Briefly, each guinea pig was anaesthetised with isoflurane (4%
induction, 1-2% maintenance) in O, (1-1.5L/min). The right jugular vein was cannulated, and
frusemide (130mg/kg; llium, Australia) diluted in 2.5 mL warm Hartmann’s solution was
slowly injected. Kanamycin sulphate (420mg/kg; Sigma-Aldrich, USA) dissolved in 3 mL
Hartmann’s solution was injected subcutaneously. Deafness durations of 2-, 6- and 12-weeks
were used. The hearing status of each guinea pig was reassessed one week after deafening by
measuring ABRs as described above. All deafened guinea pigs exhibited a bilateral increase

in the click-evoked ABR threshold of at least 50 dB.

Fixation and histological preparation

Following the specified deafness duration, each guinea pig was anaesthetised (ketamine,
60mg/kg and xylazine, 4mg/kg; i.m.), and both cochleae were exposed. The round and oval
windows were opened and a small hole was created in the apex of the cochlea to enable
intracochlear fixation (Puel et al., 1994). A cannula was positioned at the opening of the
round window and 2 mL of 3.5% glutaraldehyde in 4°C phosphate buffered saline (PBS) was
slowly perfused through the cochlea. Following local cochlear perfusion each guinea pig was

euthanized (150 mg/kg sodium pentobarbital intraperitoneal; Virbac Pty. Ltd., Australia) and
6



perfused transcardially with warm saline containing 0.025% (w/v) sodium nitrite and 0.1%
(v/v) heparin sodium, followed by 4% paraformaldehyde and 2.5% glutaraldehyde in 4°C
PBS. The temporal bones were removed and placed in 3.5% glutaraldehyde in PBS for 2
hours at room temperature, followed by 2 hours in osmium tetroxide (1% OsO, and 0.8%
K4FeCNg) in the dark on a rotation plate at room temperature. The tissue was then decalcified
in a solution containing 10% (wt/vol) ethylenediamine tetraacetic acid (EDTA) in 0.1 M

PBS, dehydrated and embedded in Spurr’s resin.

The resin-embedded cochleae were bisected in the midmodiolar plane and a half-turn surface
preparation of the lower basal turn was isolated from the remaining cochlea (Figure 1A). The
basal half-turn was then further cut into two quarter-turns (region 1 and 2, Figure 1B) and
two blocks in two different orientations (transverse and longitudinal) were cut for each
region. The longitudinal blocks were further divided into 2 smaller blocks (Figure 1C) to
produce ‘distal’ and ‘medial’ blocks. All blocks were then re-embedded in resin. Ultra-thin
(80-100 nm) and semi-thin (1 pm) sections were collected from the longitudinal and
transverse blocks. Ultra-thin sections were mounted on copper mesh grids and stained with
1.5% uranyl acetate in 70% ethanol for 35min. Semi-thin sections were mounted on glass
slides and stained with Toluidine Blue. Each grid of ultra-thin sections was separated by
approximately 24 um to ensure ultrastructural analysis at different locations. Four to eight
grids were taken from each block. The sections were examined with a JEM-1011 electron

microscope (JEOL, Japan).
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Figure 1. Schematic diagram of the histological sectioning used for SGN and
peripheral fibre analysis. (A) The resin-embedded cochlea was bisected down the
midline (dotted line) and the basal half turn was removed (thick black line). All analysis
was carried out on the basal half turn only. (B) The basal half turn was further divided
into two regions (region 1 & 2). A thick block (~1mm) was cut in the ‘transverse” plane
in each of the two regions. A wedge-shaped “longitudinal” block was then cut for the
cross sectional analysis of the peripheral fibres. (C) Nerve and residual cells in the
organ of Corti (OC), at the habenula perforata (HP) within the osseous spiral lamina
(OSL) and SGN cell bodies (located in Rosenthal’s canal) were examined in transverse
sections. (D) Longitudinal blocks were cut at a distal or medial OSL position to obtain
OSL cross sections that were used in analysis of the peripheral fibres as indicated in the
schematic representation of a longitudinal OSL cross section. Peripheral fibre analysis
involved measuring the area of the fibre axoplasm within the myelin sheath and
categorisation of each fibre as anatomically normal or degenerated based on whether
the area of the axoplasm occupied greater or less than 90% of the myelin lumen (see

schematic examples of these fibres).



Histological analysis

Organ of Corti Status

Observations of the status of the organ of Corti were made in transverse sections with
particular focus on the region of the habenula perforata (Figure 1C). Although no quantitative
data was collected, qualitative assessment of hair cell and the peripheral nerve fibre survival
were made in order to assess of the status of the organ of Corti in cochlear regions under

examination.

Light microscopy: spiral ganglion neuron cell body analysis

Four midmodiolar transverse sections (1 pm thick with a minimum 24 pm separation to
ensure each SGN is only counted once) from each cochlea were stained with Toluidine Blue
for general histological examination. The density measurements of Type | SGNs were
performed by a single observer blinded to the deafness duration of each sample. Sections
were viewed and imaged using an Axioplan inverted microscope and Axioplan software
(Zeiss, Germany). For each section, a 20x magnification brightfield image (442x331 pum) of
Rosenthal’s canal was taken. The periphery of Rosenthal’s canal was outlined (excluding the
intraganglionic spiral bundle) and its cross-sectional area determined using ImageJ V1.46
(NIH, USA, http://rsb.info.nih.gov/ij/index.html, RRID:nif-0000-30467). Type | SGNs were
identified by the presence of a large soma containing a spherical nucleus with a pronounced
nucleolus, and myelinated peripheral and central fibres. Only Type | SGNs that exhibited a
clear nucleus and nucleoli were counted. In addition, the soma area of ten randomly selected
SGNs per section were measured by tracing the outer perimeter of the cell body using the
same software package. The SGNs were selected by randomly generated x-y coordinates. A

grid was mapped onto the image and a random number generator was used to generate x and



y values. If these coordinates fell within the confines of Rosenthal’s canal the neuron closest

to the coordinate was selected.

Transmission electron microscopy: analysis and quantification of spiral ganglion

neurons and their peripheral fibres

To quantify the SGN peripheral fibre ultrastructure a series of longitudinal 15,000x
transmission electron microscopy (TEM) images were taken at both the distal and medial
sites of the two cochlear regions (Figure 1 B&C). Six fibres in each of these images were
randomly selected. Peripheral fibres were selected by randomly generated x-y coordinates. A
grid was mapped onto the image and a random number generator was used to generate x and
y values. If these coordinates fell within the OSL confines, the fibre closest to the coordinate

was selected.

The cross-sectional areas of the myelin sheath lumen (i.e. the area within the myelin sheath)
and the area occupied by the peripheral fibre axoplasm were calculated for each fibre using
ImageJ (Figure 1 D). Fibre area measurements were carried out semi-automatically whereby
pixel shade thresholding was used to automatically distinguish between the myelin sheath,
fibre axoplasm, and empty space, although some manual outlining was usually necessary. A
correction procedure (Romero et al., 2000) was used to adjust for slight differences in
sectioning angle between sections as sectioning angles more oblique to the cross-sectional
plane of the fibre would create larger area measurements. Here, eight representative fibres in
each cochlear sample were analysed in the low magnification map images to estimate the
sectioning obliqueness. The average ratio of the major to minor length axes of the outer
myelin sheath was determined for these fibres, and all area measures from that sample were
normalised to that value. This normalisation converts any elliptical elongation to the circular

equivalent to normalise fibre area between samples. The percentage of the lumen space
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occupied by the axoplasm was measured and anatomically normal fibres were defined as
having an axoplasm content occupying over 90% of the myelin lumen and degenerating

fibres were defined as having axoplasm occupying less than 90% of the lumen (Figure 1D).

Peripheral fibre densities were also determined at both the distal and medial sites of the
osseous spiral lamina (OSL) for the two cochlear regions (1 and 2: Figure 1C). Five of the
15,000x magnification images were randomly selected and measurements were made of the
density of ‘anatomically normal’ and ‘degenerating’ fibres that were entirely captured in the
55.8um? images and averaged over the five images. Average fibre density was determined for
the four cochlear regions (region 1 and 2; distal and medial OSL location). A requirement of
this analysis was that only complete fibre profiles were measured (i.e. only profiles in which
the entire myelin lumen was visible in the image were included). Consequently, there was a
slight bias of higher fibre density for smaller fibres observed in the deafened cochlea than
otherwise would be if fibres in all groups were the same size, as smaller fibres would be more

likely to have myelin lumen completely visible in the map.
Statistical analysis

Peripheral fibre and SGN morphology were examined statistically by comparing the duration
of deafness (control, 2-, 6- and 12 weeks), cochlear region and distal/medial location within
the OSL (Figure 1). A one way analysis of variance (ANOVA) on Ranks was used for
analysis of non-parametric data while a 3-way analysis of variance (ANOVA) and a Holm

Sidak post hoc analysis was used for normally distributed data.

Results

The gross light microscope changes observed over the 12-week post-deafening period used in

the present study is illustrated in Figure 2. The progressive deafness induced changes in the
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organ of Corti, OSL and Rosenthal’s canal are apparent compared with the normal control
cochlea (Figure 2A). The detailed results below are based on TEM analysis of cochleae
tissue. The results presented here provide quantitative analysis of key components of this
work (including Type | peripheral fibre cross-sectional area and fibre density, and SGN
density and soma area). Some findings are presented as qualitative observations; in all these
cases we have carefully chosen images that provide clear representation of the ultrastructural

features we observed during TEM analysis.

g
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Figure 2. Representative light microscope images illustrating the deafness induced changes
in the basal turn from each cohort in the present study. (A) Normal hearing cochlea. (B) 2-
week deafened. (C) 6-week deafened. (D) 12-week deafened. Scale bar = 100 um.
Arrowheads indicate the flattened sensory epithelium and arrows indicate the Rosenthal’s

canal with reduced SGN density.

Deafness-induced changes in the organ of Corti

The effects of duration of deafness on the terminal nerve endings and the degeneration of the
organ of Corti were examined in transverse sections (Figure 3). In the untreated control organ
of Corti, IHCs and supporting cells had a normal appearance (Figure 3A and E). Afferent
nerve terminals innervated the IHCs and efferent nerve terminals made connections with
these afferent endings. Following deafening, click-evoked ABRs were absent (i.e. thresholds
greater than 100 dB p.e. SPL; data not shown). Two weeks following deafening the organ of
Corti had degenerated with the complete loss of IHCs (Figure 3B) and OHCs (data not
shown) in the basal turn. However, around the region of the missing IHCs, numerous afferent
and efferent nerve endings were evident in between the residual supporting cells (Figure 3F).
Following a period of 6-weeks of deafness, the basic structure of the organ of Corti was still
recognizable (Figure 3C) with some residual supporting cells present and some structural
elements identifiable (such as the tunnel of Corti). However, the number of remaining nerve
endings at locations corresponding to the place of the missing IHCs had decreased (Figure
3G). At 12-weeks following deafening, the supporting cells were no longer present and only a
monolayer of squamous cells remained on the basilar membrane (Figure 3D). Very few

neurite profiles were evident (Figure 3H).
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Figure 3. The effect of duration of deafness on terminal nerve endings in the organ of

Corti for Region 1 (see Figure 1). Low (top panel) and high magnification (bottom
panel) images taken at the location of the inner hair cell (IHC) near the habenula
perforata. (A and E) Images from a normal hearing cochlea showing terminal nerve
endings, an IHC and supporting cells (IP — inner pillar cell, TC - tunnel of Corti, arrow
points to the tunnel spiral bundle). At high magnification (E) the basal portion of an
IHC is contacted by an afferent fibre (a), which is in turn contacted by two efferent (e)
vesiculated endings. (B and F) Images from a 2-week deafened cochlea. The IHC has
degenerated but an inner pillar cell (IP) is still clearly visible. (F) Numerous nerve
endings, both afferent (a) and efferent (e) were present within the residual structures of
the organ of Corti. (C and G) Images from a 6-week deafened cochlea. The inner pillar
cells (IP) were still clearly visible and the organ of Corti had some structural integrity
as indicated by the presence of the tunnel of Corti (TC), which had begun to collapse.
(G) The higher magnification image shows few remaining small afferent and efferent
nerve endings (arrow a and e). (D and H) Images from a 12-week deafened cochlea. A
monolayer of cells appeared at the place of the degenerated organ of Corti. At the
habenula perforata (arrowhead) a small number of nerve profiles were still visible
extending in between the basilar membrane and the monolayer epithelium (arrow).
Scale bars (A = D =5um, E—H = 1um).

Deafness-induced changes in Type | SGN peripheral fibers

The effect of deafening on peripheral fibres was examined by measuring their cross-sectional

area at both the distal and medial OSL sites (Figure 1 C). Examples of peripheral fibre cross
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sections in a normal hearing cochlea are shown in Figure 4 A and E. Examination of the
peripheral fibre cross sections from deafened animals at low magnification showed several
notable features. With increasing durations of deafness, there was a reduction in the density
of myelinated fibres within the OSL compared with the normal control. The most dramatic
reduction was observed following 6-weeks of deafness (Figure 4 C and G). Often the myelin
profiles were completely, or nearly completely, devoid of axoplasm, indicating that the

peripheral fibres had retracted within the myelin sheath before the sheath was subsequently

broken down and cleared.

Figure 4. The effect of deafening on peripheral fibres. Representative images of
peripheral fibres within the OSL (medial OSL sections), at low (top panel A-D) and
higher (bottom panel E-H) magnification. (A and E) In the normal hearing cochlea,
regularly shaped and densely packed fibres, together with some Schwann cells were
evident. (B and F) After two weeks of deafening, the overall density of myelin profiles
had not changed, however at high magnification (F) more irregular shaped myelin
profiles (arrow), reduction in fibre area and evidence of early stage of axoplasm
retraction was observed. (C and G) Following six weeks of deafness, the density of
fibres had decreased dramatically. Many remaining myelin profiles exhibit retraction of
the axoplasm, but the remaining myelin sheaths were well preserved. (D and H) After

12 weeks of deafness the density of fibres was further reduced. An example of a
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Schwann cell (D: arrow), that appeared to have lost connection with its peripheral
fibres, appeared to have dedifferentiated into a non-myelinating phenotype. (H) A
Schwann cell (large arrow) provided myelin to a fibre with normal morphology
(arrowhead), but also ensheathed remnants of two other degenerated fibres (double
arrows). Scale bars (A-D=5pum, E-H =2 um).

The cross-sectional area of the peripheral fibres was examined in OSL sections and a one
way ANOVA on Ranks was performed. There was no effect of cochlear region (region 1:
lower basal v region 2: upper basal; Figure 1B) but there was a significant effect of OSL
position whereby fibres measured in the Distal OSL were significantly smaller than fibres
measured in the Medial OSL (p<0.02) in the normal cochleae. Therefore, non-parametric
statistical analysis was carried out on the Medial and the Distal OSL positions individually
using a one way ANOVA on Ranks, based on measurements from 1035 myelinated fibres
(normal cochlea = 221, 2-week deaf = 331, 6-week = 269, and 12-week = 214). There was a
significant effect of deafness duration for both the Medial and Distal positions (p<0.001)
indicating that fibre area became significantly smaller over time with most of the changes

occurring within the first two weeks of deafness (Figure 5 A).

Analysis of the density of peripheral fibres across the normal and deafened cohorts was also
performed and shown to be normally distributed. These data were based on measurements
from 1783 myelinated fibres across medial and distal OSL locations (normal cochlea = 555,
2-week deaf = 652, 6-week = 257, and 12-week = 319). There was no difference in fibre
density for different cochlear regions (region 1 verses region 2) in normal control cochleae,
and no difference in location (distal v medial) (3 way ANOVA) and data was therefore
collapsed (Figure 5 B). There was a significant main effect of the duration of deafness (3 way
ANOVA p<0.001). Post hoc analysis indicated a significant decrease in the density of fibres
in the normal and 2-week deafened cochleae compared to 6-week and 12-week deafened

cochleae (Holm-Sidak p<0.001, differences indicated in Figure 5 B). Similarly, there was a
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significant increase in the density of degenerating fibres in the deafened animals with the post
hoc analysis indicating significantly lower density of degenerating fibres in the normal
compared to all the deafness durations (Holm-Sidak Method, p<0.05). Although there was a
trend for the density of degenerating fibres to decrease with increasing duration of deafness,
the overall proportion of degenerating-to-normal fibres was greater at the longer deafness

time points (38% 2-weeks compared to 54% at 6-weeks and 47% at 12-weeks).
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Figure 5. Morphological changes in peripheral fibres with duration of deafness.
(A) Median fibre area for normal (Norm) cochleae and following 2- (2w), 6- (6w) and
12-(12w) weeks of deafness measured at the medial and distal position within the OSL.
There was a significant reduction in fibre area following the onset of deafness (main
effect, ANOVA, p<0.001) that stabilised after six weeks. The median, 25" and 75
percentiles are illustrated. (B) Analysis of the distribution of fibres undergoing
degeneration from anatomically normal fibres. The mean density of anatomically
normal fibres (solid lines) decreased with duration of deafness (as indicated by the
significance bars). The density of degenerating fibres (dashed lines) increased
significantly two weeks following deafness and then plateaued. Total fibre density is
indicated by open squares. Note that the total two week fibre density count is greater
than the normal controls. This is likely to be a result of a slight bias as a result of the

significant reduction in fibre area at two weeks. Error bars = SEM.
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The Type | SGN peripheral fibres were also examined in longitudinal cross sections within
the OSL (see Figure 1). The peripheral fibres were myelinated by Schwann cells within the
OSL. In both normal and deafened cochleae we frequently observed individual Schwann cells
that appeared to provide myelin to more than one peripheral fibre (Figure 6 A-F). A number
of Schwann cells in the OSL of the 6- and 12-week deafened cohorts appeared to undergo
dedifferentiation into a non-myelinating phenotype following loss of contact with their

peripheral fibres (Figure 6 G-I).

o o '

Figure 6 Peripheral fibres within the OSL. (A) OSL cross sections from a normal
hearing cochlea. Schwann cells (arrow and arrowhead) appear to be providing myelin
for a number of peripheral fibres (white stars) that were wrapped by small cytoplasmic

processes. A Schwann cell (arrowhead) ensheaths both a myelinated fibre and an
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unmyelinated fibre (double arrow). (B and C) Higher magnification images from a
normal cochlea showing examples of two peripheral fibres (asterisk) that were
ensheathed by one Schwann cell. (D to F) Examples of two peripheral fibres (asterisk)
that were ensheathed by a single Schwann cell in deafened cochleae. (G to I)
Examples of Schwann cells (arrow) that appeared to have dedifferentiated in response
to the loss of their peripheral fibres. Two fibres (G: double arrows) have undergone
significant degeneration and were almost completely devoid of axoplasm. Scale bars (A
=2um,B—-F=1pm,G=5pum, Hand I =2 pm).

Examples of peripheral fibres at low and high magnification in a normal and a 6-week
deafened cochlea are illustrated in Figure 7. A key feature of peripheral fibre degeneration
was the retraction of the fibre’s axoplasm leaving an apparently normal myelin sheath (Figure
7 B and D). Although sometimes myelin degeneration or delamination was observed, it did
not usually occur in concert with the retraction of the axoplasm, suggesting two independent
mechanisms of degeneration. An example of this sequence of degeneration is shown in
Figure 7 B and D. There is no apparent difference between the myelin sheath in a peripheral
fibre undergoing degeneration compared to that observed in a normal cochlea (compare
Figure 7 C and D). Large unmyelinated fibres that exhibited morphological features similar to
Type | SGN peripheral fibres were occasionally observed in the OSL of deafened cochleae
(Figure 7 E and F). There was no evidence of myelin breakdown products, such as myelin
figures, suggesting that these fibres were not undergoing demyelination. It is possible that

these fibres were resprouting neurites that had yet to be myelinated.
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Figure 7. Myelin sheath of a normal and degenerating peripheral fibre. (A and C)

A peripheral fibre in a normal cochlea with an intact myelin sheath. (B and D) A
peripheral fibre in a 6-week deafened cochlea that had begun to degenerate as
evidenced by the collapse and retraction of the fibre’s axoplasm. The myelin sheath
surrounding the degenerating fibre appeared normal. (E and F) Examples of large
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unmyelinated fibres (arrow) from a 6-week deafened cochlea in a cross section (E) and
a longitudinal section (F) of the OSL. Schwann cells ensheathed but did not myelinate
these fibres. The morphological features of these fibres (relatively large size,
neurofilament and microtubule content) are consistent with neighbouring Type | SGN

peripheral fibres. Scale bars (A =1um,B=05um, CandD=0.1um,Eand F=1
pum).

Deafness-induced changes in Type | spiral ganglion neurons within Rosenthal’s canal

Type | SGNs within Rosenthal’s canal were examined in transverse sections from the basal
turn (Figure 1 C). Figure 8 shows examples of Type | SGN soma from a normal, 2-, 6- and

12-week deaf cochleae at low (top panel) and higher (bottom panel) magnification.

The cytoplasmic contents exhibited by normal Type | SGNs included densely packed
polyribosomes, numerous mitochondria, lipid granules and Golgi apparatus. There was little
difference in the packing density, soma area and ultrastructure of Type | SGN soma 2-weeks
following deafening (Figure 8 B and F) compared to the normal cochleae (Figure 8 A and E).
Following longer periods of deafness there was a significant decrease in Type | SGN density
(Figure 8 I; ANOVA, p < 0.001) that was progressive over time, and a significant reduction
in soma area (Figure 8 J; ANOVA, p < 0.003) that stabilised after 6-weeks of deafening (i.e.
no significant change in soma area between six and 12-weeks of deafness). The intracellular
content of the majority of remaining Type | SGN soma appeared similar to normal cochleae
(e.g. compare Figure 8 E with 7 H). Occasionally, large intercellular vacuoles were observed
among the profiles of Type | SGNs, but this was observed in both normal and deafened
cochleae. Remnant basement membranes, most likely from surrounding Schwann cells or

degenerated Type | SGN soma, were often observed after six and 12-weeks of deafness.

21



Normal 2 week 6 week 12 week

| SGN Density J SGN Area
“E" 1000 x y 2004 1 L )
| — | —

= I [— = 2 T

j‘u: 800 =1 + I g 1504 T

=~ 600 | s

= o € 1004

S 400 A s

o I |

= 200 - © 50

(L]

2] - . : : . 0 - ; . 5
Normal 2 week 6 week 12 week Normal 2 week 6 week 12 week

Figure 8. Effect of deafness duration on Type | SGN cell bodies. Representative
images of SGN soma at low (top panel) and higher (bottom panel) magnification. (A
and E) Examples from a normal hearing cochlea. (A) The soma of the Type | SGNs
were typically oval shaped, myelinated and densely packed. The higher magnification
image (E) shows the classical ultrastructure of a Type | SGN cell body, covered by a
few layers of myelin sheath, densely packed polyribosomes, numerous mitochondria
and lipidic granules (arrowhead). Nucleoli (arrow) are clearly visible in the cell
nucleus. (B and F) Examples from a 2-week deafened cochlea. Very few, if any,
changes in cellular ultrastructure were observed. A normal myelin layer (arrow) and
polyribosomes (arrowhead) were evident. (C and G) Examples from a 6-week deaf
cochlea. The cell density (quantified data in 1) and soma area (quantified data in J) had
decreased significantly. However, most of the remaining Type | SGNSs, although
smaller, appeared to have a normal myelin sheath (arrow) and intracellular content (G;
arrowhead). (D & H) Examples from a 12-week deafened cochlea. A progressive loss
of Type | SGNs was observed (65% reduction by 12-weeks). However, again the
intracellular contents of most of the remaining Type | SGNs appeared to be consistent
with a normal cochlea including intact myelin (arrow). The graphs indicate Type | SGN
density (1) and soma area (J) plotted against duration of deafness. There was an ongoing
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decrease in Type | SGN density (* ANOVA, p<0.001) in addition to a decrease in soma
area (* ANOVA, p<0.003) that had stabilized by 12-weeks of deafness. Error bars
represent standard error of the mean (SEM). Scale bars (A — D = 5um, E — H = 1um).

Only small numbers of Type I SGN soma were observed undergoing degeneration at each
time point following deafening suggesting a rapid degeneration process. The degeneration
first affected the Type | SGN soma followed later by its satellite Schwann cell. Two forms of
degeneration were observed among SGNSs: (i) an apoptotic-like compaction of the nucleus
and cytoplasm (Figure 9 A and B), or (ii) a necrotic/cytolytic-like degeneration (Figure 9 C
and D). Following degeneration of the SGN, the myelin (which once ensheathed the Type I

SGN soma) disappeared, leaving only a non-myelinating Schwann cell for a period of time as

the only indicator of the former presence of the Type | SGN (Figure 9 D).

Figure 9. Degeneration processes of Type I SGNs following six weeks of deafness.
(A) A Type | SGN (arrow) in the process of degeneration via apoptosis. However the
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Schwann cell (arrow head) and its myelin sheath surrounding the neuron appeared
normal. (B) Example of a Type I SGN in a more advanced stage of apoptotic
degeneration (arrow). The Schwann cell exhibited a normal soma (asterisk) and formed
a “bed” around the degenerating neuron. However, demyelination was also evident
(double arrow) and some myelin remnants (arrowhead) can be seen. (C) Example of a
Type | SGN undergoing degeneration via a cytolytic process. The soma of the Schwann
cell is indicated by (*). (D) Example of a more advanced cytolysis of a Type | SGN still
ensheathed by its satellite Schwann cell (arrowhead). Scale bars =5 um.

Although the intracellular content of the majority of remaining Type | SGNs in the deafened
cochlea appeared normal (e.g. Figures 8 F-H and 9A), some Type | SGNs exhibited an
ectopic morphology with sprout-like protrusions of the cytoplasm (Figure 10). These

protrusions were covered by a normal myelin sheath and tended to occur at or close to the

soma (Figure 10 A and B), or the axon hillock (Figure 10 C).

Figure 10. Ectopic morphology of Type I SGNs in six week deafened cochleae.
Deafened cochleae contained Type | SGNs that exhibited an altered morphology. In
some cases this was associated with neuronal sprouting. Although the cytoplasmic
structure and myelin of these neurons appeared anatomically normal, the morphology
varied substantially from the oval shape Type | SGN observed in normal cochleae (e.g.
Figure 8A). Neural sprouting arising from the SGN soma (arrow; A and B) or the axon
hillock (arrow; C) were observed in some SGNs of deafened cochleae. All examples in
this figure were taken from 6-week deafened cochleae although similar features were
observed in the 12-week deafened cohort. Scale bars (A =5 pum, B and C = 2 um).
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Deafness-induced changes in Schwann cells within Rosenthal’s canal

Although satellite Schwann cells exhibited greater survival traits than SGNs, their
morphology changed following the loss of the Type | SGN soma. Schwann cells appeared to
dedifferentiate into a non-myelinating phenotype in a manner similar to that observed in the
OSL following the retraction of the peripheral fibre. This dedifferentiation was accompanied
by the formation of glial processes that extended into the surrounding environment (Figure
11). The Schwann cell soma assumed an “astrocyte like” morphology as these processes
extended seemingly in an attempt to interact with residual Type | SGNs. This change is
highlighted by the difference in the morphology of the two Schwann cells shown in Figure 11
A. One Schwann cell (arrowhead) remained connected to a surviving Type | SGN while the
second (arrow) had lost its SGN (*) and assumed an astrocyte morphology. Additional
examples are shown in Figure 11 B and C illustrating the extension of glial processes from
the Schwann cell soma. Figure 11 D-F shows a Schwann cell process attempting to make
contact with two surviving Type | SGNs that already had a Schwann cell and an intact myelin

sheath. The process from the dedifferentiated Schwann cell appeared to interact with these

Type | SGNs, altering the morphology of the SGN soma.




Figure 11. Schwann cell dedifferentiation. Images from a 6-week deafened cochlea.
(A) An example of a Schwann cell (arrow) that had lost its SGN (*) and had begun to
dedifferentiate into a non-myelinating phenotype. Nearby is a Type I SGN with normal
morphology, myelinated by its Schwann cell (arrowhead). (B) An example of a
Schwann cell (arrow) dedifferentiating after the loss of the SGN. This Schwann cell
had an astrocyte-like profile, with long processes (double arrows) extending from the
soma. (C) Another dedifferentiated Schwann cell extended processes from its soma and
contacted the glial sheath of a surviving SGN (arrow). (D) A dedifferentiated Schwann
cell (arrow) contacted new targets (arrowheads). An elongated process contacted two
neurons already ensheathed (and myelinated) by their own Schwann cells. The region
within the framed box is represented in higher magnification in E showing that the
process appeared to alter the morphology of the contacted SGNs. (F) Higher
magnification (framed in E) of this contact region showing more clearly filaments
between the dedifferentiated glial process membrane (arrow) and the glial sheath
(asterisk) of one of the two neighbouring SGNs. Scale bars (A — C=5um, D =10
pm, E =5 pum, F = 0.5 pum).

Discussion

This study described the degenerative changes in Type | SGNs and their Schwann cells in the
basal turn of the guinea pig cochleae following an aminoglycoside-induced sensorineural
hearing loss. These changes were initially characterised by complete loss of hair cells within
the first 2-weeks following deafening, the relatively rapid loss of unmyelinated axons within
the organ of Corti, and the shrinkage and retraction of the axoplasm of peripheral fibres
within the OSL. Changes to the peripheral nerve fibres were statistically significant as early
as 2-weeks post deafening. Although the myelin sheath initially remained intact, it
subsequently collapsed and was rapidly cleared. Significant reductions in both SGN soma
area and density within Rosenthal’s canal became evident after 6-weeks of deafness. Ongoing
degeneration of SGNs was observed such that SGN density was 35% of normal levels after

12-weeks of deafness. Despite evidence of shrinkage, residual Type | SGN soma in deafened
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cochleae exhibited similar intracellular content to Type I SGNs from normal cochleae
although they occasionally exhibited an altered morphology following contact with
dedifferentiated Schwann cells or the formation of ectopic neurites. Only a small number of
SGNs were observed undergoing degeneration, which occurred either via apoptotic or
necrotic mechanism, suggesting that once initiated, the degeneration of the SGN soma was
rapid. Finally, following loss of the Type | SGN, the residual satellite Schwann cell, devoid
of neural contact, dedifferentiated into a non-myelinating phenotype and formed processes
that appeared to be attempting to make contact with residual SGNs. A schematic

representation of these key observations is depicted in Figure 12.

A @Normal
"\

D

Figure 12. Schematic representation of the key features of Type | SGN degeneration and the
de-differentiation of myelinating Schwann cells in the transverse orientation. (A) In the

normal cochlea: a number of peripheral fibres make synaptic connections with an inner hair
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cell. There is a full complement of SGNs with their soma in Rosenthal’s canal. Schwann cells
are associated with both types of SGNs but only myelinate Type | SGNs. (B) Two weeks
following hair cell loss the axoplasm within the peripheral fibres begins to shrink and retract
towards the soma while the myelin sheath remains intact. There is no SGN loss at this stage.
(C) After six weeks of deafness, retraction of the peripheral fibres is more extensive, and
~50% of the Type | SGNs have degenerated via apoptotic or necrotic mechanisms. The
myelin sheath associated with early degenerated SGNs has also collapsed. Schwann cells lose
connection with the degenerated SGNs and dedifferentiate temporally leaving behind a glial
bed and sending out processes to sample the local environment. Residual Type I SGNs
exhibit altered morphology. (D) After 12 weeks of deafness about two thirds of the SGNs
have degenerated. Greater numbers of Schwann cells undergo dedifferentiation into a non-

myelinating phenotype.

Deafness-induced changes in the organ of Corti

The effects of aminoglycoside exposure has been characterised previously with regard to hair
cells (Forge, 1985; Ladrech et al., 2007) and their SGN synapses (Terayama et al., 1979;
Lenoir et al., 1999). The degenerative effects of deafness are most prevalent in the basal
region of the cochlea (Leake and Hradek, 1988; Zimmermann et al., 1995; Hardie and
Shepherd, 1999) and therefore our study focussed on this region. In the present study all hair
cells in the basal turn degenerated within the first 2-weeks following deafening, leaving
behind residual columnar cells that were eventually replaced by a single layer of squamous
cells on the basilar membrane — the so-called flattened epithelium (Ladrech et al.,
2007)Raphael, 2007 #8584}. Although the terminals of Type | afferent fibres remained
localised to the region of the lost IHCs over the first few weeks following deafening, by12-
weeks only sporadic nerve fibres were observed between the basilar membrane and the

flattened epithelium.
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Deafness induced changes to Type 1 SGN peripheral fibres within the OSL

The degeneration of Type | SGN peripheral fibres demonstrated a significant reduction in the
cross-sectional area of peripheral fibres as early as 2-weeks following deafness, with the

fibres in the distal region of the OSL exhibiting a more extensive reduction in axoplasm.

In concert with axonal shrinkage there was a significant decrease in peripheral fibre density.
The axoplasm of peripheral fibres retracted, leaving behind an apparently normal myelin
sheath even when completely devoid of axoplasm, a finding consistent with that reported by
(Waaijer et al., 2013). This was a common observation in the present study and suggests that
extensive demyelination of residual peripheral fibres is not a primary feature of deafness-
associated degeneration of Type | SGNs in the ototoxic deafness model. Finally, after a

period of time the myelin sheath collapsed and was rapidly cleared.

In both normal and deafened cochleae we occasionally observed examples where two or
more fibres appeared to be supported and myelinated by one Schwann cell in a manner more
reminiscent of oligodendrocytes in the central nervous system (e.g. Figure 6). Although
reported earlier in the cat (Adamo and Daigneault, 1973) this feature has received little

attention in the literature, presumably due to limited TEM analysis of the OSL.

Finally, our analysis did not distinguish myelinated afferent and efferent fibres in the OSL.
The medial efferents are known to have a very specific course from Rosenthal’s canal (where
they form the intra-ganglionic spiral bundle (IGSB)) to the organ of Corti (Brown, 1987a).
While the efferent bundle leaving the IGSB cannot be sectioned in the same orientation as the
Type | afferents, it is possible to confuse the fibre types when examining radial fibres within
the OSL as both fibre types are myelinated; both cross the OSL in a radial direction; and the
medial efferents in the guinea pig OSL are only slightly smaller than the Type | afferents (up

to 1.2 um diameter versus 1.7 um respectively; (Brown, 1987b, a). Although the

29



identification of Type | afferents versus medial efferents in the OSL present some difficulties,
it is important to note that the number of medial efferent fibres is significantly less than the
Type | afferent comprising approximately 25% of the population of myelinate fibres
(Morrison et al., 1975). Moreover medial efferent fibres undergo far more rapid degeneration
compared with the Type | afferent following hair cell loss (McFadden et al., 2004).
Therefore, while the identification of fibre type presents some challenges, the large difference
in population and the rapid degeneration of the efferents reduces the significance of this

issue.

Peripheral fibre morphology

In deafened cochleae we occasionally observed large unmyelinated fibres that had
morphological characteristics of Type | SGN peripheral fibres (axoplasm composition and
size) that differentiated them from the smaller, unmyelinated Type Il SGN fibres and lateral
efferents. We consider these fibres were recently regenerated Type | SGN peripheral fibres. It
is known that SGNs in deafened cochleae have an inherent capacity to regenerate their
peripheral fibres (Bohne and Harding, 1992), and that the exogenous application of growth
factors can enhance this regeneration (Wise et al., 2005; Glueckert et al., 2008; Leake et al.,
2011). Although not examined here, previous studies of deafened cochleae have shown that
resprouting fibres can exit the habenula perforata and course within the cellular layer of the
inner sulcus, loop within the OSL or project into the scala tympani - locations in which SGN
fibres are not normally observed (Spoendlin and Suter, 1976; Strominger et al., 1995; Bohne

et al., 1999; Richardson et al., 2005; Landry et al., 2013).
Deafness-induced changes to the Type I SGN soma

The progressive shrinkage and loss of Type I SGNs with increasing duration of deafness

described in the present study is well characterised in animal models of deafness (Leake and
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Hradek, 1988; Leake et al., 1999; Lenoir et al., 1999; Forge and Schacht, 2000; McGuinness
and Shepherd, 2005) as well as human material (Nadol et al., 1989). Our findings showed a
significant decline in SGN density with increasing duration of deafness such that there was a
reduction in cell density of 65% after 12-weeks. In addition, there was significant shrinkage
of the SGN cell bodies to approximately 85% of normal, although this had stabilised by the

6-week period.

There were a number of important features observed in Type | SGN of deafened ears evident
in the present study. First, the cytoplasmic content at the ultrastructural level appeared similar
to SGNs within normal cochleae, even following 12-weeks of deafness. This finding supports
previous TEM studies (Spoendlin, 1975; Ylikoski et al., 1975) and implies that long-term
deafened SGNs maintain the cytoplasmic machinery required to generate and propagate

action potentials in response to electrical stimulation (Shepherd and Javel, 1997).

Second, although the surviving Type | SGN soma in deafened ears appeared relatively
normal we did observe some morphological abnormalities. These changes occurred when the
process of a dedifferentiated Schwann cell made contact with the SGN (see Discussion
below). Although not commonly observed, neurites were evident sprouting from the soma of
some Type | SGNs in deafened cochleae. The long term fate of these putative resprouting
fibres remains to be determined. It is likely that if they cannot make synaptic connections, or
obtain trophic support from other cells, they will eventually atrophy and degenerate

(Terayama et al., 1979).

Third, the residual Type I SGNs in the deafened cochleae were often situated in close
proximity to remnants of degenerated SGNs and would have projected to the same region of
the organ of Corti, indicating that the local cochlear environment was not a key factor in
determining which SGNs degenerated. It would appear that Type | SGNs are not equally
susceptible to degeneration following loss of the inner hair cell. There is evidence that SGNs
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with high acoustic thresholds (low spontaneous rates) are more susceptible to noise trauma
and may preferentially degenerate (Kujawa and Liberman, 2009). However, it remains to be
determined why one SGN degenerates while neighbouring neurons appear ultrastructurally
normal (if somewhat smaller in size) for long periods of time following loss of their sensory
epithelium. A genetically distinct sub-population of Type | SGNs may be resilient to

sensorineural hearing loss.

Fourth, Type | SGNs appeared to undergo degeneration via one of two mechanisms following
loss of the inner hair cell: 1) an apoptotic mechanism whereby the cytoplasmic content of the
shrunken SGNs became dense and tightly packed with condensation of the chromatin and
discontinuities in the cell membrane; 2) a cytolytic, also described elsewhere as an
autophagic (Menardo et al., 2012) or necrotic mechanism, whereby the cytoplasm and the
nucleus became loosely fragmented and deteriorated (Dodson, 1997). The infrequent
observations of SGNs undergoing degeneration in the present study, suggested that both
degeneration pathways were rapid. These observations are consistent with previous results in
the rat showing that the expression of Caspase 3 (a cell death marker) was only observed in
1-2% of cells examined and that the apoptotic process was completed within a few hours

(Ladrech et al., 2004).

Finally, we note that given the 15% reduction in SGN soma area observed over the course of
the study, we cannot dismiss the possibility of over-counting SGNs. While a correction
factor to account for this shrinkage was not used here, we mitigated against any bias by only
including SGNs with a clear nucleolus and separating sections by at least 24 um to ensure

that each SGN is only counted once.
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Type | SGN degeneration following aminoglycoside toxicity is secondary to hair cell loss
rather than a direct insult on SGNs.

The results of the present study support the observation that the pathological changes to Type
I SGNs were secondary to the loss of hair cells, although we cannot conclusively rule out that
the normal pathology observed was a result of direct SGN insult. We showed that the
longitudinal degeneration of Type | SGN peripheral fibres occurred following the rapid and
complete loss of hair cells and the collapse of the organ of Corti in the basal turn. Large
numbers of Type | SGN peripheral fibres were present in the vicinity of the habenula
perforata 2-weeks following deafness. This is consistent with many previous reports that have
concluded that in aminoglycoside induced deafness SGN loss is secondary to loss of hair
cells (e.g. (Kohonen, 1965; Leake-Jones and Vivion, 1979; Hardie and Shepherd, 1999;
Glueckert et al., 2008). Furthermore, while evidence from the literature demonstrates
widespread uptake of aminoglycosides by many cell types within the cochlea (Imamura and
Adams, 2003a; Heinrich et al., 2015), SGNs consistently exhibit low levels of uptake
(Imamura and Adams, 2003b; Heinrich et al., 2015), leading Imamura and Adams (2003b) to
conclude that while aminoglycosides had a direct toxic effect on many cell types within the
cochlea, only in the case of SGNs was the pathology secondary to the loss or damage to hair

cells.

The response of Schwann cells to a sensorineural hearing loss

Schwann cells continued to survive following the loss of their SGN, a finding that we have
shown previously with S100 labelling in the deafened rat cochlea (Hurley et al., 2007). We
observed numerous remnants of ‘glial beds’ where the membranous outline of a completely
degenerated SGN remained. In addition, Schwann cells that had lost their SGN

dedifferentiated and changed phenotype to a non-myelinating Schwann cell, consistent with
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our previous study where we reported a reduction in the level of staining for the myelin
protein PO but no change in the level of S100 (Hurley et al., 2007), as only myelinating

Schwann cells express significant quantities of PO.

The dedifferentiated satellite Schwann cells observed in the present study assumed an
“astrocyte-like” morphology with numerous processes extending from the soma. These
processes appeared to be sampling the extracellular environment, presumably searching for a
new SGN target. Contact between the Schwann cell process and a residual SGN distorted the

morphology of the soma (e.g. Figure 11 D-F).

Schwann cells within the peripheral nervous system are highly plastic and play a key role in
axonal regeneration. Following peripheral nerve injury and loss of neural contact myelinated
Schwann cells rapidly dedifferentiate into a non-myelinating phenotype that upregulates
repair factors, including neurotrophins, which are required for axonal regeneration. Once
these dedifferentiated Schwann cells make contact with regenerating axons they
redifferentiate into a myelinating phenotype and restore nerve function (Glenn and Talbot,
2013; Jessen and Mirsky, 2016). This response to peripheral nerve injury is controlled by the
transcription factor c-Jun which is upregulated on loss of neural contact and downregulates
the myelinated Schwann cell phenotype in opposition to pro-myelin transcription factors
(Parkinson et al., 2008; Arthur-Farraj et al., 2012). The role of specific transcription factors in

controlling Schwann cell plasticity in the cochlea has yet to be determined.

Consistent with their role in the peripheral nervous system, we postulate that the
dedifferentiated Schwann cell phenotype present in the deafened cochlea extends processors
to contact residual SGNs in order to provide a reparative environment and to potentially
remyelinate its host SGN. While we saw no clear evidence of remyelination in the present
study it is likely that the deafening technique used was so severe and widespread that any
reparative influence of cochlear Schwann cells was minimal. While dedifferentiated Schwann
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cells in the peripheral nervous system can survive for long periods without neural contact
their ability to support regenerating axons gradually diminishes (Jonsson et al., 2013);
eventually the denervated Schwann cells degenerate via p75"'" — mediated apoptosis

(Ahmad et al., 2015).

Clearing cellular debris following aminoglycoside deafening

A feature of the present study was the lack of cellular debris during the course of the 12-week
study. The only clear evidence of cell debris was a small number of degenerating SGN soma
in the 6- and 12-week deafened cohorts (Fig. 8), implying that the cochlea possesses a rapid
and efficient mechanism for phagocytosis. A variety of cochlear cell types are likely to
contribute to this process including macrophages and microglia that are known to play an
important role in clearing hair cell debris (Sato et al., 2010; Kaur et al., 2015; Sun et al.,
2015; O'Malley et al., 2016; Fuentes-Santamaria et al., 2017). While we did not observe
macrophages or microglia in the present study, their response to injury occurs rapidly with
activation peaking from 1-10 days following the insult (Fuentes-Santamaria et al., 2017).
Dedifferentiated Schwann cells play a major role in the phagocytosis of degenerating axons
and myelin debris. Myelin breakdown occurs within 7 days of injury via Schwann cell
autophagy (Gomez-Sanchez et al., 2015; Jessen and Mirsky, 2016). This rapid clearing is
consistent with the lack of myelin debris observed in the present study. Finally, macrophages
attracted to the site in response to Schwann cell plasticity are also known to play an important

role in myelin clearance (review: Scheib and Hoke, 2013).

Clinical Significance

Post-mortem studies comparing SGN survival with a cochlear implant subjects clinical
performance in life has demonstrated a highly significant correlation between higher residual
SGNs and improved word recognition scores in a given patient (Seyyedi et al., 2014). This
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result support attempts to promote survival of SGNs. Moreover, while contemporary cochlear
implants typically use monopolar stimulation strategies that are known to excite wide regions
of cochlea SGNs, new highly focussed stimulation strategies are being developed, however
their efficacy is significantly reduced in cochleae with low or patchy SGN survival (Long et

al., 2014; George et al., 2015).

Developing clinically relevant techniques for SGN rescue includes detailed knowledge of the
ultrastructural and temporal response of SGNs in response to sensorineural hearing loss. It is
equally important to study the cellular interactions during this degenerative process. This is
particularly important for SGN/Schwann cell interactions given the important role Schwann

cells play in peripheral nerve regeneration following injury.

Finally, there is evidence from both cochlear implant (Landry et al., 2013) and peripheral
nerve stimulation studies (Singh et al., 2012) that electrical stimulation promotes neurite
growth following neuronal injury. This approach may result in clinical significance if the
electrical stimulus can be applied soon after injury in order to take advantage of the
regenerative environment created by dedifferentiated Schwann cells. Such a therapeutic
approach would be further enhanced by the simultaneous application of exogenous growth
factors. Understanding the cellular interactions under these conditions will help drive the

development of effective therapeutic interventions.
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