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a b s t r a c t

Cochlear implantation leads to many structural changes within the cochlea which can impair residual
hearing. In patients with preserved low-frequency hearing, a delayed hearing loss can occur weeks-to-
years post-implantation. We explore whether stiffening of the basilar membrane (BM) may be a
contributory factor in an animal model. Our objective is to map changes in morphology and Young’s
modulus of basal and apical areas of the BM after cochlear implantation, using quantitative nano-
mechanical atomic force microscopy (QNM-AFM) after cochlear implant surgery. Cochlear implantation
was undertaken in the guinea pig, and the BM was harvested at four time-points: 1 day, 14 days, 28 days
and 84 days post-implantation for QNM-AFM analysis. Auditory brainstem response thresholds were
determined prior to implantation and termination. BM tissue showed altered morphology and a pro-
gressive increase in Young’s modulus, mainly in the apex, over time after implantation. BM tissue from
the cochlear base demonstrated areas of extreme stiffness which are likely due to micro-calcification on
the BM. In conclusion, stiffening of the BM after cochlear implantation occurs over time, even at sites far
apical to a cochlear implant.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cochlear implantation results in a spectrum of microscopic
changes within the cochlear anatomy including fibrosis and
osteoneogenesis, particularly concentrated within the basal end of
the cochlea adjacent to the implant array. This is seen both in
humans (Li et al., 2007; Linthicum et al., 2017; Nadol et al., 2001;
Fayad et al., 2009) and in experimental models of implantation
(O’Leary et al., 2013). These changes are thought to affect cochlear
mechanics (Choi and Oghalai, 2005; Kiefer et al., 2006) and
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subsequently the recipient’s hearing. Patients with residual low-
frequency hearing are deemed eligible for cochlear implantation
with electro-acoustic stimulation (EAS) models of implants. In an
attempt to preserve this hearing, current surgery has focused upon
“soft-surgical” techniques (Lehnhardt,1993), implant design (Gantz
et al., 2005; Briggs et al., 2013) and intraoperative monitoring
(Campbell et al., 2016).

Delayed hearing loss in EAS recipients refers to the hearing loss
which can develop some months after implant insertion, as re-
ported by recipients and confirmed on audiometric testing. This
typically occurs weeks-to-months, and in some cases years, post-
implantation (Gstoettner et al., 2006). Choi and Oghalai (2005)
proposed that one mechanism by which delayed hearing loss
might occur was damping of scala tympani by fibrosis, or immo-
bilization of the basilar membrane (BM) by fibrosis and/or direct
contact with the CI. Here, we explore an alternative hypothesis,
namely that delayed hearing loss results fromvariations in cochlear
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nicholas.reynolds@latrobe.edu.au
mailto:sjoleary@unimelb.edu.au
mailto:sjoleary@unimelb.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2019.107846&domain=pdf
www.sciencedirect.com/science/journal/03785955
http://www.elsevier.com/locate/heares
https://doi.org/10.1016/j.heares.2019.107846
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.heares.2019.107846


J.K. Choong et al. / Hearing Research 385 (2020) 1078462
mechanics caused by progressive changes to the Young’s modulus
of the BM over time. The latter could arise as a late consequence of
cochlear inflammation and subsequent micro-calcification. BM
stiffness and/or Young’s modulus has been measured previously in
the guinea pig (Gummer et al., 1981; Miller, 1985) and other species
including humans (Von B�ek�esy, 1960; Olson and Mountain, 1991;
Olson andMountain, 1994; Naidu andMountain, 1998; Emadi et al.,
2004; Emadi and Richter, 2008; Teudt and Richter, 2014). However,
none so far have looked specifically at the impact of cochlear im-
plantation on BM stiffening.

Here, we looked specifically for changes in the Young’s modulus
of guinea pig BM tissue at multiple time points following cochlear
implantation surgery using Quantitative NanoMechanical Atomic
Force Microscopy (QNM-AFM). QNM-AFM allows simultaneous
mapping of the Young’s moduli and topography of biological ma-
terials in fully hydrated conditions with nanometer resolution
(Gilbert et al., 2017), accounting for the significant heterogeneity
seen in biological tissue. Traditional methods of quantifying me-
chanical properties of materials by AFM [e.g., by analyzing indi-
vidual force vs distance curves (Kuznetsova et al., 2007)] lack the
ability to map with nanometer spatial resolution and, thus, are
unable to correlate changes in material properties with sub-micron
variations in topography. This limitation has prevented correlative
studies which investigate relationships between changing me-
chanical and morphological properties in biological tissues. Here,
for the first time, we perform nanoscale correlative mapping of the
BM, allowing us to monitor progressive nanoscale changes in BM
topography and Young’s modulus as a result of cochlear implan-
tation. These changes in biophysical properties were further
investigated audiometrically.

We show that the apical BM region e far away from the implant
e becomes progressively stiffer with time after implantation. QNM-
AFM suggest this stiffening is likely due to collagen deposition on
the tympanic surface of the BM.

2. Materials and methods

2.1. Animals and experimental design

All experimental procedures were in accordance with the Bi-
onics Institute’s Animal Research Ethics Committee (ethics ap-
provals 16/354AU and 16/360AU). Fifty pigmented Dunkin-Hartley
guinea pigs were used in this study, fromwhich data are presented
for 38 animals (weight range 437e974 g); the remainder were used
for either preliminary experiments or were accidently damaged
during AFM sample preparation (see Table 1). Animals were aged
8e20 weeks at the time of cochlear implantation. Experimental
animals were divided into four groups of ten, with designated
survival endpoints of 1, 14, 28, and 84 days. All animals allocated to
these experimental groups underwent baseline auditory brainstem
response (ABR) testing prior to bilateral cochlear implantation via
cochleostomy, followed by repeat ABR recordings at their desig-
nated survival end-point. Five animals were designated as controls,
Table 1
Animal numbers analysed by AFM in each cohort with group mean stiffness. NB: Some s
groups consisting of varying numbers.

Cohort Apical AFM

Number of animals Group median stiffness (kPa

Control 5 55
1 day 9 61
14 days 7 127
28 days 9 219
84 days 8 259
and these had no surgical intervention. All cochleae were removed
and underwent BM dissection for AFM. All surgery was performed
by one surgeon (JC) and the researchers were blinded for AFM
analysis.

2.2. Auditory brainstem response recordings

Anaesthesia for ABR recordings and surgery was inducted with
intramuscular ketamine (60 mg/kg) and xylazine (4 mg/kg). Ani-
mals were maintained in an areflexic state throughout all proced-
ures, as determined by lack of both pedal and corneal reflexes. Our
ABR recording system has been previously described (James et al.,
2008). Computer-generated acoustic stimuli (100 ms clicks and
tone pips of duration 5 ms, with 1 ms rise/fall times and stimulus
frequencies of 2, 8,16, 24 and 32 kHz) were delivered to each ear via
a loudspeaker (Richard Allen DT-20, UK) placed 10 cm away from
the pinna. Ear mould compound (Otoform, Dreve, Germany) was
used to occlude the contralateral ear. Subcutaneous needle elec-
trodes were placed at the vertex and ipsilateral nape of the animal
with a ground electrode placed subcutaneously in the flank. Re-
sponses were amplified by a factor of 100,000 (DAM-5A, WPI Inc.,
USA) and band-pass filtered (Krohn-Hite 3750, Avon, USA) between
150 Hz and 3 kHz (6 dB/octave). The filter output was fed to a 16-bit
analogue-to-digital converter (Tucker Davis Technologies, USA) and
sampled at 20 kHz for a period of 10 ms following stimulus onset.
Thirty stimuli were presented per second. Responses were aver-
aged over 250 stimulus repetitions. Stimulus intensity was decre-
mented in 5 dB steps from high to sub-threshold stimulus levels.
Waveforms were exported to a software analysis program (written
by Dr. James Fallon and adapted by Prof. Stephen O’Leary using Igor
5.02, Wavemetrics Inc., USA), with threshold defined as the lowest
intensity stimulus to evoke a response of >0.4 mV amplitude in
wave III of the ABR. ABRs were recorded on the day of cochlear
implantation (prior to the commencement of the surgical proced-
ure), and were repeated at the endpoint of each experiment (1, 14,
28 or 84 days, dependent on experimental group).

2.3. Surgery

Lignocaine (1 mg/mL) was injected subcutaneously prior to
post-auricular incision. Overlying tissue was mobilized off the bulla
and a 1.8 mm cutting burr was used to form a bullostomy. A
cochleostomy was created using a 0.8 mm diamond burr approxi-
mately 1 mm from the round-window membrane in an antero-
inferior plane (Lo et al., 2017). A non-stimulating dummy silicone
implant, manufactured in our laboratories using SILASTIC® MDX4-
4210 BioMedical Grade Elastomer (Dow Corning Products, USA),
with a diameter of 0.4 mm was then slowly and carefully inserted
into the cochlea to a depth of ~2.5 mm, unless resistance was felt
earlier. The dummy implant was left in place and trimmed at the
level of the bullostomy. The cochleostomywas sealedwith amuscle
plug and the muscle overlying the bulla was re-approximated and
sutured. The post-auricular skin was sutured and the incision site
pecimens were destroyed during sample preparation and AFM analysis resulting in

Basal AFM

) Number of animals Group median stiffness (kPa)

5 65
8 94
9 101
8 145
7 146
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sprayed with tissue adhesive. All animals were then given a sub-
cutaneous injection of an analgesic (Temgesic, Reckitt Benckiser,
Australia) and allowed to recover from anaesthesia.

Silicone non-stimulating arrays were chosen over Pt/Ir electrode
arrays for two reasons. First, the aim was to investigate changes in
BM stiffness over time due to the presence of the implant. Further
studies investigating the effect of electrical stimulation whilst no
doubt of significant interest were beyond the scope of this study.
Second, silicone implants have been used in comparable studies in
our laboratory (Choong et al., 2019) and their continued use allows
for more reliable comparison of results between studies.

2.4. Cochleae harvesting and preparation

Whilst still under anaesthesia and following the final ABR
recording, animals were euthanized with an intraperitoneal injec-
tion of pentobarbitone (2.5 mL; 325 mg/mL). Transcardiac perfu-
sion with heparinized normal saline followed by 10% neutral
buffered formalinwas performed to allow cochleae to be harvested.
After harvesting, right-side cochleae were placed into phosphate-
buffered saline (PBS) solution and stored at 4 �C until BM
dissection.

BM dissection occurred under a microscope within 2 h of har-
vesting the cochleae. Cortical bone and the otic capsule were
carefully chipped away in order to expose the BM. Two BM samples
approximately 2 mm in length were collected e a basal sample
from the region adjacent to the cochleostomy, and an apical sample
adjacent to the helicotrema. The spiral ligament was removed in all
samples, though a small remnant border of the modiolus was
retained on both samples for structural integrity. Dissected BM
were then placed on glass coverslips pre-treated with Fol’s Chrome
Alum Gelatin coating to prevent lifting of the samples during AFM
measurement. Slides were stored at 4 �C for a maximum of three
days prior to AFM analysis.

2.5. Quantitative Nanoscale Mechanical-Atomic Force Microscopy
(QNM-AFM)

Tissue samples were characterised by QNM-AFM on a
Fig. 1. Schematic of the operation of Quantitative N
MultiMode 8 AFM with a NanoScope V Controller (Bruker). All
imaging was performed using the fluid cell in PBS at room tem-
perature. ScanAsyst-Fluid (Bruker) cantilevers were used with a
nominal spring constant of 0.7 N/m and resonant frequency of
150 kHz in air. A schematic of the operation of QNM-AFM is shown
in Fig. 1. In QNM-AFM, similarly to tapping mode, an oscillating
AFM tip is rastered across the substrate, and a topographic image is
generated by monitoring the lateral displacement of the cantilever
for every pixel of the generated image. In addition, for each pixel
the force exerted on the tip by the substrate is measured
throughout the oscillation of the tip (Fig. 1, bottom), generating a
force vs distance curve for each pixel (Fig. 1, top). The Young’s
modulus at each pixel was then calculated by numerically fitting
this force vs distance curve in its deformative (Def.) region using the
Derjaguin-Muller-Toporov (DMT) mechanical model for elastic
contact (Fig. 1, red line, top right) (Young et al., 2011), thereby
generating a nanoscalemap of the Young’s modulus variation of the
BM. To produce these nanomechanical maps, all imaging was per-
formed in peak-force tapping mode where the cantilever was
oscillated at a frequency of 0.5 kHz, chosen to be much lower than
its resonant frequency.

Before imaging, each cantilever was calibrated to accurately
determine the deflection sensitivity, spring constant, and the tip
radius. Deflection sensitivity was calculated from a force-distance
curve generated by indenting the tip into a hard, fused silica sur-
face. The spring constant was determined in both air and PBS using
the thermal tune procedure included in the NanoScope Control
software (V1.4, Bruker). Briefly, a thermal noise spectrum is
generated by monitoring small thermal oscillations of the canti-
lever over a range of frequencies. This thermal noise spectrum can
then be used to numerically calculate the resonant frequency and
the spring constant of the cantilever (Lübbe et al., 2013). The tip
radius was calculated by analysis of a 1.5 mm scan of the roughened
titanium control sample (Bruker, RS-12M) using the tip analysis
tool in the NanoScope Analysis software (V1.7, Bruker). To further
refine the calibration, 3 � 3 mm2 scans of a polydimethylsiloxane
film of known Young’s modulus (nominally 2.5 MPa; Bruker PDMS-
SOFT-1-12M)were imaged and the calculated tip radius adjusted so
the measured Young’s modulus matched the nominal stiffness of
anoscale Mechanical-Atomic Force Microscopy.
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the calibration sample. Using this estimation procedure, the effec-
tive tip radius was calculated to be typically around 30 nm. When
scanning, the deformation channel was monitored carefully to
ensure that the maximum indentation into the BM did not exceed
10 nm, thus minimizing any substrate influence on the calculated
Young’s modulus (Chung et al., 2014). Nanoscale deviations from
planarity in the prepared substrates were subtracted from the
topographical maps using the 1st order Flatten tool in the Nano-
Scope Analysis software; no further processing was performed.
(Note: DMT modulus quantification was chosen as it routinely
provided less noisy, more repeatable data than Sneddon modulus
quantification, ostensibly because the maximum indentation depth
was chosen to be no more than about the tip radius.)

Between three and six points within the pars pectinata of the
BM were measured in each tissue sample; fewer measurements
were achievable when tissue was lifted from the glass plate by the
AFM tip and, therefore, was no longer suitable for repeated mea-
surements. All recordings were taken from areas as close as
possible to the medial border of the BM to ensure testing repeat-
ability. Median Young’s modulus of each specimen was used for
comparison between cochleae.

2.6. Statistical analyses

AFM force maps were exported as American Standard Code for
Information Interchange (ASCII) files using the open source AFM
analysis software Gwyddion (v.2.41) and then subsequently im-
ported into Microsoft Excel. The median stiffness for each animal
was found and these measurements were imported into IBM SPSS
Statistics (v.25) for statistical analysis. Kruskal-Wallis tests were
performed for intergroup comparisons. ABR data were analysed in
SPSS with mixed-model ANOVA. These data were graphed in
Matlab (v.16b).

3. Results

3.1. Hearing thresholds before and after implantation

The pre-implant ABR thresholds are presented in Fig. 2a,
revealing thresholds within anticipated levels for normal hearing
guinea pigs. These data were analysed by a mixed model ANOVA.
Although these thresholds differed across stimulus frequency
(F(4,136)¼ 59.0, p < 0.01), they did not by study group (each of which
survived a different period of time after implantation, F(3, 34)¼ 1.28,
p ¼ 0.30). There was an association between frequency and study
group, as evidenced by an interaction between these factors in the
linear model (F(12,132) ¼ 2.18, p ¼ 0.02), but simple effects testing
Fig. 2. a) Pre-operative ABR thresholds [meanwith standard error of the mean grouped by st
each group (mean and standard error of the mean).
(with ANOVA) by frequency did not reveal an explanation for this
association.

ABR threshold shifts revealed that hearing deteriorated across
stimulus frequency immediately after implantation (Fig. 2b). When
subjected to a mixed-model ANOVA, threshold shifts were found to
differ across frequency (F(4,136) ¼ 22.0, p < 0.01), and there was an
interaction between frequency and the study group (i.e. days’ sur-
vival; F(12,132) ¼ 2.81, p ¼ 0.002). Post-hoc testing showed that this
association could be accounted for by a significantly greater 8 kHz
threshold shift at 28 days than at day 1 (Tukey’s honestly significant
difference test, p ¼ 0.009), with other frequencies following this
trend. Threshold at 2 kHz (the most distant frequency from the site
of implantation) was the least affected by cochlear implantation,
with threshold shifts one day after surgery demonstrating a mean
threshold loss of 7 dB, which rose progressively to peak by 84 days
at 14 dB. These threshold shifts did not differ significantly over
survival time (F(3,34) ¼ 0.8, p ¼ 0.50).

3.2. Basilar-membrane stiffness using QNM-AFM

3.2.1. Topography and stiffening of basilar membrane from the
basal cochlea

The BM at the base of the cochlea became progressively stiffer
after implantation, rising from a cohort median Young’s modulus of
94 kPa (IQR¼ 53) one day after implantation to 146 kPa (IQR¼ 123)
at 84 days (Fig. 3). Control animals had a median Young’s modulus
of 65 kPa. The difference in Young’s moduli across time was not
statistically significant (Kruskal Wallis, Chi square ¼ 5.734,
p ¼ 0.220, df ¼ 4).

The stiffness outcomes were accompanied by a subtle change in
the observed topography of the basal BM (Fig. 4). At 28 days
(Figs. 4e) and 84 days (Fig. 4g), punctate, particulate features on the
BM were observed (example features highlighted by red arrows in
Fig. 4e and g), which are not present at earlier time points. These
punctate spots were approximately 100 nm in diameter and
possessed higher Young’s modulus (approximately 2 MPa) (Fig. 4f
and h) than the median BM in this cohort (146 kPa) (Fig. 4b and d).
Representative topographical and stiffness maps of BMs from
control animals are shown in the Supplementary material. In
general, the topographical AFM images of the non-implanted ani-
mals look very similar to the AFM images recorded both 1 and 14
days post-implantation. Contrary to the 84 day cohort, corrugation
of nano-particulate features was not found.

More dramatic mechanical and topographical changes were
seen in three of the studied animals in the 84 day cohort. These
animals were found to possess areas of exceptionally high Young’s
modulus (exceeding the 10 MPa detection limit of the probe). The
udy cohort (days’ survival)], b) ABR threshold shifts at the end of the survival period for



Fig. 3. Young’s modulus of the basal BM over time as measured by QNM-AFM (median, inter-quartile range [box] and range). There was one outlier in the 84 day cohort with an
exceptionally high Young’s modulus (8145 kPa) compared with all other animals in this study.
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stiff areas were seen in the modulus channel as areas of saturated
intensity intermingled with tissue resembling its original appear-
ance (Fig. 5). This area occupied 8.79% of the recorded surface of the
84 day group (compared with all other groups presenting less than
0.02% surface area) and were assigned a value of 10 MPa for the
statistical analysis performed in Fig. 3.

The topography of these very stiff regions looked markedly
different to the topography of the rest of the tissue analysed. Two
dominant topographical features were observed. The first common
feature, despite its much increased stiffness (Fig. 5e and f), had a
topography (Fig. 5d) similar to the nanoparticulate features seen in
Fig. 4g. Fig. 5def showed an evenly distributed layer of very stiff
nanoparticles with diameters around 100 nm (Fig. 5def, red ar-
rows). These nanoparticles resemble, in both size and shape, fea-
tures previously attributed to hydroxyapatite crystals seen by AFM
in trabecular bone samples (Hassenkam et al., 2004; Thurner et al.,
2007). The second feature had a fibrillar topography with perpen-
dicular striations (Fig. 5aec & 5geI, green arrows) displaying a
67 nm banding (Fig. 6) characteristic of collagen fibers (Hassenkam
et al., 2004).

3.2.2. Topography and stiffening of basilar membrane from the
apical cochlea

The apex of the cochlea showed progressive stiffening of the BM
after implantation, with the 84 day cohort peaking at 259 kPa
(IQR ¼ 201), having risen from 60 kPa (IQR ¼ 36) one day after
implantation (Fig. 7). Non-implanted control animals had a median
Young’s modulus of 55 kPa. The difference across groups including
the controls was statistically significant (Kruskal Wallis: Chi
square ¼ 18.001, df ¼ 4, p ¼ 0.001). Post-hoc analysis (Dunn’s test
with Bonferroni correction) showed a significant difference be-
tween the control and 28 day cohorts (p ¼ 0.003), 1 day and 84 day
cohorts (p ¼ 0.003), and the 1 day and 28 day cohorts (p ¼ 0.001).

Topographic imaging by QNM-AFM, revealed no apical regions
that exceeded the maximum modulus measurable by the AFM tips
used (10 MPa); however, there was a progressive change in the
structural organization of the tissue resulting in the development of
bundles of fibrillar structures over time (Fig. 8).

Quantification based on analysis of line sections drawn through
the bundles of fibrils at 84 days (Fig. 9) revealed them to be
distinctly stiffer than the median modulus of the BM at the same
time point. The mean Young’s modulus of these fibrils at 84 days
was 629 ± 15 kPa, more than twice the median from this cohort
(259 kPa).

4. Discussion

By using the QNM-AFM technique we were able to simulta-
neously map e with nanoscale precision e changes in tissue
topography and mechanical properties resulting from the presence
of a simulated CI in scala tympani. This mapping allowed correla-
tion of nanoscale changes in topography with corresponding
changes in Young’s modulus.

4.1. Young’s modulus for the basilar membrane of non-implanted
cochleae

Non-implanted control animals were found to possess a Young’s
modulus varying between 32 and 78 kPa (median 55 kPa) in apical
regions of the BM and 38e75 kPa (median 64 kPa) in the basal
regions. In the absence of similar experiments for the guinea pig
BM, we make comparisons with experimentally determined values
of Young’s modulus from the in-situ BM and tectorial membrane
(TM) of mice and also the isolated TM of guinea pigs. Using a
contact probe and quasi-static measurement of point stiffness in a
hemi-cochlear preparation from the CBA/CaJ mouse, the Young’s
modulus of the BM was calculated to vary between 13 and 200 kPa
in basal regions and 3e25 kPa in apical regions, and for the TM
between 5 and 100 kPa in basal regions and 0.4e4 kPa in apical
regions (Teudt and Richter, 2014). Using a non-contact probe and
acoustic stimulation of isolated TM from the guinea pig cochlea, the
mean Young’s modulus of the TM was reported to vary from 14 kPa
in basal regions to 3 kPa in apical regions (Gavara and Chadwick,
2010). In other words, all of the experiments suggest that Young’s
modulus is larger for the BM than the TM. Given that Naidu and
Mountain (1998) have demonstrated experimentally that the
structures overlying the BM contribute about one half of the in-situ
BM stiffness measured in the pectinate zone under the outer hair
cells (in the basal turn), Young’s modulus values for isolated BM
from CBA/CaJ mouse would be predicted to be about one half of
those derived from the mouse hemi-cochlear preparation. There-
fore, our modulus values for guinea pig BM isolated from the basal
region, being about half those from the basal BM region of the
mouse hemi-cochlear preparation, engender confidence that the



Fig. 4. QNM-AFM topography (a,c,e,g) and Young’s modulus maps (b,d,f,h) of the basal
basilar membrane of animals from 1 day (a,b), 14 days (c,d), 28 days (e,f), and 84 days
(g,h) cohorts. Red arrows represent stiffer nano-particule features that appear on the
BM after 28 days. GP is an animal identifier.
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dissection and sample preparation did not significantly alter the
Young’s modulus of the BM tissue sections. However, in contrast to
the order of magnitude decrease of Young’s modulus from base to
apex for the BM and TM reported in the hemi-cochlear preparation
(Teudt and Richter, 2014), we did not detect a significant decrease
for the isolated BM. The most parsimonious explanation for the
difference is that the modulus estimates in the hemi-cochlear
preparation are strongly influenced by the geometry and bound-
ary conditions of the in-situ system. Furthermore, based on earlier
experiments and models for the guinea pig BM (Gummer et al.,
1981; Miller, 1985; Fleischer et al., 2010), modulus values in the
tens of kPa range for both the hemi-cochlear preparation (Teudt
and Richter, 2014) and our isolated BM preparation suggest that
the major proportion of the measured modulus value e for the un-
implanted cochlea e is due to the ground substance and tympanic
cells of the BM. Specifically, frompoint forces appliedwith a contact
probe, Miller (1985) estimated using a BM beam model that these
two constituents have a Young’s modulus of about 10 kPa, and
Fleischer et al. (2010) estimated using a three-dimensional finite-
elementmodel that the ground substance has a Young’s modulus of
100e200 kPa. The latter estimate is similar towhat wemeasured in
the present experiments for the un-implanted cochlea. In sum-
mary, our measured values of Young’s modulus are consistent with
expectations based on earlier theoretical and experimental reports,
implying that the isolated BM preparation is biologically relevant.

4.2. Progressive stiffening of the basilar membrane with time after
implantation

As time elapsed post-implantation, the Young’s modulus of the
BM increased, and the tissue morphology was altered, at both the
base and apex of the cochlea. In the base of the cochlea, by 84 days
there were numerous microscopic areas of very stiff (high Young’s
modulus) tissue. Two distinct features were seen in these very stiff
regions. The first possessed a fibrous morphology with a regular
67 nm banding structure, and almost certainly indicates the
deposition of bundles of collagen fibrils on the base of the BM
(Hassenkam et al., 2004). The second features have a spherical
nanoparticle-like morphology that look very similar to nano-
particles previously identified by AFM as hydroxyapatite crystals
(Hassenkam et al., 2004; Thurner et al., 2007). The presence of
hydroxyapatite crystals on the BM is likely due to excessive micro-
calcification occurring at the base of the cochlea. Similar hydroxy-
apatite micro-calcification has been seen in a number of different
tissues and pathologies including: nonvisceral and vascular soft
tissues (Carlstrom et al., 1953), breast cancers (Sharma et al., 2016),
renal calcification (Contiguglia et al., 1973), and the calcification of
tendons (Anderson, 2003).

In contrast, in apical cochlear regions exceptionally stiff tissue
similar to the bone-like tissue seen in the basal regions was not
observed. Instead, the BMunderwent a progressive change in tissue
structure over time, to form discrete bundles of fibrils that are
clearly present in the 24 and 84 day cohorts. These bundles of
nanofibrils possessed a Young’s modulus more than twice the
median of the BM from the same cohort. Due to the nanofibrillar
topography and also their increased Young’s modulus, we believe
these fibrils are also deposited bundles of collagen fibrils. However,
the 67 nm corrugation was not observed in the bundles from the
apex of the BM. The lack of corrugation in these fibrils can be
attributed to a loss of lateral resolution in the AFM when imaging
the softer tissue at the apex of the BM compared to the very stiff
calcified regions in the base. Similarly, Thurner et al. (2007) re-
ported that the 67 nm collagen fiber banding in bone was often
impossible to resolvewhen imaging in a fluid environment. Further
support for the hypothesis that the fibrillar structures seen for the
84 day cohort in the BM apex are collagen-based comes from
previous published studies of extracellular tissue by AFM (Graham
et al., 2010). They showed similar fibrillar structures in collagen-
rich extracellular matrix tissue samples. Wenger et al. (2007)
showed that the Young’s modulus of individual collagen fibrils
varied between 5 and 10 GPa, several orders of magnitudes higher
than the median modulus of the BM. Hence, the presence of even
small concentrations of collagen fibrils could potentially cause
significant stiffening of the BM.

In the topographical images, the apical tissue at 1 day post-
implantation appeared relatively homogenous and lacked distinc-
tive structure compared with post-implantation animals at later



Fig. 5. Representative images of the extremely stiff tissue deposited on 8.79% of the area examined of the BM from the base of the cochlea showing topography (left), Young’s
modulus (centre) and log modulus (right). Note that the so-called log modulus, denoted by log(Pa) in the figure, is taken directly from the NanoScope software and means
log(Young’s modulus re. 1 Pa). The corrugated features (green arrows) in the top and bottom rows were likely due to collagen fibrils and the particulate features in the middle row
(red arrows) were likely hydroxyapatite crystals; both have been associated with excessive micro-calcification in other systems. GP is an animal identifier.
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time points, which may be due to early inflammatory changes
including tissue edema and the influx of early inflammatory cells
disrupting the usual homeostasis of the intracochlear fluid spaces.
Tissue structures could be more clearly identified over time
consistent with gradual resolution of the inflammatory process (Kel
et al., 2013).

While this paper suggests that collagen deposition results along
the entire cochlea after cochlear implantation, it is not yet under-
stood why such deposition might occur. We propose two mecha-
nisms that might be considered. The first is that either bleeding or
impairment of the blood-labyrinthine barrier(s) leads to diffusion
of pro-thrombotic factors from serum throughout the peril-
ymphatic scalae, resulting in awidespread deposition of fibrin. This
activation of the coagulation pathways would likely activate the
fibroblasts, with the fibrin forming as a scaffold for the micro-
scarring observed here. Alternatively, cochlear inflammation may
have activated the fibroblasts directly, and promoted a pro-fibrotic
response. Recent studies suggest that after injury, macrophages are
activated for extended periods of time (Frye et al., 2018), and the
same could potentially be true for fibroblasts.

In summary, the AFM results from the apical cochlea are
consistent with a maturation of fibrosis over time. Inmany systems,
this involves a progressive stiffening of the scar through contrac-
tion of myofibroblasts (Ehrlich and Hunt, 2012). So, we speculate
that progressive stiffening of the micro-scar could explain the
gradual stiffening of the BM.



Fig. 6. AFM height profile of bundles of (presumably collagen) fibrils deposited on the
basal region of the basilar membrane, displaying collagen-like banding with a 67 nm
periodicity (z-scale of inset is 90 nm, scale bar ¼ 200 nm). Images taken from the BM of
GP 6.
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4.3. Hearing loss in Guinea pigs

As has been seen in many other experimental models of
cochlear implantation, ABR thresholds did not recover to pre-
operative levels following cochlear implantation. The extent of
permanent hearing loss varies between studies, and in both
humans (Gantz et al., 2005) and animals (Stathopoulos et al., 2014),
complete hearing preservation is possible. Our previous work has
found an association between the extent of cochlear fibrosis and
hearing loss (O’Leary et al., 2013). It is thought that the extent of
cochlear inflammation and subsequent apoptosis (Eshraghi and
Van De Water, 2006), the presence of blood within scala tympani
(Radeloff et al., 2007; Ryu et al., 2015) and direct trauma to cochlear
structures (O’Leary et al., 2013) are the main determinants of both
fibrosis and hearing loss. While inflammation and fibrosis may be
correlated with hearing loss, the reason(s) why these lead to per-
manent threshold elevation is not so clear. Inflammation
Fig. 7. Progressive stiffening of the apical basilar membrane tissue is seen from 1 day post-i
quartiles.
predisposes to a loss of hair cells (Haake et al., 2009), and hair cell
loss and threshold elevation are correlated in the vicinity of the
cochlear electrode (O’Leary et al., 2013; Lee et al., 2013), but not in
more apical cochlear regions responsible for lower-frequency
hearing (Lee et al., 2013). To explain this “apical” hearing loss,
other mechanismsmust be proposed. The endocochlear potential is
not sufficiently impaired after implant surgery to explain this loss
(Oshima et al., 2014). Fibrosis provides a potential explanation:
When the fibrosis is sufficient to dampen the scala tympani,
hearing loss will be experienced throughout the cochlea (Choi and
Oghalai, 2005), but this degree of fibrosis is seldom seen in animals.
Fibrosis of the BMwill cause hearing loss in the scarred region (Choi
and Oghalai, 2005; Kiefer et al., 2006), but until now it has not been
clear how fibrosis in the vicinity of a cochlear electrode might
stiffen the BM more apically. We have shown that this does occur
through micro-scarring, which means that BM stiffening could
potentially contribute to hearing loss throughout the cochlea.

The results presented here provide a potential explanation for
delayed hearing loss, which is frequently seen in humans after
implant surgery. Delayed hearing loss occurs at low frequencies,
meaning that the acoustic response is generated in cochlear regions
apical to that of the implant electrode. The gradual deterioration in
2 kHz thresholds over time in this study is analogous. Fibrosis
matures over time, and maturation of a fibrotic reaction takes
several months, in keeping with the changes seen here by AFM.
Increased stiffness might be expected to also increase the resonant
frequency of the BM, and progressively reduce its sensitivity to low-
frequency sounds, causing a delayed hearing loss. However,
whether the AFM-derived modulus measurements cause these
changes remains unclear. A significant correlation was not found
between Young’s modulus and ABR threshold shifts in this study;
however, it should be noted that the apical section of BM used for
QNM-AFMwas from near the helicotrema and, therefore, was more
apical than the 2 kHz cochlear place. Further studies performing
QNM-AFM along the full length of the BM would be beneficial. It is
apparent from this study that if fibrosis is related in any way to
hearing loss that the time-period over which change may occur is
months.

Peak hearing loss occurred at 28 days post-implantation in the
8e32 kHz range, but after 28 days these thresholds partially
recovered. This has been observed in earlier studies (Lee et al.,
mplantation until the last recorded time point of 84 days. Shown as boxplots and inter-



Fig. 8. QNM-AFM topography (a,c,e,g) and Young’s modulus maps (b,d,f,h) of the apical
basilar membrane of animals from 1 day (a,b), 14 days (c,d), 28 days (e,f), and 84 days
(g,h) cohorts. Bundles of fibrillar structures were seen to appear over time and
dominated the images by 84 days. The appearance of these bundles was similar to that
seen of collagen fibrils in previous studies. GP is an animal identifier.

Fig. 9. Representative image used to quantify the Young’s modulus of the fibrillar
bundles seen in the apex of the BM after 84 days, scale bar ¼ 300 nm. The cross-section
bisects 5 fibrillar structures, which all had maximum stiffness between 550 and
700 kPa. The mean fibril stiffness of 629 ± 15 kPa was calculated from 50 fibrils; the
error is quoted as the standard error of the mean. Images taken from the BM of GP 5.
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2013; Smeds et al., 2015), and endolymphatic hydrops has been
proposed as a possible etiology, as it is transient in most animals
after CI surgery and maximal in the basal cochlea in the vicinity of
the implant, in the region where the 8e32 kHz acoustic responses
were generated (Smeds et al., 2015). The partial recovery of hearing
highlights the likely involvement of several mechanisms in deter-
mining hearing outcomes after CI surgery.

5. Conclusions

We observed a progressive stiffening of the BM occurring over
84 days after implantation. This progressive stiffening was
observed in the apical regions of the cochlea. AFM topographic
mapping was consistent with micro-calcification in the basal co-
chlea, and micro-scarring in BM derived from the apical cochlea.
Collagen fibrils are extremely stiff, and their deposition on the BM is
the likely molecular basis for the BM stiffening we observed. These
findings provide evidence that cochlear implantation causes micro-
scarring throughout the cochlea and introduces new observations
that might help to understand how the ensuing low-frequency
hearing loss occurs.
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