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Hearing Protection Outcomes of Analog Electrode
Arrays Coated with Different Drug-Eluting Polymer
Films Implanted into Guinea Pig Cochleae

Yuyu Huang,"** Haoran Yu,>*
Min Liang,"? Shule Hou,"?

Junmin Chen,"2 Fan Zhang,"2

Xiayu Sun,"? Huan Jia,>*>

Jun Yang''*?

'Department of Otorhinolaryngology
Head and Neck Surgery, Xinhua Hospital,
Shanghai Jiao Tong University School of
Medicine, Shanghai, 200092, People’s
Republic of China; 2Shanghai Key
Laboratory of Translational Medicine on
Ear and Nose Diseases (14DZ2260300),
Shanghai, 200125, People’s Republic of
China; 3ENT Institute and Department of
Otorhinolaryngology, Eye & ENT
Hospital, Fudan University, Shanghai,
200031, People’s Republic of China;
“Department of Otorhinolaryngology
Head and Neck Surgery, Shanghai Ninth
People’s Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai,
20001 I, People’s Republic of China; *Ear
Institute, Shanghai Jiao Tong University
School of Medicine, Shanghai, 200031,
People’s Republic of China

*These authors contributed equally to
this work

Correspondence: Jun Yang

ENT Ward of Xinhua Hospital, Floor 18,
Building 8, 1665 Kongjiang Road, Yangpu
District, Shanghai, 200092, People’s
Republic of China

Tel +86 13764981808

Email yangjun@xinhuamed.com.cn

Huan Jia

ENT Ward of Ninth People’s Hospital,
Floor 2, Building I, 639 Zhizaoju Road,
Huangpu District, Shanghai, 200011,
People’s Republic of China

Tel +86 13601797481

Email huan_jia_orl@163.com

Objective: To investigate the hearing protection outcomes of different drug-eluting analog
electrode arrays implanted into guinea pig cochleae.

Methods: Sixty guinea pigs were randomly divided into a negative control group and five
experimental groups implanted separately with blank (drug carrier), dexamethasone (DXM),
aracytine (Ara-C), Ara-C+DXM, and nicotinamide adenine dinucleotide (NAD+) eluting
analog electrode arrays. Micro CT was used to supervise the surgical procedure. Auditory
brainstem response (ABR) thresholds of the guinea pigs were measured and analyzed.
Results and Conclusions: Compared with the negative control, all other groups showed
a significant increase in ABR threshold (p<0.001) after surgery. Among them, there was no
obvious difference between the blank (0 vs 90 days: 59.70+10.57 vs 64.60+9.47 dB SPL)
and the NAD+ group (0 vs 90 days: 59.90+9.87 vs 64.70+£8.65 dB SPL). On the other hand,
the ABR thresholds in the DXM (0 days: 58.10£10.73 dB SPL; 90 days: 51.70+9.07 dB
SPL) and the Ara-C group (0 days: 59.00+10.05 dB SPL; 90 days: 51.60+£8.48 dB SPL)
decreased significantly compared with the former two groups (p<0.001). However, the Ara-C
+DXM group showed no further benefit (p>0.05). In addition, a significantly higher survival
rate of spiral ganglion neurons in cochleae was observed in the Ara-C and/or DXM groups.
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Background

The cochlear implant (CI) is regarded as the most successful neural stimulation
device. It is virtually the only treatment for severe and severe to profound sensor-
ineural hearing loss. This device has been implanted in more than 600,000 people
globally, but less than 50,000 in China which indicates the potential for rapid
growth there.! With the improvement in device technology, surgical practice and
patient outcomes, the indications for CI candidacy have also broadened.” Research
in the area of residual hearing preservation with CI, and Electric Acoustic
Stimulation (EAS) has contributed to this broadening, with patients, especially
those using tonal languages such as Chinese,® benefiting from the using of EAS
if functional hearing is preserved.

Although minimally invasive cochlear implantation is widely used in CI
surgery®™ and electrode arrays are gradually becoming softer and thinner, it is
still reported that more than 30% of patients will lose their residual hearing
immediately or gradually after CI° At present, there are three possible widely
accepted explanations for this: intracochlear inflammatory fibrosis,’ spiral ganglion
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cell degeneration,® and delayed hair cell degeneration.’
Therefore, corticosteroids such as dexamethasone (DXM)
have been the subject of numerous studies in the field of
residual hearing protection after CI because of their strong
anti-inflammatory and anti-fibrotic effects.'®'! As for the
antimitotic drug aracytine (Ara-C), it has been proved to
prevent the proliferation of fibrous tissue significantly
in vitro, and has little ototoxicity.12 In addition, it was
not until recently that nicotinamide adenine dinucleotide
(NAD+) was considered in this field because of its great
potential in regulating oxidative stress, repairing genetic
material and resisting neurodegeneration. There are also
studies which have indicated that NAD+ is helpful to

noise
13,14

prevent deafness and  spiral  ganglion
degeneration.

In this study, the three types of drug mentioned above
were used to prepare different drug-eluting regimens
which were implanted into guinea pig cochleae. The audi-
tory brainstem responses (ABR) in each group were
detected so as to compare the protective effects on residual

hearing after surgery.

Materials and Methods
Fabrication of Drug-Eluting Polymer Film

on Analog Electrode Arrays

Carbon-fluorine fiber with 0.2 mm diameter (Shangdao,
Inc, Dongyang, China) was used for the analog electrode
array on which a drug-eluting polymer film was fabricated
according to a published method.'® Poly-lactic-co-glycolic
acid (PLGA, Boli Biomaterials, Inc, Shenzhen, China) was
chosen as carrier and DXM (Sigma—Aldrich, Inc, St Louis,
MO, USA), Ara-C (Sigma—Aldrich), or NAD+ (Sigma—
Aldrich) were impregnated in the polymer film. Finally,
the drug-eluting implants were sterilized by low tempera-
ture plasma. Drug release profiles were also reported in
our previous study.'’

Experimental Groups

A total of 65 white female guinea pigs (weight 357 + 44 g;
Slack, Inc, Shanghai, China) were divided into six groups.
The control group (n=10) received no implanted array,
while the positive control group (PLGA group, n=15)
was implanted with untreated PLGA-coated analog elec-
trode arrays, and the other four experimental groups
(DXM (n=10), Ara-C (n=10), NAD+ (n=10), Ara-C
+DXM (n=10)) were, respectively implanted to give the
corresponding drug-eluting analog electrode arrays. The

drug dosage of each array was 100 pg in the DXM
group, 20 pg in the Ara-C group, 200 pg in the NAD+
group, and 20 pg Ara-C + 100 pg DXM in the Ara-C
+DXM group. Experimental procedures followed the
guidelines approved by the Institutional Authority for
Laboratory Animal Care of Xinhua Hospital, School of
Medicine, Shanghai Jiao Tong University. All efforts were
made to limit the number of animals used and their
suffering.

Surgical Procedure and Drug Application
All surgical procedures were performed by the same
experienced operator. Guinea pigs were intraperitoneally
injected with pentobarbital sodium (2%, Longsheng
Chemical, Inc, Shanghai, China) at 30 mg/kg for general
anesthesia. Lidocaine (2%, Baiyunshan Mingxing, Inc,
Guangzhou, China) was injected subcutaneously behind
the ear for analgesia. A downward arc incision was made
from the midpoint of the posterior groove of the ear. After
opening the tympanic bulla of the temporal bone, the basal
turn of the cochlea and the round window niche were fully
exposed. A cochleostomy was performed on the basal turn
and the implants were carefully inserted into the hole.
After implantation, the stoma was tightly sealed with
muscle tissue. The other cochlea was exposed in the
same way then obliterated.

Imaging of the Guinea Pig Cochlea in vivo
Electrode arrays (Oticon, Inc, Denmark) specially designed
for small animals were implanted into the guinea pig cochlea.
Randomly select 5 guinea pigs in the PLGA group, the
animals were sacrificed using an overdose of anesthesia and
their heads were scanned by Micro CT (Skyscan 1176,
Bruker, Inc, Belgium) to obtain imaging data.

ABR Threshold Recordings

ABR thresholds in response to pure-tone stimuli were
USA)
1 hour before and after surgery and also on days 7, 14,
28 and 90 at frequencies of 4, 6, 8, 16, 24 and 32 kHz.
Bioelectrical potentials were recorded using a subdermal

measured (RZ6, Tucker Davis Technologies,

stainless-steel needle inserted at the vertex (ground elec-
trode), ventrolateral to the measured ear (active electrode)
and contralateral to the measured ear (reference electrode).
Thresholds were determined from a set of responses at
varying intensities with 5-dB SPL intervals and electrical
signals were averaged over 1024 repetitions. Thresholds at
each frequency were verified at least twice.
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Tissue Collection and Preparation

After the final ABR measurements on day 90, all guinea
pigs were euthanized with carbon dioxide inhalation and
were intracardially perfused with phosphate-buffered sal-
ine (PBS). The electrode arrays were carefully removed to
avoid damaging the cochlear structure. Then all cochleas
were fixed with 4% PFA overnight, decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) for 2 weeks,
dehydrated in increasing concentrations of sucrose, and
embedded in Tissue-Tek®0.C.T.™ compound (Sakura,
Japan).

Immunohistochemistry

Frozen sections were rinsed with PBS and incubated in
blocking solution (10% goat serum in PBS with 0.2%
Triton X-100) for 60 minutes at room temperature. The
samples were then incubated overnight at 4°C with the
following primary antibodies: rabbit monoclonal anti-
myosin7a (Abcam, ab155984) and rabbit monoclonal
anti-neurofilament heavy polypeptide (NF200, Abcam,
ab40796) and then incubated with Alexa-488-conjugated
anti-rabbit
33106ES60) for 1 hour at room temperature. F-actin
was stained using Alexa-568-labeled phalloidin (1:100;
Invitrogen) for 1 hour at room temperature. Nuclear
performed with 2 mg/mL DAPI
(Invitrogen). The fluorescence images were captured

goat secondary  antibodies  (Yeasen,

staining was

using a Leica TCS-SPE confocal microscope (Leica

Microsystems).

Statistical Analysis

SPSS software version 18 (SPSS, Inc, Chicago, USA) was
used to analyze the ABR thresholds in guinea pigs.
Comparison between groups performed using
ANOVA and subsequent post-hoc Turkey test.

was

Results

Analog Electrode Array Implantation in
Guinea Pig Cochlea

The incision behind the left ear (Figure 1A) exposed the
“mastoid process” of guinea pigs (Figure 1B). Part of
the bone was removed, and the cochlea was seen clearly in
the auditory vesicle (Figure 1C). The length of the analog
electrode array implanted in the cochlea was about 8 mm
(Figure 1D). The whole operation took about 30 minutes.

Figure | Surgical procedure for the implantation in guinea pigs: (A) Posterior
incision behind the left ear; (B) Mastoid exposure; (C) Part of the bone was
removed, the round window niche was exposed followed by basal turn cochleost-
omy; (D) Analog electrode array insertion.

Micro CT Imaging of Guinea Pigs in the
PLGA Group

Sagittal CT images clearly demonstrated the spiral struc-
ture of the guinea pig in the PLGA group cochlea and the
position of the electrode array, occupying the whole of the
first turn and part of the second turn (Figure 2).

Auditory Function Evaluation

The ABR recordings showed that the average threshold of
the negative control group was 27.07 + 4.06 dB SPL
(Table S1). The guinea pigs in the PLGA-positive control
group and the other four experimental groups experienced
full frequency hearing loss 1 hour after surgery but there

Figure 2 Micro CT images after Cl in guinea pigs: (A) Sagittal plane of the left
cochlea. The electrode array occupied the whole of the first turn and part of
the second turn; (B) Fluoroscopic imaging of the left temporal bone. There was
no folding of the electrode array in the cochlea.
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was no statistically significant difference in ABR thresh-
olds among these groups (24, 32 kHz: 65-75 dB SPL; 4, 8§,
16 kHz: 45-55 dB SPL; Tables S2—S6). According to the
corresponding relationship between position and fre-

quency in the cochlea (Table S7),'°*’

in these studies,
the length of the analog electrode arrays inserted into the
cochlea was about § mm which could only influence
frequencies greater than 2.9 kHz, and the lower the fre-
quency, the lower the impact.

In addition, the ABR threshold of the PLGA-positive
control group (0 days: 59.70 £ 10.57 dB SPL; 90 days:
64.60 £ 9.47 dB SPL) and the NAD+ group (0 days: 59.90
+ 9.87 dB SPL; 90 days: 64.70 + 8.65 dB SPL) showed
a continuous increase (Figure 3) and there was no statisti-
cally significant difference between them either at the
same time or at the same frequency (Tables S2 and S6),
suggesting that NAD + had no protective effect on residual
hearing after CI.

However, in the DXM, Ara-C and Ara-C+DXM
groups (Tables S3-S6), below 4 kHz, from the 14th day
after surgery, and at the remaining frequencies from the
7th day after the operation, the ABR threshold decreased
significantly compared with the PLGA-positive control
group (P < 0.001) (Figure 3). On the 90th day after the
operation, the ABR thresholds in the three groups men-
tioned above were lower than those on the 7th day (P <
0.05). eitherr DXM or Ara-C had
a significant long-term partial protective effect on residual

In conclusion,

hearing after implantation, whereas the DXM + Ara-C
group did not show a better outcome than the other coat-
ings (P > 0.05).

Histological Analysis

After 90 days, cochlear sections were stained with
a neuronal antibody (NF200) that specifically labels spiral
ganglion neurons (SGNs) and their nerve fibers. Example
data from the cochleae used in this study are shown in
Figure 4. Images show the SGNs within Rosenthal’s canal
for different drug-treated guinea pigs. There was a clear
difference in SGN survival with the cochleae that received
DXM, Ara-C or DXM+Ara-C, exhibiting more SGNs
compared to the positive control cochleae that received
only PLGA coated-electrodes. However, there was no sig-
nificant effect on the survival rate of hair cells and stria
vascularis of cochlea (Figures 5 and 6).

Discussion

The drug delivery method used in this study was devel-
oped and applied for the first time by our team.'”
Compared with other complex physical or chemical meth-
ods, it is simpler and more effective.'”'® In animal experi-
ments, it should be noted that the safe dose range of
pentobarbital sodium is narrow, because it is easy to
cause respiratory depression due to deep anesthesia. As
our experience accumulated, a dose of 30 mg/kg for one-
time intraperitoneal injection was decided which could not
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Figure 3 ABR thresholds of guinea pigs at different frequencies and at different times after surgery: Control, without any treatment; PLGA, positive control group;
*Statistically significant difference between the control group and the PLGA group (P < 0.001).
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Figure 4 Effects of DXM, Ara-C, NAD+ on the survival of spiral ganglion neurons (SGNs): (A) Positive control group (B) DXM group (C) Ara-C group (D) DXM+Ara-C
group (E) NAD+ group (F) Average of the SGN density in each cochlear region after 90 days of different groups. There was a significantly greater density of SGNs in DXM
and/or Ara-C group compared to the control, but no significant difference was detected between NAD+ group and control group. SGNs are stained with a neuronal marker

(NF200: green) and a nucleus marker (DAPI: blue). (**p < 0.01).

only induce an effective sedation lasting for 60—80 min-
utes, but would also not affect the detection of the ABR
threshold.

In addition to basic research, Lo’s team found that,
inhibit

around the electrode, residual hearing after cochlear

although corticosteroids can tissue fibrosis
implantation did not improve significantly.'” On the
other hand, another study showed that whether DXM
was injected through the round window membrane or
intravenously, the ABR threshold could be effectively
reduced 3 months after surgery.’® However, if DXM-
loaded microspheres were injected through the tympanic
membrane, they could only improve high frequency
hearing (32 kHz),>' which may be related to the limited
diffusion of the drug. In this study, in the experimental
groups (DXM, Ara-C and Ara-C + DXM), the ABR
thresholds of guinea pigs decreased gradually after sur-
gery and were stable from the 28th day. On the one
hand, this means that, during the designed degradation
period of PLGA film (about 30 days), loaded drugs can
be completely released.'> On the other hand, it also

shows that DXM or Ara-C contribute to long-term hear-
ing protection after CI. However, it is reported that
intracochlear application of DXM was unable to rescue
the delayed hearing loss caused by CI, which may be
related to the neurotoxicity of high concentrations of
DXM.'? Ara-C is much less toxic to hair cells, and
therefore may replace DXM in residual hearing
protection.

This study examined the feasibility and efficacy of
intra-cochlear implantation of PLGA-coated analog elec-
trodes that carried drugs to the inner ear. Following
implantation of analog electrodes into the basal turn of
the cochlea in guinea pigs, 90 days after surgery, we
examined the histological changes of various components
in the cochlea, including hair cells (HCs), stria vascularis
(SV) cells, and SGNs. The results showed a significant
SGN survival rate in Rosenthal’s canal treated with DXM
and Ara-C compared to the cochlea treated with NAD+ or
the PLGA-positive controls. The results from this study
demonstrate that DXM and Ara-C could protect hearing by

improving SGN survival in the cochlea. Also, the PLGA-
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Figure 5 The effects of DXM, Ara-C and NAD+ on hair cells: (A) Positive control group (B) DXM group (C) Ara-C group (D) DXM+Ara-C group (E) NAD+ group. No
significant difference was detected in OHC or IHC number among groups. Hair cells are stained with phalloidin (red).

Abbreviations: IHC, inner hair cell; OHC, outer hair cell.

coated analog electrode was biologically effective and
could load multiple drugs that were customized to meet
individualized treatment.

To explain the mechanism of the protective effect of
Ara-C at the molecular level, researchers have found that
electrode implantation can stimulate the release of inflam-
matory factors and growth factors from fibroblasts and
macrophages.'” The former can further activate MAPK/
JNK-mediated apoptosis promoting a cascade reaction,
leading to apoptosis of the outer hair cells.”? The latter
promotes the proliferation of fibrous tissue, resulting in
scar formation around the electrode. The antimitotic drug
Ara-C can inhibit the secretion of TGF-B1 by immune cells
and the proliferation of fibroblasts, and further the forma-
tion of fibrous tissue.'? However, it should be noted that, in
the Ara-C+DXM group, the combination of the two drugs
had no cumulative benefit. This may be because, although
their pharmacological actions and signaling pathways are
different, they may ultimately regulate the same target.

In recent years, NAD+ has been shown to be an excellent
molecule for decreasing oxidative stress and inhibiting neu-
ronal apoptosis. It has been reported that NAD+ can not only

regulate the JNK pathway through PARP-1, but also inhibit
chronic cell damage and reduce the degeneration of cochlear
axons and hair cells.'* However, in this study, the NAD+
group did not show the expected effects. Perhaps because of
its high molecular weight, it is difficult to enter the cells
without a continuous highly concentrated exposure.> In
addition, NAD+ is also unstable and may be inactivated
during the preparation of drug-loaded electrode arrays.

Conclusions

Micro CT can show the fine structure in the temporal
bone which makes guinea pigs an ideal animal model
for the study of cochlear implants. DXM or Ara-C loaded
in biodegradable polymer film coatings on electrode
arrays provide a significant contribution to postoperative
hearing protection but there is no benefit to be gained
from simultaneous use. Compared with DXM, Ara-C has
more potential theoretical advantages;** however, further
investigation is required to discover new biomaterials and
further elucidate the cellular and molecular mechanisms
of proliferation of cochlear fibrosis in response to foreign
body implantation, so that more specific targets and drugs
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Figure 6 The effects of DXM, Ara-C and NAD+ on stria vascularis: (A) Positive control group (B) DXM group (C) Ara-C group (D) DXM+Ara-C group (E) NAD+ group.
No significant difference was observed among groups. Stria vascularis are stained with phalloidin (red) and DAPI (blue).

can be identified, improve the treatment effect of EAS,
and allow more patients to benefit.
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