Rahman et al. Journal of Neuroinflammation (2023) 20:266 Journal Of Neuroinﬂammation
https://doi.org/10.1186/512974-023-02955-y

o ®
Contribution of macrophages to neural i

survival and intracochlear tissue remodeling
responses following cochlear implantation

Muhammad Taifur Rahman', Brian J. Mostaert', Bryce Hunger', Utsow Saha', Alexander D. Claussen’,
Ibrahim Razu', Farjana Nasrin', Nashwaan Ali Khan', Peter Eckard', Sarah Coleman?, Jacob Oleson?,
Jonathon R. Kirk?, Keiko Hirose* and Marlan R. Hansen'"

Abstract

Background Cochlear implants (Cls) restore hearing to deafened patients. The foreign body response (FBR) follow-
ing cochlear implantation (post-Cl) comprises an infiltration of macrophages, other immune and non-immune cells,
and fibrosis into the scala tympani, a space that is normally devoid of cells. This FBR is associated with negative effects
on Cl outcomes including increased electrode impedances and loss of residual acoustic hearing. This study investi-
gates the extent to which macrophage depletion by an orally administered CSF-1R specific kinase (c-FMS) inhibitor,
PLX-5622, modulates the tissue response to Cl and neural health.

Main text 10- to 12-week-old CX3CR1+/GFP Thy1+/YFP mice on C57BL/6J/B6 background was fed chow con-
taining 1200 mg/kg PLX5622 or control chow for the duration of the study. 7 days after starting the diet, 3-channel
cochlear implants were implanted in the ear via the round window. Serial impedance and neural response telemetry
(NRT) measurements were acquired throughout the study. Electric stimulation began 7 days post-Cl until 28 days
post-Cl for 5 h/day, 5 days/week, with programming guided by NRT and behavioral responses. Cochleae harvested

at 10, 28 or 56 days post-Cl were cryosectioned and labeled with an antibody against a-smooth muscle actin (a-SMA)
to identify myofibroblasts and quantify the fibrotic response. Using IMARIS image analysis software, the outlines

of scala tympani, Rosenthal canal, modiolus, and lateral wall for each turn were traced manually to measure region
volume. The density of nuclei, CX3CR1 4+ macrophages, Thy1 + spiral ganglion neuron (SGN) numbers, and the ratio

of the a-SMA +volume/scala tympani volume were calculated. Cochlear implantation in control diet subjects caused
infiltration of cells, including macrophages, into the cochlea. Fibrosis was evident in the scala tympani adjacent to the
electrode array. Mice fed PLX5622 chow showed reduced macrophage infiltration throughout the implanted coch-
leae across all time points. However, scala tympani fibrosis was not reduced relative to control diet subjects. Fur-

ther, mice treated with PLX5622 showed increased electrode impedances compared to controls. Finally, treatment
with PLX5622 decreased SGN survival in implanted and contralateral cochleae.

Conclusion The data suggest that macrophages play an important role in modulating the intracochlear tissue
response following Cl and neural survival.
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Introduction

Cochlear implants (CIs) provide auditory rehabilita-
tion to individuals with moderate to severe sensorineu-
ral hearing loss. The device has undergone tremendous
technological advancements to broaden the range of can-
didacy including those at the extremes of age, individu-
als with residual hearing or unilateral hearing loss, and
patients with auditory neuropathy spectrum disorder
[39]. Improved surgical techniques have led to a reduc-
tion in insertion trauma and electrode array translocation
[16]. While modern surgical techniques and biocompat-
ible implant materials enable a high rate of long-term
device function, an intracochlear tissue response in the
form of a foreign body response (FBR) or hypersensitiv-
ity reaction to the CI electrode array has been widely
documented [29, 30, 32] primarily as a delayed phenom-
enon [13, 38]. This tissue response largely occurs within
the scala tympani, a space that is normally devoid of cells
making it unique to most other instances of FBR that
occur in cellular tissues. Rahman et al. recently reviewed
the current understanding of the inflammatory FBR fol-
lowing cochlear implantation, its impact on implant
function in human subjects and animal models, and
the emerging mitigation strategies for this deleterious
response following cochlear implantation [38].

Histopathologic studies on human cochleae from CI
recipients reveal an intrascalar tissue response that com-
prised densely organized fibrotic tissue and new bone
growth [42] with variable severity occurring in a major-
ity of cases [29]. This post-CI FBR is associated with sig-
nificant detrimental consequences including loss of spiral
ganglion neurons (SGNs), poorer auditory function [16],
late-onset loss of residual low-frequency acoustic hear-
ing [37], increased electrode impedances [44, 50], loss
of acoustic hearing, poor word recognition scores, and,
in rare cases, late-onset device failure [29]. While the
EBR to electrode array biomaterials appears universal in
human cochleae, it is exacerbated by traumatic insertion
(e.g., electrode array translocation from scala tympani
into scala vestibuli or media or damage to the lateral wall
of the scala tympani).

Similar to humans, histological evidence for post-CI
FBR occurs in animal models and is accompanied by loss
of residual hearing, hair cells, and SGNs [38]. Hearing
loss occurs early after implantation in guinea pigs and is
followed by a partial recovery, which may be limited by
the FBR [46, 55]. A correlation between fibrous tissue
growth and sensory hair cell loss has been shown in cats
[6], guinea pigs [33], and macaques [45]. Likewise, SGN
loss is associated with electrode insertion trauma and
inflammation in hearing cats [54]. The electrically evoked
compound action potential (ECAP) reflects the synchro-
nous response of auditory nerve fibers upon electrical
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stimulation; ECAP amplitude growth function is used to
assess the SGN population health. CI insertion trauma
and the FBR appear to cause SGN dysfunction [36, 40]
and, correspondingly, fibrosis and new bone formation
are correlated with elevated ECAP thresholds in guinea
pigs [47]. Further, a correlation between the extent of the
FBR after cochlear implantation and electrical imped-
ance changes has been documented in guinea pigs [52],
kittens [31], cat [6, 54], and macaque models [45].

Macrophages have been identified in implanted human
cochleae using antibodies to the markers CD163, Ibal,
and CD68 [34]. These have been shown to phagocytize
platinum and silicone from electrode arrays [30]. ‘Acti-
vated’ macrophages are present within the fibrotic sheath
surrounding the electrode arrays [35] and demonstrate
increased responses in cases of translocation of the elec-
trode array and damage to the lateral wall [32]. In the
mouse model, monocyte/macrophage (F4/80-positive
cells) infiltrate in the cochlea in an apparent biphasic pat-
tern: an early (3 days post-implantation) and late (14—
28 days post-implantation) peaks [4, 7]. Macrophages can
drive pro-inflammatory and pro-healing responses; their
contribution to the unique FBR that develops within the
cochlea remains unknown. Beyond cellular infiltration, a
fibrotic tissue response develops within the scala tympani
after CI, evident by the deposition of a-SMA-positive
cells and type I collagen [4].

Given the deleterious consequences of the FBR, various
strategies have been explored to mitigate this response.
One such approach is the use of systemic or locally deliv-
ered glucocorticoids such as dexamethasone. Compared
with standard ClIs, electrode arrays that elute dexa-
methasone decrease fibrosis, bone growth, and electrical
impedances, protect hair cells, and help preserve auditory
function after implantation without affecting SGN den-
sity in guinea pigs [1, 3, 25, 47, 51, 52] and non-human
primates [27]. Beyond dexamethasone, other anti-inflam-
matory medications that have been used to mitigate post-
CI FBR include etanercept (a tumor necrosis factor-alpha
receptor antagonist), lipoic acid, and others [38].

One limitation of these approaches is that they use
nonspecific immunosuppressive agents that impact a
variety of immune cell types and cytokines. While mac-
rophages comprise a major immune cell type involved
in FBR post-CI [7] other immune cell types including T
and B lymphocytes, cytokines (CXCL1, IL-1B, TNF-a)
cell adhesion molecules (ICAM-1), connective tissue
growth factor (CTGF), tissue remodeling proteins (TGEF-
B, MMP2, MMP9) are also involved in the FBR post-CI
[38]. While non-selective anti-inflammatory drugs help
mitigate the FBR post-CI and improve functional out-
comes, these agents preclude the investigation of the
contribution of specific cells or cytokines to the FBR.
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In this study, we focused on determining the role of
macrophages and the innate immune response to FBR
post-CI and neural survival. To this end, we used the
colony-stimulating factor 1 receptor (CSF-1R) inhibi-
tor, PLX-5622, to deplete macrophages in a CX3CR1"/
GFP reporter mouse model of cochlear implantation.
CSFIR is activated by 2 ligands, colony-stimulating fac-
tor-1 (CSF-1) and interleukin-34 (IL-34), and plays a
critical role in the development of microglia and most
tissue macrophages [49]. In selecting a CSF1R inhibitor,
we considered several factors. First, the inhibitor needs
to penetrate the blood—labyrinth barrier, and second,
post-CI FBR is a chronic inflammatory condition where
macrophages are involved for an extended period. Con-
sidering these factors, a highly selective CSF1R inhibitor,
PLX5622 (PLX), that can cross the blood—brain barrier
and allows extended elimination of macrophages was
employed in this study [48].

Materials and methods

Animals

All the experimental protocols on mice in this study were
approved by the University of lowa Institutional Animal
Care and Use Committee. For this study, we used both
male and female 8- to 12-week-old CX3CR1"/SF? Thy1*/
Y mice (n=29) on a C57BL/6J/B6 background in
which macrophages express GFP [18] and spiral gan-
glion neurons express YFP [11]. To maximize utiliza-
tion of the available CX3CR1™/SfP mice, some wildtype
Thyl*"* mice were used as well while no homozygous
CX3CRI1CFP/SEP o Thy1 YFP/YFP sybjects were used. Geno-
typing was performed for CX3CR1 and Thyl using auto-
mated standard PCR of genomic DNA from tail samples,
performed by Transnetyx genotyping services (https://
www.transnetyx.com/).

PLX5622 administration

Macrophage depletion was achieved with the PLX5622
diet to determine the role of macrophages following
cochlear implantation. Preliminary experiments on non-
implanted mice were performed to confirm macrophage
depletion with oral PLX5622 administration. Specifi-
cally, we fed 2 groups of CX3CR1™/GFP Thy1*/YF* mice
with chow with PLX5622 (PLX) or control chow (No
PLX). PLX-5622 compounds were formulated in AIN-
76A standard chow by Research Diets Inc. at 1200 ppm
as described previously. Based on results from previous
studies, this dose is sufficient to deplete microglia in the
brain within 7 days [9]. Therefore, we tested whether this
dose (1200 ppm) and duration (7 days) is sufficient to
eliminate cochlear macrophages. On day 7, all mice were
euthanized for histopathologic examination and confocal
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imaging. The timeline for this experiment is shown in
Fig. 1a.

After confirmation of cochlear macrophage deple-
tion with PLX5622 chow in nonimplanted mouse coch-
lear implantation on 2 groups of CX3CR1*/GFP Thy1*/
YFP mice. In the PLX-5622 group (PLX), cochlear mac-
rophages were depleted with oral administration of
PLX5622 (1200 ppm for 7 days). In the ‘control’ (No PLX)
group, CX3CR11/SF Thy1*/Y*? mice were fed with ‘con-
trol chow’ for 7 days before CI surgery. On day 7, CI sur-
gery was performed on both groups. Following recovery
from surgery, mice from both groups were continued
with respective chow (PLX or No PLX) until they were
killed at 10, 28, and 56 days post-implantation. The time-
line for this experiment is presented in Fig. 2a

Cochlear implantation

According to the previously described technique, CI sur-
gery was performed on the left ears of mice (PLX or No
PLX) through a round window approach with a custom
3 half-banded electrode cochlear implant (Cochlear Ltd.,
AUS) [7, 8].

Impedance measurement, neural response telemetry
(NRT), and chronic electrical stimulation

Impedance measurements, NRT (8th nerve electri-
cally evoked compound action potential), and program-
ming for chronic electrical stimulation were performed
in Custom Sound EP 4.2 (Cochlear Ltd., AUS) accord-
ing to previously published protocol [8]. The Custom
Sound programming software uses units of current
level (CL) between 0 and 255, where 0 CL corresponds
to 17.5 pA and 0.44 nC/phase, and 255 CL corresponds
to 1750 pA and 43.75 nC/phase. Impedance measure-
ments were performed for each separate electrode
immediately before implantation. Immediately following
surgery, impedance and NRT thresholds were measured
and repeated at least weekly thereafter. Electrodes within
compliance limits (defined as having electrical imped-
ance <35 kOhms) were shorted together during electrical
stimulation using a software patch. The hardware system
for electrical stimulation consisted of a modified rodent
housing with a sliding tether connected to a CI emulator
(CIC4 implant emulator, Cochlear Ltd., AUS) which was
activated by interfacing the receiver coil with a commer-
cial CI sound processor (Cochlear Ltd., AUS). Starting on
postoperative day 7, mice placed within and connected to
the aforementioned system were stimulated for 5 h per
day, 5 days a week, programmed to 30CL below the NRT
threshold with a dynamic range of 1CL between thresh-
old and comfort levels [8]. MAPs were reprogrammed
weekly based on changes in electrode function and/
or NRT threshold. Electrical stimulation was provided
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Fig. 1 Depletion of cochlear CX3CR1 +cells by oral administration of CSFR1 inhibitor, PLX5622. A Study design for oral administration of CSFR1
inhibitor, PLX5622. Two groups of 10- to 12-week-old CX3CR1*C™ Thy1*YF" mice with C57BL/6J/B6 background were fed chow mixed

with PLX5622 (PLX) or control chow (No PLX). On day 7, all mice were euthanized, and labeled with Hoechst 3342 for histopathologic examination
and confocal imaging. Confocal microscopy images showing CX3CR1-positive cells in B No-PLX (n=3) and C PLX (n=3) groups. D Graphical
representation of the effect of 7 days of PLX-5622 treatment on cochlear resident CX3CR1-positive cells. ST: scala tympani of the base of the cochlea,
GB: spiral ganglion of the basal turn of the cochlea, LWB: lateral wall of basal turn of the cochlea, GM: spiral ganglion of middle turn of cochlea, LWM:
lateral wall of middle turn of cochlea, GA: spiral ganglion of apical turn of cochlea, LWA: lateral wall of middle turn of cochlea
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Fig. 2 Cochlear implantation following the elimination of cochlear macrophages. A Study design for cochlear implantation in PLX5662 treated
mice. Cochlear implantation was performed on 2 groups of CX3CR1*/5F Thy1*/YF" mice: one group was fed on chow with 1200 ppm of PLX-5622
(PLX) and the other group with control chow (No PLX) for 7 days. CI surgeries were performed on the left ear of both groups of mice after that (day
0). Following recovery from surgery, mice were continued with respective chow (PLX or No PLX) until they were killed at 10, 28, and 56 days
post-implantation. Starting on post-operative day 7, mice within stimulation cages, connected to the Cl processor were stimulated for 5 h per day,
5 days a week. B-M Fluorescent microscopic images of representative mid-modiolar, 30-um-thick sections of the basal turn of the cochleae

from respective groups. The following labels were used (Hoechst, blue), macrophages (CX3CR1-GFP, green), and neurons, (Thy1-YFP, yellow).
Asterisks indicate the tract of the Cl. In the presence of a functional cochlear implant, macrophage (CX3CR1 + cells) infiltration into the cochlea
appears to be sustained until the end of the study period (56 days post-Cl). This was associated with the infiltration of other cells labeled

with nuclear labeling Hoechst
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through to 28 days postoperative. In this model and sys-
tem electrode failures become more common beyond
28 days [8] and it becomes difficult to provide consistent
stimulation across each group.

Immunohistochemistry

Under anesthesia with ketamine (80 mg/kg) and xylazine
(10 mg/kg), mice were exsanguinated with transcardial
perfusion of ice-cold phosphate buffer solution (PBS) fol-
lowed by transcardial perfusion of 4% paraformaldehyde
(PFA) at the final respective timepoint for each subject.
Cochleae were harvested and were fixed overnight with
4% paraformaldehyde at 4 °C in the dark. Excess PFA was
removed with PBS in a rotator overnight. Decalcification
of cochlea was done in 0.1 M EDTA (pH 7.5) solution on
a rotator that is changed every day for 3-5 days. After
decalcification, cochlea washed with PBS 3 times, 10 min
each time. Decalcified cochleae were cryoprotected
using serial concentrations of sucrose solutions starting
at 10% sucrose solutions and increasing concentration
by 10% every hour, finally reaching 30%. Cryoprotected
mice cochleae were stored at — 20 °C until sectioned.
Cochlea infused with O.C.T. embedding medium (Tissue-
TEK) were then mounted to the stage of sliding block
microtome (American Optical 860) stage with O.C.T.
and dry ice. Mounted cochleae were sectioned parallel
to the mid-modiolar plane at 30 um thickness, sections
were placed on Fisher Superfrost slides, and stored at
— 20 °C until immunolabeling was performed. For immu-
nolabeling, slides were first warmed to room temperature
(~20-22 °C), washed (3x5 min each wash) with ‘wash-
ing buffer’ containing TBS, 0.03% Triton X-100, and
0.1% Tween-20. Then samples were permeabilized and
blocked in ‘blocking buffer’ (0.03% Triton X-100 and 0.1%
Tween-20, 1% bovine serum albumin (RPI, CAS#9048-
46-8) and 0.02% sodium azide (Sigma, catalog #S52002)
in PBS) for 2 h. Following blocking, sections on slides
were incubated in primary antibody (Alpha-smooth
muscle actin monoclonal antibody, 1A4, eBioscience™,
Catalog# 14-9760-82 at a dilution of 1000:1) in ‘blocking
buffer’ overnight (~ 16 h) at 4 °C. After primary antibody
application, sections were washed (3 x5 min) in ‘washing
buffer; then incubated in blocking buffer containing sec-
ondary antibodies (Alexa Fluor" 568, catalog# A-11004,
Invitrogen, at a dilution of 1:400) for 2 h at room temper-
ature. Sections were then washed 35 min in ‘washing
buffer. Nuclei were stained with Hoechst 3342 (10 pg/
ml in PBS, Sigma) for 20 min at room temperature, fol-
lowed by washing with ‘washing buffer’ (35 min) and
coverslipped with Fluoro-Gel Mounting Medium with
Tris Buffer (catalog #17985-10, Electron Microscopy
Sciences).
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Imaging and image analysis

For histological analysis of nuclei, macrophage, neu-
rons, and fibrosis, 30-um-thick sections from cochleae
(implanted or contralateral) were immunolabeled, as
described above, to visualize macrophage (CX3CR1-
eGFP) neurons (Thyl-eYFP), nuclei (Hoechst 3342) and
fibrotic tissue (anti-a-SMA antibody with Alexa 568 con-
jugated secondary antibody). Fluorescently labeled coch-
lear sections were imaged on a Leica Stellaris 5 confocal
system using a 20 X (0.70 NA) objective, 0.75 x digital
zoom, z-axis-spacing of 1 um, and constant exposure/
gain settings throughout the experiment. Cochlear mid-
modiolar sections were labeled for quantification of
different cell types and tissues with the data from 3 adja-
cent sections averaged (“n” refers to the number of sub-
jects). Image analysis was performed in IMARIS (Oxford
Instruments, UK) image analysis software; cell counts,
and quantitation of volumetric analyses were done on
maximum intensity z-projections of 3D confocal image
stacks. First, the outline of Rosenthal’s canal (RC) and
the lateral wall in the basal, middle, and apical turns, the
basal turn scala tympani, and modiolus were traced to
measure the volume of each area. The number of mac-
rophages (CX3CR1*/6*P),  neurons (Thy1+/YFP), and
nuclei (Hoechst 3342) were counted using an automated
counting system in IMARIS image analysis software.
The density of nuclei, macrophages, and neurons was
calculated per 10° um?. Cell counting was restrained to
the requirement of co-localizing nuclei (i.e., one neuron
or macrophage counted per single co-localizing nuclei
and reporter marker of interest). The fibrotic response
was assessed by volumetric quantification of a-SMA in
the basal scala tympani in mid-modiolar sections refer-
enced to the volume of scala tympani. For histological
analyses, we defined cochlear location by half-turn incre-
ments proceeding from the base to the apex, as previ-
ously described [21]. To allow quantitative comparison
between experimental and control sections, image cap-
ture was performed using identical settings for imaging.
Personnel performing cell counting, volumetric analy-
ses, and other analyses were blind to the experimental
conditions.

Statistical analyses

Statistical analyses for impedance measurements, counts
of immune cells, nuclei, neurons, and volume of fibrotic
tissue within scala tympani were performed using R ver-
sion 4.3.0 (2023-04-21) (“R Core Team’, 2021). Specific
comparisons that were made are described in respec-
tive figure legends. General linear models were fit to
assess the main effects of group, day, and their interac-
tion, except in impedance data where non-linear trends
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were expected respective to time and a linear mixed
model was fit. Shapiro—Wilk or D’Agostino—Pearson test
was used to determine the normality of data. If model
assumptions were not met, simpler models that excluded
outlier groups were fit for parametric tests. For paramet-
ric data, pairwise comparisons of the least square means
were made with Tukey adjustment for multiple compari-
sons. Additionally, non-parametric tests (e.g., Kruskal—
Wallis test) were performed using Wilcoxon rank scores
to compare all groups in data that were not normally dis-
tributed. Results of the statistical analysis are included
in the text; as a regression analysis approach was used
where comparisons are made on the regression models,
no statistical annotations are included in the figures. Sig-
nificance was defined as p <0.05).

Results

PLX5622 depletes cochlear tissue-resident macrophages
Tissue-resident macrophages are a group of mac-
rophages that are derived from the embryonic yolk sac
and are independent of monocytes and bone marrow
hematopoiesis [14]. Tissue-resident macrophages play a
critical role in the initiation of inflammatory responses
[10]. Therefore, we determined whether PLX5622 can
deplete cochlear tissue-resident macrophages by treat-
ing CX3CR1"/SP reporter mice with PLX5622 (PLX).
Figure 1 presents representative mid-modiolar sections
of cochleae from CX3CRI1"/SfP reporter mice follow-
ing 7 days of administration of PLX5622 (PLX) or con-
trol chow (No PLX). In cochleae from No PLX mice,
CX3CR1-positive cells exist in specific regions: scala tym-
pani of the base of the cochlea, spiral ganglion, modiolus,
and lateral wall (base, middle, and apex). Seven days of
oral treatment with chow containing 1200 ppm of PLX-
5622 nearly eliminates (~80%) these resident CX3CR1-
positive macrophages (unpaired t-test, p=0.0001). Going
forward we used this protocol to deplete resident mac-
rophages before cochlear implantation.

(See figure on next page.)
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PLX5622 reduces macrophage infiltration post-Cl

Unlike tissue-resident macrophages, infiltrating or
inflammatory macrophages are thought to be derived
from circulating monocytes, and are often called mono-
cyte-derived or bone marrow-derived macrophages [23].
We next examined whether PLX5622 also reduces the
CX3CR1-positive cochlear macrophage population fol-
lowing cochlear implantation. After 7 days of treatment
with either PLX-5622 chow (PLX) or control chow (No
PLX), left cochleae of CX3CRISF/* ThylYFP/* mice
were implanted and stimulated for up to 28 days post-
CI while right cochleae served as unimplanted controls.
Animals were euthanized at 10, 28, or 56 days post-CI.
Representative mid-modiolar sections across groups and
time points are seen in Fig. 2. Figure 3 demonstrates the
quantification of CX3CR1-positive cell density in dif-
ferent regions of cochlea across the study period. In the
No PLX unimplanted cochleae, CX3CR1+ cells were
dispersed throughout the cochlea including a very low
density along the margin of the scala tympani of the base.
These cells demonstrate the classical ramified morphol-
ogy of tissue macrophages. Compared to the contralat-
eral side, No PLX-implanted cochleae showed significant
infiltration of CX3CR1-positive cells throughout the
cochlea (Figs. 2 and 3). While most of the infiltrating
CX3CR1 +cells exhibited a ramified morphology in the
No PLX-implanted cochleae, a small subset of ameboid
CX3CR1-positive cells were observed in the scala tym-
pani. A major influx of CX3CR1-positive cells within
the modiolus, the scala tympani, spiral ganglion, lateral
wall of the base middle, and apical turn was observed
following implantation in No PLX (Kruskal-Wallis
test on Wilcoxon rank scores, p<0.0001 comparing all
groups, a parametric model could not be fit to include
No PLX implanted) as shown in Fig. 3. Within the speci-
fied period (10 through 56 days post-ClI), time follow-
ing cochlear implantation does not significantly affect
the density of CX3CR1-positive cells (no effect of day in

Fig. 3 Quantification of CX3CR1+ macrophage density in the cochlea following cochlear implantation. Cochlear implantation was performed

in CX3CR15F Thy1*/YFP mice, fed on chow with 1200 ppm of PLX-5622 (PLX) or control chow (No PLX) for 7 days. Following surgery, mice were
continued with respective chow (PLX or No PLX). Starting on post-operative day 7, mice within stimulation cages, connected to the Cl processor
were stimulated for 5 h per day, 5 days a week. Mice were euthanized at 10, 28 and 56 days post-Cl and imaged. Image analysis was performed

in IMARIS image analysis software. In 30-um-thick mid-modiolar sections, CX3CR1+macrophage cells were counted on maximum intensity
z-projections of 3D confocal image stacks. The outline of Rosenthal’s canal (RC) and lateral wall at the base, middle, and apex of the cochlea, scala
tympani of the base of the cochlea, and modiolus was traced and the volume of each area was measured. CX3CR1 4+ macrophages were counted
using an automated counting system in IMARIS image analysis software aided by custom-made macros. The density of macrophages with visible,
Hoechst +nuclei was calculated per 10° um? in each area mentioned. Values derived from every region of the cochlea for an individual animal were
averaged together from 3 sections;“n"is the total number of mice used in the study. A-H Density of macrophage in different locations of cochlea
in different treatment groups. Number of cochlea analyzed in this study are as follows: at day 10 post-Cl, implanted 'no PLX' (n=4), implanted PLX,
(n=3), contralateral 'no PLX' (n=3), contralateral PLX (n=5); at day 28 post-Cl, implanted 'no PLX'(n=6), implanted PLX, (n=5), contralateral ‘no PLX'
(n=3), contralateral PLX (n=4); at day 56 post-Cl, implanted 'no PLX' (n=3), implanted PLX, (n=6), contralateral no PLX' (n=3), contralateral PLX

(n=4). Error bars indicate SEM
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general linear model in all cases, p>0.05) except in the
lateral wall of the base, where a main effect of the day was
seen (p=0.0013) with pairwise comparisons on the least
squares means with Tukey adjustment showing day 10
macrophage density was significantly different from day
28 (p=0.0016) and 56 (p=0.0096), with no difference
between day 28 and 56 (p=0.7202) (Fig. 3).

Orally administered PLX5622 effectively reduced the
resident macrophage population throughout the coch-
lea for the study duration in unimplanted cochleae com-
pared to No PLX (pairwise comparisons of No PLX and
PLX unimplanted groups on least squares mean effect
of the group using Tukey adjustment, p<0.05 in all areas
except scala tympani of the base, p=0.4295, where little
to no macrophage infiltration was seen in either group).
Likewise, oral administration of PLX5622 reduced
the infiltration of CX3CRI1-positive cells throughout
implanted cochlea at all time points compared to No PLX
implanted (Kruskal-Wallis test on Wilcoxon rank scores
of non-parametric data, p <0.0001 in all cases, a paramet-
ric model could not be fit to include No PLX implanted)

(Fig. 3).

PLX5622 treatment does not reduce cellular density

within cochlea post-Cl

Cochlear implantation resulted in an increased density of
Hoechst + cells in the cochlea in PLX and No PLX groups
relative to unimplanted groups, shown histologically in
Fig. 2 and quantified in Fig. 4 and Supplementary Fig. 1.
The time following cochlear implantation (10 through
56-day post-ClI) does not significantly affect cellular den-
sity (no effect of day in the parametric model including
No PLX and PLX implanted groups, p=0.8304). A trend
of reduced cellular density was seen in the PLX implanted
compared to the No PLX implanted approached, but this
did not reach statistical significance (no effect of group
in the parametric model including No PLX and PLX
implanted groups, p=0.0829). As the data were not nor-
mally distributed, we used additional non-parametric
testing on Wilcoxon rank scores to assess all 4 groups.
The Kruskal-Wallis test was significant p<0.0001, sug-
gesting a difference between groups in scala tympani
nucleus density in the basal turn (Figs. 2 and 4).

PLX5622 does not affect fibrosis post-Cl

Following cochlear implantation in PLX and No PLX
mice, a-SMA +fibrotic tissue grows into the scala tym-
pani of the base of the cochlea adjacent to the electrode
array (Fig. 5). Fibrosis is seen at 10 days post-CI and is
maintained throughout the 56-day post-CI timepoint
and time following cochlear implantation (10 through
56 days post-CI) does not significantly affect the volume
of the fibrotic response (no effect of day in the parametric
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Fig. 4 Quantification of cellular density into scala tympani
of the base of cochlea following cochlear implantation. Cochlear
implantation was performed in CX3CR1*/%™ Thy1*/"™ mice, fed
on chow with 1200 ppm of PLX-5622 (PLX) or control chow (No
PLX) for 7 days. Treatment with respective diets and electrical
stimulation was continued until the desired endpoints (10, 28,
or 56 days). Nuclei were labeled with Hoechst 3342 in 30-um-thick
mid-modiolar sections. Image analysis was performed in IMARIS
image analysis software. Hoechst + cells were counted on maximum
intensity z-projections of 3D confocal image stacks in scala tympani
of the base of the cochlea. The volume of scala tympani and nuclear
counts were made using an automated counting system in IMARIS
image analysis software aided by custom-made macros. Nuclear
density (Hoechst +cells) was calculated per 10° um?. An average of 3
sections per animal was taken with 'n"being the number of animals.
Number of cochlea analyzed in this study are as follows: at day 10
post-Cl, Implanted 'no PLX' (n=4), implanted PLX, (n=3), contralateral
‘no PLX' (n=13), contralateral PLX (n=5); at day 28 post-Cl, Implanted
‘no PLX'(n=6), implanted PLX, (n=5), contralateral 'no PLX'(n=3),
contralateral PLX(n=4); at day 56 post-Cl, Implanted ‘no PLX' (n=3),
implanted PLX, (n=6), contralateral 'no PLX' (n=3), contralateral PLX
(n=4). Error bars indicate SEM

model including PLX and No PLX implanted groups,
p=0.5975). Unlike the macrophage and cellular infiltra-
tion, the volume of a-SMA + fibrotic tissue in basal turn
was not affected by PLX5622 treatment (no effect of
group in the parametric model including PLX and No
PLX implanted groups, p=0.5975) (Fig. 5).

PLX5622 increases electrode impedance

Figure 6 shows mean electrode impedance values for
No PLX and PLX groups over time for active electrodes
(i.e., electrodes with an open circuit denoting hardware
failure were excluded). The trends in impedance growth
over time for PLX and No PLX groups appeared non-lin-
ear, thus we used a linear mixed model using the square
root of days. The PLX and No PLX groups showed simi-
lar baseline electrode impedance values at peri-operative
baseline testing (linear mixed model, day O y-intercept,
p=0.9341). Both PLX (slope=8.47 kOhm/square root
of days p<0.0001) and No PLX (slope=4.05 kOhm/
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square root of days p=0.0018) showed statistically sig-
nificant increases in impedance over time, with the rate
of increase in the PLX group being greater (group x
square root of day interaction, p=0.0067). We used con-
trasts (Kenward—Roger degrees of freedom and a Bon-
ferroni alpha level correction) from the linear mixed
model to assess at what point the two groups diverged in
impedance growth over time. We observed that the PLX
impedance values began to significantly differ from the
No-PLX between day 14 and 21 and persisted up to day
56. (p=0.06 and 0.02 at 14 and 21 days post-CI, respec-
tively; Kenward—Roger degrees of freedom and Bonfer-
roni alpha level correction). Day 21 post-CI and onward,
electrical impedance in the PLX group was consistently
higher compared to the No PLX group (p=0.0056—
0.0104; Kenward—Roger degrees of freedom and Bonfer-
roni alpha level correction).

PLX5622 causes SGN degeneration

Figure 7 shows the mean density of ThylY**+SGNs
for the ‘No PLX’ and ‘PLX’ groups over time. First, we
considered the change in SGN density over time in the
base (significant effect of day in a parametric model,
p<0.0001). In the spiral ganglion of the base of the coch-
lea, SGN density at day 28 is significantly lower than
that of day 10 (pairwise comparison on least squares
means for the effect of the day with Tukey adjustment,
p<0.0001). The difference between day 10 and 56 was
also significant (pairwise comparison on least squares
means for the effect of the day with Tukey adjust-
ment, p=0.0011). The difference between day 28 and
day 56 was non-significant. Similarly, SGN degenera-
tion is observed in the middle turn of the cochlea from
day 10 to day28 (significant effect of day in a parametric
model, p=0.0004; pairwise comparison on least squares
means for the effect of the day with Tukey adjustment,
p=0.0003). In the apical turn, density at day 28 is sig-
nificantly lower from day 10 (significant effect of day in
a parametric model, p=0.0120; pairwise comparison
on least squares means for the effect of day with Tukey
adjustment, p=0.0148) The difference between day 10

(See figure on next page.)
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and day 56 in apical neuron density was marginally signif-
icant (p=0.0503), but the difference between day 28 and
day 56 was non-significant (p =0.96). These experiments
are done on mice with a B6 background and suggest that
significant SGN degeneration happens in these mice
between 3 and 4 months of age. Next, we considered the
effect of cochlear implantation on SGN density. Follow-
ing cochlear implantation, we did not observe evidence
for SGN degeneration in cochleae compared to respec-
tive PLX and No PLX unimplanted groups (significant
effect of group in the parametric model of apical, middle,
and basal neuron density, p=0.0001-0.0051; pairwise
comparison on least squares means for the effect of days
with Tukey adjustment, p>0.05).

We also considered whether PLX treatment causes
degeneration of SGNs in unimplanted condition. Com-
pared to No PLX mice, in PLX mice, SGN density was
significantly lower in the contralateral (unimplanted)
cochlea at the basal turn (p=0.0053), middle turn
(»p=0.0002) and apical turn (p=0.0148) (significant
effect of group in the parametric model of apical, mid-
dle and basal neuron density, p=0.0001-0.0051; pair-
wise comparison on least squares means for the effect
of days with Tukey adjustment). We further analyzed
the impact of PLX treatment on the implanted cochlea.
In the implanted cochlea, PLX treatment is associated
with SGN degeneration in the base only (»<0.0001 sig-
nificant effect of group in parametric model apical, mid-
dle and basal neuron density, p=0.0001-0.0051; pairwise
comparison on least squares means for the effect of days
with Tukey adjustment). After looking at pairwise com-
parisons in the group x day interaction, we found that the
only significant differences between treatment groups are
in days 10 and 28. On day 10 post-CI, the mean for PLX-
Cl is significantly lower than no-PLX CI (p=0.0202), and
on day 28, PLX CI is significantly lower than No PLX
CI (p=0.0487); pairwise comparison on least squares
means for day x group interaction with Tukey adjust-
ment. Thus, PLX5622 administration was associated with
SGN degeneration irrespective of cochlear implantation
status.

Fig. 5 Quantification of a-SMA +tissue within scala tympani of the base of the cochlea following cochlear implantation. Following 7-day feeding

on chow with 1200 ppm of PLX-5622 (PLX) or control chow (No PLX), cochlear implantation was performed in CX3CR1

+/GFP Thy] +/YFP mice

Respective diets were resumed following recovery from surgery. Electrical stimulation was continued until 28 days post-Cl. Mice were euthanized
at the desired endpoints (10, 28, or 56 days). Following euthanasia, 30 um mid-modiolar sections were labeled with antia-SMA antibodies. A-L
Representative images are shown. Asterisks within the images indicate the tract of the CI, M analyses the data. The volume of the scala tympani
and a-SMA +tissue volumes were measured using IMARIS image analysis software. Fibrosis was measured by dividing the volume of a-SMA +tissue
by the volume of scala tympani, expressed in % volume. Number of cochlea used in this study are as follows: at day 10 post-Cl, implanted ‘no PLX’
(n=4), implanted PLX, (n=3), contralateral no PLX'(n=3), contralateral PLX(n=5); at day 28 post-Cl, Implanted 'no PLX' (n=6), implanted PLX, (n=5),
contralateral 'no PLX' (n=3), contralateral PLX(n=4); at day 56 post-Cl, implanted ‘no PLX'(n=3), implanted PLX, (n=6), contralateral 'no PLX'(n=3),

contralateral PLX (n=4). Error bars indicate SEM
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Fig. 6 Electrode impedance following cochlear implantation
plotted over time. Lines represent mean impedance values across all
functional electrodes (without open circuit) at the representative
time points for the No PLX (green line) and PLX groups (pink line).
Error bars indicate SEM. ** indicates p <0.001

Discussion
Our data suggest that PLX5622, a specific inhibitor of
CSFIR, at a dose of 1200 mg/kg for 7 days eliminated
almost all cochlear mononuclear phagocytes. Follow-
ing cochlear implantation, a cellular infiltration, includ-
ing macrophages, with fibrotic tissue deposition occurs
adjacent to the electrode array in the basal scala tympani
and was associated with increased electrode impedance.
When cochlear implantation was performed in mice
with ongoing PLX 5622 macrophage depletion, cellu-
lar infiltration (including macrophage infiltration) was
inhibited but the volume of fibrotic response was not.
Electrical impedance following cochlear implantation
trended higher in the PLX5622-treated group. Moreover,
PLX5622 treatment was associated with the degeneration
of SGNs in the base of the cochlea independent of coch-
lear implantation.

With short-term (7 days) administration of PLX5622 at
a dose of 1200 mg/kg for 7 days, most CX3CR1-positive
cells can be depleted from the cochlea. This dosage is
also sufficient to deplete the brain microglia population
[9]. It has been shown previously that CSF1R inhibition

(See figure on next page.)
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by PLX5622 is not microglia-specific; it can affect other
mononuclear phagocyte populations (monocyte, mac-
rophage, and dendritic cells) as well [24]. Although there
is preliminary evidence of a cochlear microglia popula-
tion, their relative abundance compared to other mono-
nuclear phagocytes like macrophages and dendritic cells
has not been established [41]. CX3CR1 is expressed in all
types of mononuclear phagocytes [12, 22, 53]. Here we
observed that most, but not all, cochlear CX3CR1 + cells
were depleted with short (or even long-term) treat-
ment with PLX5622, suggesting differing susceptibility
among mononuclear phagocytes. The relative suscepti-
bility of individual types of mononuclear phagocytes to
CSF1R inhibition by PLX5622 is yet to be determined
as are dose-specific effects. Our data also support the
previously published literature showing that sustained
treatment with PLX5622 in CX3CR1f?* mice results
in a significant elimination of resident macrophages
(~ 94%) without causing elevation of the ABR thresh-
old. This study also suggests that CSF1R is expressed on
the cochlear CX3CR1 +cells explaining the depletion of
CX3CR1 +cells with CSF1R inhibitor PLX5622.

PLX5622 not only depleted resident CX3CR1+ cells
before cochlear implantation, but it also caused sus-
tained depletion of the infiltrating CX3CR1 +cells after
placement of the electrode array. In this study, we have
cautiously used the definition of ‘tissue-resident mac-
rophages’ as a group of macrophages present in non-
traumatized, uninflamed cochlear tissue from young
mice. In our case, ‘cochlear tissue-resident macrophages’
represented by CX3CR1+macrophages in a young
mouse cochlea that has not been implanted. We deter-
mined whether PLX5622 can deplete ‘cochlear tissue-res-
ident macrophages’ by treating unimplanted, CX3CR1*"/
GFP reporter mice with PLX5622 (PLX) and comparing
them with age-matched, unimplanted CX3CRI1*/SFP
reporter mice.

On the other hand, we have defined ‘infiltrating/
inflammatory macrophages’ as macrophages that infil-
trate following a traumatic/inflammatory event (in our
case, cochlear implantation). Infiltrating/inflammatory
macrophages are thought to be derived from circulating

Fig. 7 Quantification of spiral ganglion neuron density following cochlear implantation. 7-day feeding on chow with 1200 ppm of PLX-5622 (PLX)
or control chow (No PLX) was followed by cochlear implantation in CX3CR1*/5FP Thy 1*/YFP mice. After recovery from surgical anesthesia, respective
diets were resumed. Electrical stimulation was done as described before. Cochlea harvested at desired endpoints (10, 28, or 56 days) were sectioned
at 30 um thickness. A-D Representative images from the base of the cochlea. Quantification is shown for E base, F middle, G apex, H overall.

After measurement of spiral ganglia volume and quantification of spiral ganglion neurons, SGN density was calculated by dividing the SGN count
by the volume and expressed as per 10° um?. Density in 3 sections per animal was averaged. The number of the animals is considered the ‘n'for this
experiment. Number of cochlea used in this study are as follows: at day 10 post-Cl, implanted ‘no PLX' (n=4), implanted PLX, (n=3), contralateral

'no PLX'(n=3), contralateral PLX(n="5); at day 28 post-Cl, implanted 'no PLX' (n=6), implanted PLX, (n=5), contralateral'no PLX' (n=3), contralateral
PLX (n=4); at day 56 post-Cl, implanted ‘'no PLX' (n=3), implanted PLX, (n=6), contralateral ‘no PLX' (n=3), contralateral PLX(n=4). Error bars indicate
SEM. * indicates p <0.05
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monocytes. To determine whether cochlear implantation
can deplete infiltrating macrophages, we first depleted
‘cochlear tissue-resident macrophages’ with 7 days of
treatment of PLX5622. Then, we implanted the coch-
lea where ‘cochlear tissue-resident macrophages’ were
depleted. After implantation in these ‘cochlear tissue-
resident macrophage’ free cochlea, we continued to treat
these mice with PLX5622. This treatment effectively
tests whether PLX5622 can deplete the infiltration of
CX3CR1 + macrophages following cochlear implantation.

To the best of our knowledge, this is the first study to
explore the role of CSF1R inhibition in a cochlear implant
model. Studies on brain implants demonstrated similar
effects on the brain microglial population [43]. They have
shown that although PLX5622 treatment depletes micro-
glia from the rat brain, astrocytes encapsulate the neuro-
implant suggesting that microglia are redundant for this
FBR in the brain. The reduction in cellular density in the
scala tympani of PLX-treated mice following CI might be
a direct effect of the elimination of resident and infiltrat-
ing macrophage population. Also, in the spiral ganglia,
we observed degeneration of SGNs that can contribute
to the decline in cellular density within the spiral ganglia.
Moreover, macrophages also secrete growth and angio-
genic factors [2].

Thus, the elimination of macrophages could indi-
rectly reduce cellularity by decreasing cell proliferation
and angiogenesis. Although macrophages are widely
viewed as master regulators of the FBR to biomaterials,
other innate and adaptive immune cells including T and
B lymphocytes and mast cells contribute to these tissue
responses [2]. In the cochlea, the FBR to the implanted
electrode array occurs in a unique environment in the
scala tympani that is otherwise devoid of cells. While
the role of these other immune cells has not been stud-
ied intensively in the cochlea, it has been documented
that T and B lymphocytes infiltrate the cochlea follow-
ing cochlear implantation [30]. A wide range of cytokines
can be secreted by activated macrophages; these include
Interleukins (e.g., IL-1, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12,
IL-18), TNF-a, and TGF-p [2]. Many of these cytokines
act as chemotactic factors for other immune cells. It is
possible that depletion of resident and infiltrating mac-
rophages by PLX5622 impacts recruitment of other
immune cells and thus overall cellular infiltration of the
scala tympani following CIL.

One significant finding of these experiments is that the
fibrotic response, as measured by anti-a-SMA immuno-
labeling, was not significantly reduced by PLX5622 treat-
ment. These results mirror other studies that explored
the role of CSF1R inhibition with PLX5622 on the FBR
to neuro-implants in the brain. Sharon et al. showed that
PLX5622 depletes microglia in rat brains [43], however,
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it does not inhibit the astrocyte response encapsulat-
ing the neural implant [43]. These results with cochlear
and neural implants are in sharp contrast with findings
in non-neural tissue following the implantation of bio-
materials. Doloff et al. demonstrated that following the
implantation of biomaterials in non-neural tissue, the
elimination of macrophages with CSFIR inhibitor effec-
tively suppressed the fibrotic response. There are several
plausible explanations for this difference between coch-
lear implantation and implantation in the peritoneal cav-
ity performed by Doloff et al. including: 1. the likelihood
that the pathophysiology of the FBR in neural tissue dif-
fers from that in non-neural tissue. Moreover, the perito-
neal cavity provides a unique immunological niche that
harbors specialized leukocyte populations supported by
fat-associated lymphoid clusters (FALCs). On the other
hand, among the neuronal tissues, the cochlea has a spe-
cialized immune environment where immune cells and
non-immune, resident cells of cochlea, play immune
functions [15]. Therefore, the comparison between
implantation in the cochlea and peritoneal cavity appears
to be a comparison between two specialized immunolog-
ical niches. 2. The implanted biomaterials were different
in cases of implantation in non-neural (peritoneal) tis-
sue and elicited different, material-specific types of FBR.
3. The pharmacological agents that were used to deplete
macrophages are different from what has been used in
the neural tissue and had a different impact on fibrotic
response. 4. Finally, cochlear implants were electrically
stimulated, whereas the tissues implanted in Doloff et al.
were not electrically stimulated. We have recognized an
important limitation of our study: we used only one rela-
tively specific marker («a-SMA) for quantification of the
fibrotic response. However, the sensitivity of a-SMA as
a marker for cochlear fibrotic response is not known. In
our study, the depletion of CX3CR1 + cells with PLX5622
resulted in no change in a-SMA+fibrotic response.
However, there are other markers of fibrotic response.
While both a-SMA and collagen type 1A have been used
as markers for post-CI fibrosis by Bas et al., the rela-
tive sensitivity of a-SMA as a marker of post-CI fibrotic
response has never been examined [4]. This area needs
to be further investigated. Using Col-EGFP/a-SMA-RFP
dual reporter mice, Sun et al. showed that only a minor-
ity of collagen-producing cells co-express a-SMA in the
fibrotic lung and kidney suggesting that a-SMA may
not be a sensitive marker of fibrotic response in those
organs. Therefore, our study does not necessarily exclude
changes in other molecular markers of fibrosis following
cochlear implantation.

Following CI, there is a gradual rise in electrode imped-
ances consistent with an evolving tissue response. PLX
5622 treatment leads to a more rapid rise in electrical
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impedance compared to No PLX. As PLX5622 treatment
reduces cellular infiltration into the cochlea, it appears
that reducing cellular infiltration alone is not sufficient to
prevent the rise in electrical impedance associated with
the FBR. Further, the extent of fibrosis, as measured by
anti-a-SMA immunolabeling, is not affected by PLX5622
treatment suggesting that the fibrotic tissue might be
the factor maintaining the high electrical impedance in
PLX5622 treated implanted cochlea. Moreover, electrode
impedances in mice treated with PLX5622 rose more rap-
idly than the impedances in control mice raising the pos-
sibility that there are functional differences in the nature
of the fibrotic response in the absence of macrophages.
Post-implantation cochlear fibrosis is often accompanied
by neo-ossification in humans and mice. The current
study methods employed decalcification for histological
preparation, prohibiting assessments of cochlear neo-
ossification after implantation. This aspect is important
for future studies, as CSF1R inhibition is associated with
alterations in osteoclast activity that could impact post-
CI neo-ossification and differentially affect electrode
impedance compared to the less dense, non-mineralized
fibrotic tissue [5].

Degeneration of SGNs in the base of the cochlea with
PLX5622 treatment is noteworthy. The role of cochlear
macrophages in the protection of SGNs depends on the
model of cochlear insult. In a mouse model of selective
hair cell destruction, fractalkine-mediated infiltration of
CX3CR1+mononuclear cells protect SGNs from degen-
eration [20]. Conversely, anti-inflammatory therapy with
ibuprofen or dexamethasone has been shown to sup-
press the infiltration of macrophages in the spiral gan-
glion following aminoglycoside-induced hair cell loss in
a rat model; this suppression of macrophage infiltration is
associated with SGN protection [38].

Macrophage infiltration can be associated with the
protection or degeneration of SGNs depending on con-
text and chemokine receptor expression. CX3CR1 recep-
tor deletion (CX3CR1KO) induces a distinct phenotype
when compared to the depletion of CX3CR1 express-
ing cells, as we demonstrate here with PLX5622. One
potential explanation is that macrophages play diverse
roles in SGN protection in deafening models: the frac-
talkine pathway is involved in SGN protection, whereas
macrophages are involved in additional mechanisms that
contribute to SGN degeneration. Therefore, selective
inhibition of fractalkine is neurotoxic whereas non-selec-
tive inhibition of inflammation provides neuroprotection
following deafening. In a noise-induced cochlear synap-
topathy model, macrophages promote synapse regenera-
tion [26].

In the present study, macrophage infiltration into the
spiral ganglia following cochlear implantation itself does
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not appear to cause SGN degeneration. We observed
SGN degeneration in the base of the cochlea following
PLX5622 treatment independent of cochlear implant
surgery. This observation suggests a general protective
role of macrophages for SGNs. Bas et al. have shown that
7 days after cochlear implantation in a murine model,
arginase 1 (Argl) positive, M2 macrophages infiltrate
into the cochlea, primarily into the spiral ganglion [4].

M2 macrophages are thought to engulf and digest dead
cells, debris, and extracellular matrix components that
promote activation of tissue-damaging M1 macrophages
[28]. M2 macrophages are also believed to secrete immu-
noregulatory cytokines (e.g., IL-10) and activate immu-
noregulatory T lymphocytes (T,,) [28]. A potential
explanation for SGN degeneration following the deple-
tion of macrophages with PLX5622 is that it depletes the
neuroprotective, anti-inflammatory M2 macrophages
within the spiral ganglion.

However, there is an important confounder that makes
the interpretation of our data more complex. Our experi-
ments were done on mice with a C57BL/6J/B6 back-
ground, whereas other deafening and synaptopathy
experiments were performed on CBA/J mice and rats.
C57BL/6]J/B6 mice exhibit early onset hearing loss and
SGN loss that is not observed in CBA/J mice or rats [19].
Importantly, the C57BL/6]/B6 background mimics hear-
ing loss patterns seen in many human CI candidates with
the post-lingual onset of high-frequency hearing loss [17].
One plausible explanation for our results is that mac-
rophages play a protective role for SGNs in C57BL/6]/
B6 mice and in the absence of macrophages, early onset
SGN degeneration is accelerated. Experiments inhibiting
CSFIR with PLX5622 in mice with CBA/J backgrounds
can provide additional insights into this issue.

We would like to mention a potential limitation of
the method of SGN quantification that we used. We
observed variation in Thyl-driven YFP expression among
the SGN population. Therefore, the use of Thyl-reporter
expression as a marker for SGN might present issues with
reliability. Moreover, the sensitivity of Thyl-reporter as
a marker for SGN is not currently known. These pre-
sent findings are relevant to current efforts to develop
pharmacologic-based therapies to mitigate the effects of
Cl insertion trauma, as the effect of dexamethasone elut-
ing electrode arrays (NCT04750642, NCT04450290) on
macrophage suppression and subsequent SGN preserva-
tion or degeneration is not yet clear. In a human study,
post-CI inflammatory foreign body response has been
shown to be associated with degeneration of SGNs [29].
Data from guinea pig model of cochlear implantation
suggested that a healthy SGN population is required for
optimum neural response to electrical stimulation [36,
40]. Elucidating the impact of macrophages on post-CI



Rahman et al. Journal of Neuroinflammation (2023) 20:266

SGN health is relevant for the development of more tar-
geted strategies for selectively mitigating maladaptive
aspects of the inflammatory response. As corticosteroids
are nonspecific immunosuppressive agents, they might
exert unwanted side effects and a more specific immu-
nosuppressive agent might be more beneficial in this
context.

In summary, our study suggests that macrophages
(mononuclear phagocytes) play an important role in
the intracochlear tissue remodeling that occurs follow-
ing CI and in SGN health. Depletion of macrophages
with PLX5622 reduces cellular infiltration into the scala
media, but not fibrosis, following cochlear implanta-
tion. Moreover, macrophages appear to modulate the
dynamics of fibrosis contributing to increases in elec-
trode impedances. Depleting a specific subset of mono-
nuclear phagocytes (e.g., dendritic cells), lymphocytes,
or non-immune cells will provide valuable information
about their role in the post-CI FBR and inform transla-
tional efforts to mitigate this response. The current study
describes the unique role of macrophages in cellular infil-
tration, fibrosis, and SGN health following implantation.
Further work is needed to understand the interplay of
other immunologic cells following cochlear implanta-
tion that, along with macrophages, contribute to post-CI
cochlear inflammation and FBR.
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