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Abstract: Transmembrane protein 119 (TMEM119) is expressed in a subset of resident macrophage
cells of the brain and was proposed as a marker for native brain microglia. The presence of cells
expressing TMEM119 in the cochlea has not yet been described. Thus, the present study aimed to
characterize the TMEM119-expressing cells of the postnatal and adult cochlea, the latter also after
noise exposure. Immunofluorescent staining of cochlear cryosections detected TMEM119 protein
in the spiral limbus fibrocytes and the developing stria vascularis at postnatal Day 3. Applying the
macrophage marker Ibal revealed that TMEM119 is not a marker of cochlear macrophages or a subset
of them. In the adult murine cochlea, TMEM119 expression was detected in the basal cells of the stria
vascularis and the dark mesenchymal cells of the supralimbal zone. Exposure to noise trauma was
not associated with a qualitative change in the types or distributions of the TMEM119-expressing
cells of the adult cochlea. Western blot analysis indicated a similar TMEM119 protein expression
level in the postnatal cochlea and brain tissues. The findings do not support using TMEM119 as a
specific microglial or macrophage marker in the cochlea. The precise role of TMEM119 in the cochlea
remains to be investigated through functional experiments. TMEM119 expression in the basal cells of
the stria vascularis implies a possible role in the gap junction system of the blood-labyrinth barrier
and merits further research.
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1. Introduction

Microglia are a subset of neural glia present in the central nervous system [1,2]. In
contrast to monocyte-derived recruited macrophages, resident microglia represent the native
immune cells or innate macrophages of the brain [1,2]. In recent years, microglia have been
shown to play an essential role in brain inflammation, aging, and homeostasis [3-7]. The
lack of optimal markers to distinguish these two cellular entities has been a challenge
in neuroscience research, although several transgenic strategies have been developed to
distinguish and isolate these populations [8-16].

To date, many markers have been used to study the development and activation of
brain macrophages and microglia [16-21], most notably ionized calcium-binding adapter
molecule 1 (Ibal) [22,23]. In addition to Ibal, CX3CR1 [24,25] and other classical sur-
face molecules, such as CD11b, CD45, F4/80, and CD68, are considered nonspecific pan-
macrophage markers used to study both monocyte-derived macrophages and bona fide
microglia [16-21]. In more recent years, other novel specific microglial markers have
been described, such as transmembrane protein 119 (TMEM119) [9,26] and purinergic
receptor P2Y, G-protein coupled 12 (P2ry12) [13,27,28]. In particular, TMEM119 appears
to be the most promising microglial marker due to its abundant and highly specific ex-
pression in true microglia [9,14,26]. TMEM119 was shown to be expressed in a subset
of Ibal-positive brain macrophages in mice and humans [9,26]. The findings of those
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studies suggested that TMEM119 can specifically distinguish resident brain microglia
(TMEM119-positive) from monocyte-derived macrophages (TMEM119-negative), both of
which express the classical pan-macrophage marker Ibal [26]. In addition, brains with
known Alzheimer’s disease were shown to have higher TMEM119 mRNA levels, further
supporting the role of TMEM119-positive microglia in the central response to stress, inflam-
mation, and toxicity [26]. Other less-studied novel markers include Spalt-Like Transcription
Factor 1 (Salll) [10], Hexosaminidase Subunit Beta (Hexb) [15], and Olfactomedin-Like 3
(Olfml3) [11], which are not yet widely employed in microglial research.

In recent years, increasing evidence demonstrated the existence of resident macrophages
in the mammalian cochlea [29—40]. Exposure to noise trauma was shown to affect the
number, distribution, and morphology of cochlear macrophages [39,41-44]. Several studies
have described the expression of the classical macrophage marker Ibal in the nonsensory
cells of the mouse and human cochlea [29-32,35,38,45-47]. However, the expression of
the microglial marker TMEM119 in the cochlea remains unknown. This study aimed to
examine and characterize the TMEM119-expressing cells in the immature postnatal and
adult mouse cochlea to characterize the development of cochlear microglia before and after
the onset of hearing. Additionally, the effect of noise trauma on the types and distribution
of TMEM119-expressing cells was investigated qualitatively using immunofluorescence
to elucidate the potential role of TMEM119 in the cochlear response to inflammation
and stress.

2. Materials and Methods
2.1. Animals and Tissue Harvesting

The animal experiments were approved by the Governmental Ethics Commission for
Animal Welfare (LaGeSo Berlin, Germany; approval number: T 0235/18). The animals
received care in compliance with Directive 2010/63/EU on the protection of animals used
for scientific purposes. The C57/Bl6] mice of both sexes that initially originated from
the Jackson Laboratory, were obtained from an in-house colony at the Animal Facility
of Charité Universitdtsmedizin Berlin. The postnatal Day 3 (p3) animals were sacrificed
immediately after arrival from the Animal Facility by decapitation with a sharp pair of
scissors. Adult mice were sacrificed by cervical dislocation. The entire inner ear was excised
from the temporal bone and fixed with 4% paraformaldehyde (PFA) perfusion through the
perilymphatic space for histological processing of the adult cochlea. Twelve animals were
used for all experiments.

2.2. The Noise Trauma Model

The tissues from noise trauma experiments were kindly provided by Prof. Marlies
Knipper (University of Tiibingen, Germany) as part of a 3R (Reduce, Reuse, Recycle)
cooperation. The protocol for noise trauma was published [48]. Briefly, the mice were
anesthetized and exposed to broadband noise (8-16 kHz) at a 120 dB sound pressure
level for 1 h and then sacrificed seven days later. The sham-exposed control group was
anesthetized without noise exposure in a sound chamber. For those two groups of mice,
tissue processing proceeded according to a previously published protocol by Mohrle and
coworkers [48].

2.3. Tissue Processing for Cryosections

The cochleae were incubated in 4% PFA for 2 h at 4 °C. Subsequently, the PFA solution
was washed out with 1x PBS, followed by incubation in 1x PBS solution three times for 5 min
each time. The cochleae of adult mice were decalcified in 10% ethylenediaminetetraacetic
acid (EDTA) (Sigma-Aldrich, Darmstadt, Germany) for 24 h at 4 °C. Subsequently, the
perilymphatic space was perfused with 1x PBS to wash out the EDTA solution. The
half-heads of p3 mice did not require decalcification. The p3 half-heads or the isolated
adult inner ear specimens were incubated at 4 °C overnight in 30% sucrose in 1x PBS
for cryoprotection. The following day, the specimens were cryo-embedded in PolyFreeze
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medium (Sigma-Aldrich) and sectioned at 10 um thickness using a Leica CM3050 cryostat
(Leica Biosystems, Wetzlar, Germany). The tissue sections were stored at —20 °C until
immunolabeling was performed.

2.4. Immunolabeling and Confocal Microscopy

TMEM119 immunofluorescence analysis was performed on cochlear cryosections per-
meabilized with 0.1% Triton X-100 (Sigma-Aldrich) in 1x PBS and subsequently incubated
with 5% normal goat serum (Jackson Dianova, Hamburg, Germany) or normal donkey
serum (Aviva Systems Biology, San Diego, CA, USA) in PBS at room temperature for 30 min.
The primary antibodies used included rabbit monoclonal anti-TMEM119 antibody (1:200,
ab209064; Abcam, Cambridge, UK), rabbit anti-Ibal (1:500, Wako Chemicals, Neuss, Ger-
many), goat anti-Ibal (1:200, ab5076, Abcam), and mouse anti-claudin-11 (1:100, sc-271232,
Santa Cruz Biotechnology, Heidelberg, Germany). The cryosections were incubated with
the primary antibodies overnight at 4 °C. During the immunofluorescence labeling with
the mouse anti-claudin-11 antibody, to block the mouse-on-mouse background, an extra
blocking step with anti-mouse IgG blocking reagent (Vector Laboratories, Burlingame, CA,
USA) was performed, as described previously [49]. The secondary antibodies that were
used were goat anti-mouse 568 (Thermo Fisher Scientific, Darmstadt, Germany, A-11004),
goat anti-rabbit 488 (Thermo Fisher Scientific, A-11034), donkey anti-goat DyLight 594
(Abcam, ab96937), and donkey anti-rabbit DyLight 488 (Novus Biologicals, NBP1-75292).
The secondary antibodies were incubated in the dark for 1 h at room temperature. Finally,
the slides were counterstained with DRAQS5 fluorescent dye (Thermo Fisher Scientific)
to visualize cellular DNA, coverslipped using ProLong™ Gold Antifade Mountant with
DAPI (Thermo Fisher Scientific), and then stored in the dark at 4 °C until microscopy. The
confocal imaging of sections stained with TMEM119, DRAQS5, and Iba-1 was performed
using a Leica TCS SL confocal microscope (Leica Biosystems) with immersion oil objectives
x40 and x63. The Alexa-488 was excited using argon laser (488 nm), and the Alexa-594 and
DRAQS5 with helium-neon laser (543 nm and 633 nm, respectively).

The confocal imaging of specimens stained with TMEM119, Iba-1, Claudin-11, and
DAPI was performed using a Leica confocal microscope STELLARIS 5 (Leica Biosystems,
Wetzlar, Germany) with a water objective x40 and oil objective x63. The Alexa-488 and
Alexa-594 were excited with integrated White Light Laser (WLL) and DAPI (405 nm) with
laser 405 DMOD.

2.5. Protein Isolation and Western Blot Analysis

The membranous cochlear tissue was microdissected and harvested from the postnatal
C57/Bl6] mouse cochlea, as described previously [50]. After separating the lateral wall
containing stria vascularis from the cochlear duct containing the organ of Corti, the isolated
tissues were stored separately. Postnatal mouse brain and adult mouse spleen tissues
were harvested and used as positive and negative controls, respectively. The Western
blot protocol was previously described [51]. Briefly, the tissue lysates were prepared
by placing and vortexing the explants in 80 uL RIPA buffer (Cell Signaling Technology,
Danvers, MA, USA) and then centrifuging them at 14,000 RPM at +4 °C for 10 min. For
every aliquot, a total protein amount of 14-16 ug was mixed with the Roti-Load sample
loading solution (Carl Roth GmbH, Karlsruhe, Germany) and heated at 90 °C for 5 min
in a thermomixer (Eppendorf, Hamburg, Germany). The samples were loaded in Novex
WedgeWell 4-20% Tris-Glycine Mini Gels (12 well; Thermo Fischer Scientific) followed by
electrophoresis using an XCell SureLock® Mini-Cell gel electrophoresis system (Thermo
Fischer Scientific) at 180 V for 65 min. PageRuler Plus Prestained Protein Ladder (Thermo
Fischer Scientific) was used as a protein marker. After electrophoresis, the proteins were
blotted onto a 0.45 um Immobilon-P Transfer Membrane (Thermo Fischer Scientific) at
300 mA for 44 min (Biometra GmbH, Géttingen, Germany). The membranes were blocked
with 5% skimmed milk powder solution prepared in PBS and containing 0.1% Tween
20 (Sigma-Aldrich) for 1 h at room temperature, followed by incubation for 2 h with
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the primary rabbit antibody against TMEM119 (1:500, cat # PA5-119902, Thermo Fischer
Scientific) or 5-Actin (1:5000, cat # A1978, clone AC-15, Sigma-Aldrich). Following several
washes and incubation with the secondary antibodies, the signal was detected by incubation
with the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific)
and then direct measurement of chemiluminescence using a C-Digit scanner (LI-COR
Biotechnology-GmbH, Bad Homburg vor der Hohe, Germany). GelScan Pro V.6.0 software
was used for the quantification.

2.6. RNA Isolation and Semiquantitative Real-Time Reverse-Transcription—Polymerase Chain
Reaction (RT-PCR)

To isolate the total RNA, RNeasy Mini Kit was used strictly according to the manufac-
turer’s instructions (cat. # 74106, Qiagen, Hilden, Germany). The RNA was isolated from
the brain, spleen, and entire membraneous cochlea of p3 mice, and its concentration was
measured using NanoDrop One (cat. # 701-058112, Thermo Fisher Scientific, Hennigsdorf,
Germany). Three samples from each tissue were processed (biological replicates). The
purity of obtained RNA was assessed using the ratio A/ Azgp, which, in all cases, was
between 2.0 and 2.1.

The one-step real-time RT-PCR was performed using QuantiNova™ SYBR Green
RT-PCR Kit (cat. # 208154, Qiagen) with primers targeting TMEM119 (Mm_Tmem119_1_SG
QuantiTect Primer Assay; GeneGlobe ID—QT00256025, Qiagen) and beta-actin as a house-
keeping gene (Mm_Actb_1_SG QuantiTect Primer Assay; GeneGlobe ID—QT00095242,
Qiagen). For each reaction well on the PCR 96-well plate (cat. # 04729692001, Roche
Deutschland Holding GmbH, Mannheim, Germany), 10 uL of 2x SYBR Green RT-PCR
Master Mix, 0.2 uL. QN SYBR Green RT-Mix, 2 pL of 10x QuantiTect Primer Assay, 100 ng
of total RNA, and PCR-quality H,O up to 20 pL of the final volume was added. After that,
sealing foil was secured on the plate, which was spun down at 1000 rpm for 1 min. Light-
Cycler®96 (cat. # 05815916001, Roche) was set to perform the reverse transcription reaction
and PCR in the following way: 50 °C for 10 min (reverse transcription step) followed by
2 min at 95 °C (activation of DNA polymerase) and 45 cycles of annealing and extension at
60 °C for 30 s and denaturation at 95 °C for 15 s. The run ended with a melting step (10 s at
95 °C, 60 s at 65 °C, and 1 s at 97 °C) followed by cooling up to 37 °C. Data were acquired
using Instrument Software V1.2 (Roche) setup for SybrGreen.

2.7. Statistical Analysis

The statistical analysis was performed using GraphPad software (https://www.
graphpad.com/, last accessed on 8 March 2023).

3. Results
3.1. Localization of TMEM119 Protein in the Immature Postnatal Murine Cochlea

In the immature cochlea of the p3 mice, TMEM119 was detected in the basal cell region
of the stria vascularis and the fibrocytes of the spiral limbus (Figure 1) (n = 4 mice).

TMEM119 was not detected in the vicinity of the organ of Corti. TMEM119 localization
contrasted with that of Ibal on macrophages scattered across various cochlear regions
(Figure S1). Double labeling with an anti-Ibal antibody revealed markedly different
localization patterns, with only minor overlap among cells of the spiral limbus fibrocytes
and the stria vascularis (Figure 2). The results indicated that TMEM119-positive cells do
not express macrophage markers in the postnatal murine cochlea nor represent a subset of
Ibal-positive macrophages.
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DRAQS5 TMEM119

Figure 1. Frozen sections of the immature mouse cochlea at p3 labeled for TMEM119 (green).
Nuclei were counterstained with DRAQ5 (blue). TMEM119 protein expression was detected in the
intermediate and basal cells of the stria vascularis (solid white arrows) and the fibrocytes of the spiral
limbus (SL) at p3. Scale bar: 20 pm.

Ibat TMEM119 Merge + DAPI

Stria vascularis Overview

Spiral limbus

Figure 2. Frozen sections of the immature mouse cochlea at p3 were labeled for both Ibal (red) and
TMEM119 (green). Nuclei were counterstained with DAPI (blue). (A) TMEM119 was detected in the
spiral limbus and cochlear lateral wall. Ibal-positive cells were detected in the stria vascularis and
among spiral ligament fibrocytes, showing no obvious pattern of overlap with TMEM119-positive
cells. Scale bar: 20 um. (B) TMEM119 signal (green) was detected in the intermediate and basal cell
layers of the stria vascularis, showing no overlap with Ibal-positive cells of the lateral cochlear wall.
Scale bar: 20 um. (C) TMEM119 protein expression was detected among most fibrocytes of the spiral
limbus at p3. Some scattered double-positive cells were detected in the spiral limbus (arrow). Scale
bar: 10 um.

3.2. Localization of TMEM119 Protein in the Adult Murine Cochlea under Basal and
Noise-Exposed Conditions

To determine the effect of noise trauma on TMEM119 expression, cochlear sections
from noise-exposed mice were immunolabeled for TMEM119 and compared with the
cochleae of sham-exposed mice (1 = 5 mice per group). Unexposed (freshly harvested) and
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sham-exposed adult C57/Bl6] mice cochleae had an identical staining pattern (data not
shown). The TMEM119 protein was detected in the stria vascularis and was restricted only
to the region of the basal cells (Figure 3). Additionally, a specific signal was detected in the
dark mesenchymal cell region of the supralimbal zone (Figure 3). Again, no TMEM119 was
observed in the organ of Corti or spiral ganglion regions of the adult cochleae (Figure 3). Co-
labeling with the basal cell marker claudin-11 confirmed that, in the adult stria vascularis,
TMEM119 is expressed explicitly in the basal cells (Figure 4).

DRAQ5 TMEM119 Merge

Adult

Figure 3. Frozen sections of the adult mouse cochlea labeled for TMEM119 (green). Nuclei were
counterstained with DRAQ5-labeling (blue). TMEM119 protein expression was detected in the basal
cells of the stria vascularis (solid white arrows) in the adult mouse cochlea. A specific signal was also
observed in the mesenchymal dark cells of the supralimbal region (hollow arrows). The cochlear
bone shows a strong fluorescence signal. Scale bar: 20 pum.

Claudin-11 TMEM119

Merge + DAPI

Stria vascularis

High magnification

Figure 4. Frozen sections of the adult mouse stria vascularis labeled for TMEM119 (green) and
claudin-11 (red). Nuclei were counterstained with DAPI (blue). (A) TMEM119 protein expression
was detected in the basal cells of the stria vascularis colocalizing with the gap junction protein
claudin-11. Scale bar: 50 um. (B): The inset represents the high magnification image, which shows
the colocalization between the TMEM119 cytoplasmic signal (green) and the claudin-11 signal (red)
that appears concentrated in the basolateral aspect of the strial basal cells. Scale bar: 20 pum.

Noise trauma appeared to have no visible effect on the TMEM119 localization pattern
in the stria vascularis, which remained localized to the basal cells, showing an indistin-
guishable pattern in the noise-exposed and sham-exposed groups (Figure 5A,B) (n = 5
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each). Similarly, noise exposure appeared to cause no gross change in the expression of
TMEM119 in the supralimbal zone (Figure 6A,B, n = 5 each).

DRAQ5 TMEM119 Merge

Sham exposed

Stria vascularis

Noise exposed

Figure 5. High magnification confocal microscopic images of the stria vascularis in sham-exposed (A)
and noise-exposed (B) adult cochleae labeled for TMEM119 (green) and counterstained with DRAQ5
(blue). TMEM119 protein was detected in both groups’ basal cells of the stria vascularis seemingly
without any detectable difference. Scale bar: 20 um.

DRAQ5 TMEM119 Merge

Spiral limbus
Sham exposed

Noise exposed

.

Figure 6. High magnification confocal microscopic images of the spiral limbus in sham-exposed (A)
and noise-exposed (B) adult cochleae labeled for TMEM119 (green) and counterstained with DRAQ5
(blue). TMEM119 protein was detected in both groups’ mesenchymal cells of the supralimbic zone
(hollow white arrows). Scale bar: 20 um.
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3.3. Quantitative Comparison of the TMEM119 Protein Levels in the Postnatal Cochleae
and the Brain

To compare TMEM119 protein expression in the cochlea and the brain at the quanti-
tative level, cochlear duct and stria vascularis from postnatal C57/Bl6] mice were used.
Western blot analysis revealed similar TMEM119 levels in the brain, cochlea, and stria
vascularis (Figure 7A). A very faint signal was seen in the spleen lysates (negative control),
confirming the assay’s specificity. These results indicate similar TMEM119 protein levels
in the cochlea comparable to those in the brain. The densitometry revealed no differences
among the brain, cochlear, or strial TMEM119 signal intensity (Figure 7B).
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Figure 7. The levels of TMEM119 protein in the cochlea and stria vascularis of postnatal C57/Bl6]
mice. (A) Representative Western blot (WB) images showing TMEM119 (MW 40 kDa) protein in
the cochlea (lines 3 and 4) and stria vascularis explants (lines 5 and 6) compared with the brain
as a positive control tissue (lines 1 and 2) and spleen as negative control (lines 7 and 8). B-actin
(42 kDa) was used as a loading control for all samples; 16 ug of protein per lane was loaded. The
quantitative densitometry analysis of TMEM119 protein relative to 3-actin revealed similar TMEM119
protein levels in the brain, cochlea, and stria vascularis (between 6- and 8-fold relative to 3-actin).
The spleen had much lower TMEM119 protein levels (approximately 1.03-fold relative to 3-actin).
(B) Relative TMEM119 levels were calculated on the basis of total protein staining intensity per line
(reversible Ponceau S staining) and the optical density of bands representing 3-actin and TMEM119.
An independent-samples t-test determined no statistical differences between the levels of TMEM119
protein in the cochlea and brain or between the cochlea and stria. There were significant differences
between TMEM119 levels in the spleen and brain (p = 0.0064), spleen and stria vascularis (p = 0.0174),
and spleen and cochlea (p = 0.0003).
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3.4. TMEM119 Gene Expression in the Cochlear Tissues

To determine whether the TMEM119 gene is expressed in the cochlear tissues, we
performed one-step RT-PCR using total RNA isolated from the entire membraneous cochlea,
including spiral limbus, organ of Corti, spiral ganglion, and lateral wall. Each sample
represented two cochleae isolated from one mouse. Three biological samples, each obtained
from a separate animal, were assayed in duplicates for the expression of TMEM119 (target
sequence accession number NM_146162) and a housekeeping gene 3-actin (target sequence
accession number NM_007393). The obtained Ct and calculated ACt values (Table 1)
indicated TMEM119 mRNA expression in the cochlear tissues.

Table 1. Crossing threshold (Ct) values acquired during the real-time RT-PCR for the housekeeping
gene B-actin andTMEM119.

Ct Beta-Actin

CtBeta-Actin  AverageCt ~ CtTMEMI19 CtTMEMI19  Average Ct ACt (Average Ct

Sample (Duplicate 1)  (Duplicate 2) (Beta-Actin) (Duplicate 1)  (Duplicate 2) (TMEM119) TMgiV]I}leltg:{‘;‘;fsage
cochlea 1 20.69 20.33 20.51 32.95 32.20 32.58 12.07
cochlea 2 20.28 20.28 20.28 32.17 31.77 31.97 11.69
cochlea 3 20.13 20.06 20.10 32.00 31.47 31.74 11.64

brain 1 20.36 18.95 19.66 36.62 36.19 36.41 16.75

brain 2 19.44 19.23 19.34 36.97 35.61 36.29 16.96

brain 3 19.44 19.20 19.32 36.24 35.97 36.11 16.79
spleen 1 19.46 18.98 19.22 34.46 32.88 33.67 14.45
spleen 2 19.62 19.50 19.56 35.91 34.77 35.34 15.78
spleen 3 19.51 19.36 19.44 36.37 35.23 35.80 16.37

An independent-samples ¢-test was conducted to compare ACt of TMEM119 in the
cochlea and brain and the cochlea and spleen. There was a significant difference in the
scores for cochlea (M = 11.80, SD = 0.24) and spleen (M = 15.53, SD = 0.98); t(4) = 6.3947,
p = 0.0031 as well as cochlea and brain (M = 16.83, SD = 0.11); t(4) = 33.49, p < 0.0001. When
the average ACt obtained for the brain was used as a control, AACt values indicated that in
the cochlea, the number of mRNA molecules encoding TMEM119 was, on average, 33 times
greater than in the brain (SD = 3.8).

4. Discussion

The existence of resident immune cells in the cochlea has been shown in numer-
ous studies [29-33]. Cochlear resident macrophage cells expressing Ibal were demon-
strated in the murine [30,32,38,47] and human cochlea [29,31,33,52]. In a recent study
by Okayasu et al. [33], the number of Ibal-positive macrophages in the human cochlea
increased after cochlear implantation, suggesting an inflammatory response to the im-
plantation trauma [33]. In addition, noise trauma increased the number of cochlear
macrophages [39,41-44]. Furthermore, macrophage regulation and activation have been
implicated in the cochlear response to ototoxicity [53] and aging [52].

In the auditory system, the nomenclature of macrophages vs. microglia has shown
frequent discrepancies that may lead to confusion. Macrophages expressing classical mark-
ers, such as Ibal, CD45, and CX3R1, were frequently referred to as “microglia-like cells”
in previous studies of the peripheral [35,47,54-57] and central auditory systems [58,59].
However, some authors have proposed that microglia-like cells of the auditory system are
unlikely to be true microglia [56]. Nevertheless, the term “microglia” is still occasionally
used in the literature to describe cells of the central auditory system expressing conven-
tional pan-macrophage markers, such as Ibal, CD45, CD68, and CD11b [60-63]. Thus, the
distinction between the terms “macrophages” and “microglia” appears less established in
the auditory research literature than in the CNS literature, in which those two populations
are clearly recognized as separate entities. Indeed, this discrepancy motivated the develop-
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ment of TMEM119 transgenic mice: the goal was to distinguish between monocyte-derived
macrophages and true brain microglia [9,14,26]. The findings of those previous studies
encouraged us to perform a qualitative immunohistochemical study of the TMEM119
protein in the developing and adult mouse cochlea.

In the brain, innate tissue-resident microglia are marked by TMEM119 and represent
a subset of Ibal-positive macrophages [9,26]. Thus, Satoh et al. [26] hypothesized that
TMEM119 represents a valuable marker for tissue-derived microglia, distinguishing them
from blood-derived recruited macrophages.

In the present study, the presence of TMEM119-positive cells was shown for the
first time in the immature postnatal and adult mouse cochlea using a knockout-validated
commercial antibody. We did not detect significant numbers of TMEM119 or Ibal double-
positive cells in the cochlea, and TMEM119 was largely absent on the scattered Ibal-positive
macrophages. Instead, TMEM119 was consistently detected in particular cell types in the
stria vascularis and spiral limbus. These findings essentially decouple TMEM119 from
Ibal-expressing macrophages in the cochlea, contrasting with their established association
in brain microglia. In the retina, Su et al. [64] showed that TMEM119 expression did not
specifically mark the microglial cells of the retina. The authors of that study concluded that
although TMEM119 is an excellent specific marker of microglia in the brain, it does not
appear to be a useful microglial marker in the retina [64]. In the present study, our findings
do not support using TMEM119 as a microglial marker in the cochlea.

The levels of TMEM119 protein detected in the cochlea of p3 mice were similar to those
in the brain. However, the relative levels of mRNA encoding TMEM119 were significantly
higher in the cochlea than in the brain. The differences between tissues concerning protein
and mRNA levels are well known in the inner ear tissues and explained by tissue- or
cell-specific translation rate and protein degradation level [65]. The international database
for the laboratory mouse MGI (https://www.informatics.jax.org/marker/MGI:2385228,
accessed on 8 March 2023) reports the expression of TMEM119 in the cochlea of P4 and P4-
to-adult mice, as per whole genome sequencing. In general, the TMEM119 gene expression
is reported as ubiquitous in the murine tissues as well as in the human tissues and organs
(https:/ /www.genecards.org/cgi-bin/carddisp.pl?gene=TMEM119%%expression, accessed
on 9 March 2023). The developmental changes in murine TMEM119 gene and protein
expression in different organs and tissues have yet to be studied, and our results justify
further research in that area.

In the present study, the introduction of noise damage did not grossly affect the
qualitative pattern or distribution of TMEM119-expressing cells in the cochlea. Therefore,
it is challenging to speculate about the function of TMEM119 in the cochlea. The cochlear
mesenchyme and lateral wall have been previously shown to be common sites of noise-
induced and age-associated inflammation and, thus, potential therapeutic targets [66].
In particular, the basal cells of the stria vascularis are the site of the tight junctions that
constitute the blood-labyrinth barrier [67,68]. The effect of cisplatin ototoxicity on the
stria vascularis has been attributed to the disruption of the gap junctions and the blood-
perilymph barrier, resulting in fibrosis, inflammation, and macrophage activation [69].
Breglio et al. [70] described the persistent accumulation of cisplatin in the stria vascularis
long after the ototoxic insult itself, further emphasizing the role of the stria vascularis
as a potential therapeutic target in ototoxicity. In summary, the findings may indicate a
potential role of TMEM119 in the cochlear response to toxicity and inflammation in the
stria vascularis. Further studies are needed to better characterize the function of TMEM119
in the cochlea with loss-of-function models and fate-mapping transgenic approaches to
elucidate its potential role in cochlear homeostasis and pathology.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /brainscil3030516/s1, Figure S1: Frozen sections of the immature mouse
cochlea at p3 stained for Ibal.


https://www.informatics.jax.org/marker/MGI:2385228
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TMEM119#expression
https://www.mdpi.com/article/10.3390/brainsci13030516/s1
https://www.mdpi.com/article/10.3390/brainsci13030516/s1

Brain Sci. 2023, 13, 516 11 0f 14

Author Contributions: Conceptualization, M.B. and A.].S.; methodology, M.B., A.S. and AJ.S,;
validation, M.B., A.S. and A].S.; formal analysis, M.B., A.S. and A.J.S.; investigation, M.B. and
A.S.; resources, H.O. and A].S.; data curation, M.B.; writing—original draft preparation, M.B.;
writing—review and editing, M.B., A.S., H.O. and A ].S.; supervision, A.J.S.; project administration,
M.B. and A ].S.; funding acquisition, A.J.S. All authors have read and agreed to the published version
of the manuscript.

Funding: The study was funded by intramural performance-based research funds to A.]J.S. from the
Charité Universitatsmedizin Berlin.

Institutional Review Board Statement: The animal experiments were approved by the Governmen-
tal Ethics Commission for Animal Welfare (LaGeSo Berlin, Germany; approval number: T 0235/18).

Data Availability Statement: Supporting data may be obtained from the authors upon request.

Acknowledgments: The authors thank Marlies Knipper and Lukas Riittiger for kindly providing the
cochlear cryosections from the sham-exposed and noise-exposed mice. We thank Victor Tarabykin
for generously providing access to the cryostat used in this research. The experimental help of our
colleagues Ewa Domarecka, Olga Hegend, and Julia Fuchs is greatly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

@

10.

11.

12.

13.

14.

15.

16.

17.

18.

Perry, V.H.; Hume, D.A.; Gordon, S. Immunohistochemical localization of macrophages and microglia in the adult and developing
mouse brain. Neuroscience 1985, 15, 313-326. [CrossRef]

De Groot, C.J.; Huppes, W.; Sminia, T.; Kraal, G.; Dijkstra, C.D. Determination of the origin and nature of brain macrophages and
microglial cells in mouse central nervous system, using non-radioactive in situ hybridization and immunoperoxidase techniques.
Glia 1992, 6, 301-309. [CrossRef]

Conde, J.R.; Streit, W.J. Microglia in the aging brain. J. Neuropathol. Exp. Neurol. 2006, 65, 199-203. [CrossRef] [PubMed]
Tremblay, M.E.; Stevens, B.; Sierra, A.; Wake, H.; Bessis, A.; Nimmerjahn, A. The role of microglia in the healthy brain. J. Neurosci.
2011, 31, 16064-16069. [CrossRef] [PubMed]

Ekdahl, C.T.; Kokaia, Z.; Lindvall, O. Brain inflammation and adult neurogenesis: The dual role of microglia. Neuroscience 2009,
158,1021-1029. [CrossRef]

Salter, M.W.; Beggs, S. Sublime microglia: Expanding roles for the guardians of the CNS. Cell 2014, 158, 15-24. [CrossRef]

Lenz, K.M.; Nelson, L.H. Microglia and beyond: Innate immune cells as regulators of brain development and behavioral function.
Front. Immunol. 2018, 9, 698. [CrossRef]

Wieghofer, P.; Knobeloch, K.P; Prinz, M. Genetic targeting of microglia. Glia 2015, 63, 1-22. [CrossRef]

Bennett, M.L.; Bennett, F.C.; Liddelow, S.A.; Ajami, B.; Zamanian, J.L.; Fernhoff, N.B.; Mulinyawe, S.B.; Bohlen, C.J.; Adil, A.;
Tucker, A.; et al. New tools for studying microglia in the mouse and human CNS. Proc. Natl. Acad. Sci. USA 2016,
113, E1738-E1746. [CrossRef]

Buttgereit, A.; Lelios, I.; Yu, X.; Vrohlings, M.; Krakoski, N.R.; Gautier, E.L.; Nishinakamura, R.; Becher, B.; Greter, M. Salll is a
transcriptional regulator defining microglia identity and function. Nat. Immunol. 2016, 17, 1397-1406. [CrossRef]

Neidert, N.; Von Ehr, A.; Zoller, T.; Spittau, B. Microglia-specific expression of Olfml3 is directly regulated by transforming
growth factor f1-induced Smad?2 signaling. Front. Immunol. 2018, 9, 1728. [CrossRef] [PubMed]

Werner, Y.; Mass, E.; Kumar, P.A.; Ulas, T.; Handler, K.; Horne, A.; Klee, K.; Lupp, A.; Schiitz, D.; Saaber, F.; et al. Cxcr4
distinguishes HSC-derived monocytes from microglia and reveals monocyte immune responses to experimental stroke. Nat.
Neurosci. 2020, 23, 351-362. [CrossRef] [PubMed]

McKinsey, G.L.; Lizama, C.O.; Keown-Lang, A.E.; Niu, A.; Santander, N.; Larpthaveesarp, A.; Chee, E.; Gonzalez, FF.; Arnold, T.D.
A new genetic strategy for targeting microglia in development and disease. Elife 2020, 9, €54590. [CrossRef]

Kaiser, T.; Feng, G. Tmem119-EGFP and Tmem119-CreERT2 transgenic mice for labeling and manipulating microglia. eNewuro
2019, 6, ENEURO.0448-0418.2019. [CrossRef] [PubMed]

Masuda, T.; Amann, L.; Sankowski, R.; Staszewski, O.; Lenz, M.; Errico, P.D.; Snaidero, N.; Jordao, M.].C.; Bottcher, C.;
Kierdorf, K.; et al. Novel Hexb-based tools for studying microglia in the CNS. Nat. Immunol. 2020, 21, 802-815. [CrossRef]
Brandenburg, S.; Blank, A.; Bungert, A.D.; Vajkoczy, P. Distinction of microglia and macrophages in glioblastoma: Close relatives,
different tasks? Int. J. Mol. Sci. 2020, 22, 194. [CrossRef]

Wojtera, M.; Sobow, T.; Kloszewska, I.; Liberski, P.P.; Brown, D.R.; Sikorska, B. Expression of immunohistochemical markers
on microglia in Creutzfeldt-Jakob disease and Alzheimer’s disease: Morphometric study and review of the literature. Folia
Neuropathol. 2012, 50, 74-84.

Korzhevskii, D.E.; Kirik, O.V. Brain microglia and microglial markers. Neurosci. Behav. Physiol. 2016, 46, 284-290. [CrossRef]


http://doi.org/10.1016/0306-4522(85)90215-5
http://doi.org/10.1002/glia.440060408
http://doi.org/10.1097/01.jnen.0000202887.22082.63
http://www.ncbi.nlm.nih.gov/pubmed/16651881
http://doi.org/10.1523/JNEUROSCI.4158-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22072657
http://doi.org/10.1016/j.neuroscience.2008.06.052
http://doi.org/10.1016/j.cell.2014.06.008
http://doi.org/10.3389/fimmu.2018.00698
http://doi.org/10.1002/glia.22727
http://doi.org/10.1073/pnas.1525528113
http://doi.org/10.1038/ni.3585
http://doi.org/10.3389/fimmu.2018.01728
http://www.ncbi.nlm.nih.gov/pubmed/30093905
http://doi.org/10.1038/s41593-020-0585-y
http://www.ncbi.nlm.nih.gov/pubmed/32042176
http://doi.org/10.7554/eLife.54590
http://doi.org/10.1523/ENEURO.0448-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31371457
http://doi.org/10.1038/s41590-020-0707-4
http://doi.org/10.3390/ijms22010194
http://doi.org/10.1007/s11055-016-0231-z

Brain Sci. 2023, 13, 516 12 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hopperton, K.E.; Mohammad, D.; Trepanier, M.O.; Giuliano, V.; Bazinet, R.P. Markers of microglia in post-mortem brain samples
from patients with Alzheimer’s disease: A systematic review. Mol. Psychiatry 2018, 23, 177-198. [CrossRef]

Jurga, A.M.; Paleczna, M.; Kuter, K.Z. Overview of general and discriminating markers of differential microglia phenotypes.
Front. Cell. Neurosci. 2020, 14, 198. [CrossRef]

Furman, N.T.; Gottlieb, A.; Prabhakara, K.S.; Bedi, S.; Caplan, HW.; Ruppert, K.A,; Srivastava, A.K.; Olson, S.D.; Cox, C.S.
High-resolution and differential analysis of rat microglial markers in traumatic brain injury: Conventional flow cytometric and
bioinformatics analysis. Sci. Rep. 2020, 10, 11991. [CrossRef]

Ito, D.; Imai, Y.; Ohsawa, K.; Nakajima, K.; Fukuuchi, Y.; Kohsaka, S. Microglia-specific localisation of a novel calcium binding
protein, Ibal. Brain Res. Mol. Brain Res. 1998, 57, 1-9. [CrossRef] [PubMed]

Hirasawa, T.; Ohsawa, K.; Imai, Y.; Ondo, Y.; Akazawa, C.; Uchino, S.; Kohsaka, S. Visualization of microglia in living tissues
using Ibal-EGFP transgenic mice. J. Neurosci. Res. 2005, 81, 357-362. [CrossRef] [PubMed]

Burgess, M.; Wicks, K.; Gardasevic, M.; Mace, K.A. Cx3CR1 expression identifies distinct macrophage populations that contribute
differentially to inflammation and repair. Immunohorizons 2019, 3, 262-273. [CrossRef] [PubMed]

Jones, B.A.; Beamer, M.; Ahmed, S. Fractalkine/CX3CL1: A potential new target for inflammatory diseases. Mol. Interv. 2010,
10, 263-270. [CrossRef]

Satoh, J.; Kino, Y.; Asahina, N.; Takitani, M.; Miyoshi, J.; Ishida, T.; Saito, Y. TMEM119 marks a subset of microglia in the human
brain. Neuropathology 2016, 36, 39—49. [CrossRef]

Haynes, S.E.; Hollopeter, G.; Yang, G.; Kurpius, D.; Dailey, M.E.; Gan, W.B; Julius, D. The P2Y12 receptor regulates microglial
activation by extracellular nucleotides. Nat. Neurosci. 2006, 9, 1512-1519. [CrossRef]

Walker, D.G.; Tang, T.M.; Mendsaikhan, A.; Tooyama, I.; Serrano, G.E.; Sue, L.L; Beach, T.G.; Lue, L.E. Patterns of expression of
purinergic receptor P2RY12, a putative marker for non-activated microglia, in aged and Alzheimer’s disease brains. Int. J. Mol.
Sci. 2020, 21, 678. [CrossRef]

Liu, W,; Molnar, M.; Garnham, C.; Benav, H.; Rask-Andersen, H. Macrophages in the human cochlea: Saviors or predators-a
study using super-resolution immunohistochemistry. Front. Immunol. 2018, 9, 223. [CrossRef]

Kishimoto, I.; Okano, T.; Nishimura, K.; Motohashi, T.; Omori, K. Early development of resident macrophages in the mouse
cochlea depends on yolk sac hematopoiesis. Front. Neurol. 2019, 10, 1115. [CrossRef]

O’Malley, ].T.; Nadol, J.B.; McKenna, M.]. Anti CD163*, Ibal*, and CD68" cells in the adult human inner ear: Normal distribution
of an unappreciated class of macrophages/microglia and implications for inflammatory otopathology in humans. Otol. Neurotol.
2016, 37,99-108. [CrossRef] [PubMed]

Okano, T.; Nakagawa, T; Kita, T.; Kada, S.; Yoshimoto, M.; Nakahata, T.; Ito, ]. Bone marrow-derived cells expressing Ibal are
constitutively present as resident tissue macrophages in the mouse cochlea. J. Neurosci. Res. 2008, 86, 1758-1767. [CrossRef]
Okayasu, T.; Quesnel, A.M.; O’'Malley, ].T.; Kamakura, T.; Nadol, J.B. The distribution and prevalence of macrophages in the
cochlea following cochlear implantation in the human: An immunohistochemical study using anti-Ibal antibody. Otol. Neurotol.
2019, 41, e304—e316. [CrossRef]

Kaur, T.; Zamani, D.; Tong, L.; Rubel, E.W.; Ohlemiller, K.K.; Hirose, K.; Warchol, M.E. Fractalkine signaling regulates macrophage
recruitment into the cochlea and promotes the survival of spiral ganglion neurons after selective hair cell lesion. J. Neurosci. 2015,
35, 15050-15061. [CrossRef] [PubMed]

Sun, S.; Yu, H.; Yu, H.; Honglin, M.; Ni, W.; Zhang, Y.; Guo, L.; He, Y.; Xue, Z.; Ni, Y,; et al. Inhibition of the activation and
recruitment of microglia-like cells protects against neomycin-induced ototoxicity. Mol. Neurobiol. 2015, 51, 252-267. [CrossRef]
[PubMed]

Frye, M.D.; Yang, W.; Zhang, C.; Xiong, B.; Hu, B.H. Dynamic activation of basilar membrane macrophages in response to chronic
sensory cell degeneration in aging mouse cochleae. Hear. Res. 2017, 344, 125-134. [CrossRef] [PubMed]

Brown, L.N.; Xing, Y.; Noble, K.V,; Barth, J.L.; Panganiban, C.H.; Smythe, N.M.; Bridges, M.C.; Zhu, J.; Lang, H. Macrophage-
mediated glial cell elimination in the postnatal mouse cochlea. Front. Mol. Neurosci. 2017, 10, 407. [CrossRef] [PubMed]

Dong, Y.; Zhang, C.; Frye, M.; Yang, W.; Ding, D.; Sharma, A.; Guo, W.; Hu, B.H. Differential fates of tissue macrophages in the
cochlea during postnatal development. Hear. Res. 2018, 365, 110-126. [CrossRef]

He, W.; Yu, J.; Sun, Y.; Kong, W. Macrophages in noise-exposed cochlea: Changes, regulation and the potential role. Aging Dis.
2020, 11, 191-199. [CrossRef]

Bae, S.H.; Kwak, S.-H.; Yoo, ].E.; Kim, KM.; Hyun, Y.M.; Choi, ].Y.; Jung, J. 3D distribution of cochlear macrophages in the lateral
wall of cleared cochlea. Clin. Exp. Otorhinolaryngol. 2020, 14, 179-184. [CrossRef]

Hirose, K.; Discolo, C.M.; Keasler, J.R.; Ransohoff, R. Mononuclear phagocytes migrate into the murine cochlea after acoustic
trauma. J. Comp. Neurol. 2005, 489, 180-194. [CrossRef]

Yang, W.; Vethanayagam, R.R.; Dong, Y.; Cai, Q.; Hu, B.H. Activation of the antigen presentation function of mononuclear
phagocyte populations associated with the basilar membrane of the cochlea after acoustic overstimulation. Neuroscience 2015,
303, 1-15. [CrossRef]

Frye, M.D.; Zhang, C.; Hu, B.H. Lower level noise exposure that produces only TTS modulates the immune homeostasis of
cochlear macrophages. J. Neuroimmunol. 2018, 323, 152-166. [CrossRef]


http://doi.org/10.1038/mp.2017.246
http://doi.org/10.3389/fncel.2020.00198
http://doi.org/10.1038/s41598-020-68770-0
http://doi.org/10.1016/S0169-328X(98)00040-0
http://www.ncbi.nlm.nih.gov/pubmed/9630473
http://doi.org/10.1002/jnr.20480
http://www.ncbi.nlm.nih.gov/pubmed/15948177
http://doi.org/10.4049/immunohorizons.1900038
http://www.ncbi.nlm.nih.gov/pubmed/31356156
http://doi.org/10.1124/mi.10.5.3
http://doi.org/10.1111/neup.12235
http://doi.org/10.1038/nn1805
http://doi.org/10.3390/ijms21020678
http://doi.org/10.3389/fimmu.2018.00223
http://doi.org/10.3389/fneur.2019.01115
http://doi.org/10.1097/MAO.0000000000000879
http://www.ncbi.nlm.nih.gov/pubmed/26485593
http://doi.org/10.1002/jnr.21625
http://doi.org/10.1097/MAO.0000000000002495
http://doi.org/10.1523/JNEUROSCI.2325-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26558776
http://doi.org/10.1007/s12035-014-8712-y
http://www.ncbi.nlm.nih.gov/pubmed/24781382
http://doi.org/10.1016/j.heares.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27837652
http://doi.org/10.3389/fnmol.2017.00407
http://www.ncbi.nlm.nih.gov/pubmed/29375297
http://doi.org/10.1016/j.heares.2018.05.010
http://doi.org/10.14336/ad.2019.0723
http://doi.org/10.21053/ceo.2020.00395
http://doi.org/10.1002/cne.20619
http://doi.org/10.1016/j.neuroscience.2015.05.081
http://doi.org/10.1016/j.jneuroim.2018.06.019

Brain Sci. 2023, 13, 516 13 of 14

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Frye, M.D.; Ryan, A.F,; Kurabi, A. Inflammation associated with noise-induced hearing loss. J. Acoust. Soc. Am. 2019, 146, 4020.
[CrossRef] [PubMed]

Fujioka, M.; Kanzaki, S.; Okano, H.J.; Masuda, M.; Ogawa, K.; Okano, H. Proinflammatory cytokines expression in noise-induced
damaged cochlea. J. Neurosci. Res. 2006, 83, 575-583. [CrossRef] [PubMed]

Liu, W;; Nordstréom, C.K.; Danckwardt-Lilliestrom, N.; Rask-Andersen, H. Human inner ear immune activity: A super-resolution
immunohistochemistry study. Front. Neurol. 2019, 10, 728. [CrossRef]

Chen, P; Chai, Y; Liu, H.; Li, G.; Wang, L.; Yang, T.; Wu, H. Postnatal development of microglia-like cells in mouse cochlea.
Neural Plast. 2018, 2018, 1970150. [CrossRef] [PubMed]

Mohrle, D.; Reimann, K.; Wolter, S.; Wolters, M.; Varakina, K.; Mergia, E.; Eichert, N.; Geisler, H.S.; Sandner, P,; Ruth, P; et al.
NO-sensitive guanylate cyclase isoforms NO-GC1 and NO-GC2 contribute to noise-induced inner hair cell synaptopathy. Mol.
Pharmacol. 2017, 92, 375-388. [CrossRef]

Bassiouni, M.; Stolzel, K.; Smorodchenko, A.; Olze, H.; Szczepek, A.]. Tackling the mouse-on-mouse problem in cochlear
immunofluorescence: A simple double-blocking protocol for immunofluorescent labeling of murine cochlear sections with
primary mouse antibodies. Curr. Protoc. Mouse Biol. 2020, 10, e84. [CrossRef]

Mazurek, B.; Lou, X.; Olze, H.; Haupt, H.; Szczepek, A.]J. In vitro protection of auditory hair cells by salicylate from the
gentamicin-induced but not neomycin-induced cell loss. Neurosci. Lett. 2012, 506, 107-110. [CrossRef]

Szczepek, A.].; Dudnik, T.; Karayay, B.; Sergeeva, V.; Olze, H.; Smorodchenko, A. Mast cells in the auditory periphery of rodents.
Brain Sci. 2020, 10, 697. [CrossRef] [PubMed]

Noble, K.V,; Liu, T.; Matthews, L.].; Schulte, B.A.; Lang, H. Age-related changes in immune cells of the human cochlea. Front.
Neurol. 2019, 10, 895. [CrossRef]

Wood, M.B.; Zuo, J. The contribution of immune infiltrates to ototoxicity and cochlear hair cell loss. Front. Cell. Neurosci. 2017,
11, 106. [CrossRef] [PubMed]

Bhave, S.A.; Oesterle, E.C.; Coltrera, M.D. Macrophage and microglia-like cells in the avian inner ear. J. Comp. Neurol. 1998,
398, 241-256. [CrossRef]

Wang, Z.; Li, H. Microglia-like cells in rat organ of Corti following aminoglycoside ototoxicity. Neuroreport 2000, 11, 1389-1393.
[CrossRef]

Wang, Y.; Wei, W. Microglia-like or microglia: Results of the weak silver carbonate staining method of del Rio-Hortega. Biotech.
Histochem. 2012, 87, 346-349. [CrossRef]

Seigel, G.M.; Manohar, S.; Bai, Y.Y.; Ding, D.; Salvi, R. An immortalized microglial cell line (Mocha) derived from rat cochlea. Mol.
Cell. Neurosci. 2017, 85, 202-210. [CrossRef]

Janz, P; Illing, R.B. A role for microglial cells in reshaping neuronal circuitry of the adult rat auditory brainstem after its sensory
deafferentation. J. Neurosci. Res. 2014, 92, 432-445. [CrossRef] [PubMed]

Rosskothen-Kuhl, N.; Hildebrandt, H.; Birkenhéger, R.; Illing, R.B. Astrocyte hypertrophy and microglia activation in the rat
auditory midbrain is induced by electrical intracochlear stimulation. Front. Cell. Neurosci. 2018, 12, 43. [CrossRef]
Fuentes-Santamaria, V.; Alvarado, J.C.; Juiz, ].M. Long-term interaction between microglial cells and cochlear nucleus neurons
after bilateral cochlear ablation. J. Comp. Neurol. 2012, 520, 2974-2990. [CrossRef]

Fuentes-Santamaria, V.; Alvarado, J.C.; Gabaldén-Ull, M.C.; Juiz, ].M. Upregulation of insulin-like growth factor and interleukin
1$3 occurs in neurons but not in glial cells in the cochlear nucleus following cochlear ablation. J. Comp. Neurol. 2013, 521, 3478-3499.
[CrossRef] [PubMed]

Fuentes-Santamaria, V.; Alvarado, J.C.; Melgar-Rojas, P.; Gabaldén-Ull, M.C.; Miller, ].M.; Juiz, ].M. The role of glia in the
peripheral and central auditory system following noise overexposure: Contribution of TNF-oc and IL-1f to the pathogenesis of
hearing loss. Front. Neuroanat. 2017, 11, 9. [CrossRef] [PubMed]

Baizer, ].S.; Wong, K.M.; Manohar, S.; Hayes, S.H.; Ding, D.; Dingman, R.; Salvi, R.J. Effects of acoustic trauma on the auditory
system of the rat: The role of microglia. Neuroscience 2015, 303, 299-311. [CrossRef] [PubMed]

Su, N.; Mirz, S.; Plagemann, T.; Cao, J.; Schnittler, H.J.; Eter, N.; Heiduschka, P. Occurrence of transmembrane protein 119 in the
retina is not restricted to the microglia: An immunohistochemical study. Transl. Vis. Sci. Technol. 2019, 8, 29. [CrossRef] [PubMed]
Perl, K.; Ushakov, K.; Pozniak, Y.; Yizhar-Barnea, O.; Bhonker, Y.; Shivatzki, S.; Geiger, T.; Avraham, K.B.; Shamir, R. Reduced
changes in protein compared to mRNA levels across non-proliferating tissues. BMIC Genom. 2017, 18, 305. [CrossRef] [PubMed]
Fujioka, M.; Okano, H.; Ogawa, K. Inflammatory and immune responses in the cochlea: Potential therapeutic targets for
sensorineural hearing loss. Front. Pharmacol. 2014, 5, 287. [CrossRef]

Kitajiri, S.; Miyamoto, T.; Mineharu, A.; Sonoda, N.; Furuse, K.; Hata, M.; Sasaki, H.; Mori, Y.; Kubota, T.; Ito, J.; et al. Compart-
mentalization established by claudin-11-based tight junctions in stria vascularis is required for hearing through generation of
endocochlear potential. J. Cell Sci. 2004, 117, 5087-5096. [CrossRef]

Gow, A,; Davies, C.; Southwood, C.M.; Frolenkov, G.; Chrustowski, M.; Ng, L.; Yamauchi, D.; Marcus, D.C.; Kachar, B. Deafness
in Claudin 11-null mice reveals the critical contribution of basal cell tight junctions to stria vascularis function. J. Neurosci. 2004,
24,7051-7062. [CrossRef]


http://doi.org/10.1121/1.5132545
http://www.ncbi.nlm.nih.gov/pubmed/31795714
http://doi.org/10.1002/jnr.20764
http://www.ncbi.nlm.nih.gov/pubmed/16429448
http://doi.org/10.3389/fneur.2019.00728
http://doi.org/10.1155/2018/1970150
http://www.ncbi.nlm.nih.gov/pubmed/30154835
http://doi.org/10.1124/mol.117.108548
http://doi.org/10.1002/cpmo.84
http://doi.org/10.1016/j.neulet.2011.10.060
http://doi.org/10.3390/brainsci10100697
http://www.ncbi.nlm.nih.gov/pubmed/33019672
http://doi.org/10.3389/fneur.2019.00895
http://doi.org/10.3389/fncel.2017.00106
http://www.ncbi.nlm.nih.gov/pubmed/28446866
http://doi.org/10.1002/(SICI)1096-9861(19980824)398:2&lt;241::AID-CNE6&gt;3.0.CO;2-0
http://doi.org/10.1097/00001756-200005150-00008
http://doi.org/10.3109/10520295.2012.661461
http://doi.org/10.1016/j.mcn.2017.11.001
http://doi.org/10.1002/jnr.23334
http://www.ncbi.nlm.nih.gov/pubmed/24446187
http://doi.org/10.3389/fncel.2018.00043
http://doi.org/10.1002/cne.23088
http://doi.org/10.1002/cne.23362
http://www.ncbi.nlm.nih.gov/pubmed/23681983
http://doi.org/10.3389/fnana.2017.00009
http://www.ncbi.nlm.nih.gov/pubmed/28280462
http://doi.org/10.1016/j.neuroscience.2015.07.004
http://www.ncbi.nlm.nih.gov/pubmed/26162240
http://doi.org/10.1167/tvst.8.6.29
http://www.ncbi.nlm.nih.gov/pubmed/31853425
http://doi.org/10.1186/s12864-017-3683-9
http://www.ncbi.nlm.nih.gov/pubmed/28420336
http://doi.org/10.3389/fphar.2014.00287
http://doi.org/10.1242/jcs.01393
http://doi.org/10.1523/JNEUROSCI.1640-04.2004

Brain Sci. 2023, 13, 516 14 of 14

69. Zhang, N.; Cai, J.; Xu, L.; Wang, H.; Liu, W. Cisplatin-induced stria vascularis damage is associated with inflammation and
fibrosis. Neural Plast. 2020, 2020, 8851525. [CrossRef]

70. Breglio, AM.; Rusheen, A.E.; Shide, E.D.; Fernandez, K.A.; Spielbauer, K.K.; McLachlin, KM.; Hall, M.D.; Amable, L.;
Cunningham, L.L. Cisplatin is retained in the cochlea indefinitely following chemotherapy. Nat. Commun. 2017, 8, 1654.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1155/2020/8851525
http://doi.org/10.1038/s41467-017-01837-1

	Introduction 
	Materials and Methods 
	Animals and Tissue Harvesting 
	The Noise Trauma Model 
	Tissue Processing for Cryosections 
	Immunolabeling and Confocal Microscopy 
	Protein Isolation and Western Blot Analysis 
	RNA Isolation and Semiquantitative Real-Time Reverse-Transcription–Polymerase Chain Reaction (RT-PCR) 
	Statistical Analysis 

	Results 
	Localization of TMEM119 Protein in the Immature Postnatal Murine Cochlea 
	Localization of TMEM119 Protein in the Adult Murine Cochlea under Basal and Noise-Exposed Conditions 
	Quantitative Comparison of the TMEM119 Protein Levels in the Postnatal Cochleae and the Brain 
	TMEM119 Gene Expression in the Cochlear Tissues 

	Discussion 
	References

