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Distribution of macrophages
in the developing cochlea
of the common marmoset,
a primate model animal
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Introduction: Macrophages are essential immune cells in the cochlea that

contribute to inflammation, tissue repair, and homeostasis. They also play an

important role in local cochlear immunity. The developmental immigration and

maturation of macrophages in the cochlea have been investigated and are

considered essential for normal hearing acquisition. Most of our current

knowledge regarding cochlear development is based on rodent models because

of the ethical challenges of using human fetal samples for research. However, inter-

species differences between rodents and humans have been reported. In this study,

we used a primate animal model to investigate the distributions of macrophages in

the developing cochlea. The common marmoset (Callithrix jacchus), a small

monkey species that inhabits the New World, was used as the model.

Methods: We investigated the distribution of macrophages in the developing

cochlea of the common marmoset by performing immunohistochemical

analyses of cochlear tissue from common marmoset embryos at different

development stages.

Results: We revealed detailed distribution changes in the macrophages of a

primate animal model cochlea. This observation indicates that most of the

changes in the general distribution of macrophages were well preserved

between rodents and this primate. The distribution changes observed in the

common marmoset were also compatible with observations in the human fetus;

although, observations in the human fetus are limited. Our observations in this

study also revealed several differences between commonmarmosets and rodents.

Conclusion: The time course of immunological development and maturations

established in this study will aid in the study of the primate-specific developmental

biology of the inner ear. These observations may eventually lead to new

therapeutic strategies for hearing loss in humans. In addition, understanding the

immunological steady-state of the cochlea may help in the study of age- and

genetic-induced hearing loss and in the design of regenerative therapies.
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1 Introduction

The inner ear is a sensory organ essential for hearing, balance, and

the perception of acceleration. The inner ear of mammals comprises

several parts, and the cochlea acts as an organ for hearing perception.

In the cochlea, the vibrations produced by sound waves are converted

into electrical pulses in hair cells. This mechanoelectrical transmission

is essential for hearing, and the electrical pulses generated in these steps

are perceived in the brain as sound.

Immunological studies of the cochlea have received

considerable attention, especially from the viewpoint of hearing

disorders mediated by ototoxic drugs (1, 2) and noise-induced

hearing loss (3–5). Moreover, a relationship between the

immunological state of the cochlea and age-related hearing loss

has been suggested (6, 7). There are several cells that plays

immunologically important roles in the cochlea including T cells,

B cells, and neutrophils. Between these cells, macrophages are the

most abundant and thought to be essential immune cells in the

cochlea (8). Macrophages contribute to inflammation, tissue repair,

and homeostasis and are critical in the cochlea (9). In response to

acute cochlear damage, macrophages will significantly modify their

distribution, phenotype, and number. This observation supports the

hypothesis that macrophages are vital in the cochlear response to

acoustic trauma. Macrophages prevent the loss of spiral ganglion

neurons after cochlear injury (10). Moreover, macrophages

promote the repair of inner hair cell ribbon synapses after noise-

induced cochlear synaptopathy (11).

The immigration and maturation of macrophages in the cochlea

is essential for normal hearing (12–15). Most studies investigated

rodent models because of restrictions on the use of human fetal

temporal bone samples, and only a few reports have addressed

human cochlear macrophage development (16, 17). In addition,

cochlear development in humans is not fully understood because it

occurs in the late phases of gestation (18–20). Moreover, ethical

regulations have prevented the study of late-stage fetal human

samples. As yet, several inter-species differences in the cochlear

development of primates and rodents have been reported.

Therefore, it has been suggested that our knowledge based on

rodent models cannot always be directly applied to humans (19).

To overcome this the common marmoset (Callithrix jacchus), a

small primate, has been used to understand cochlear development

(21–25), as well as genetic and age-related hearing loss (26). A

similar approach has been applied in investigations on the

brain (27).

We previously reported on cochlear development in the

common marmoset, highlighting basic anatomical staging of the

developing cochlea, and comparisons with that in humans and

mice. We further revealed several differences between rodents and

marmosets in the development of the organ of Corti, spiral ganglion

neurons, and the stria vascularis. Moreover, we demonstrated

similarities with human developmental processes, indicating that

this primate is a promising animal model (21, 22, 24). Nevertheless,

researchers have not yet examined the cochlear development of the

common marmoset from an immunological viewpoint.

In this study, the development of the cochlea was investigated

from an immunological viewpoint, and the distribution of
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macrophages in the developing cochlea of a non-human primate

animal model was examined. The present study provides valuable

insights on the process of macrophage invasion and the role of

macrophages in cochlear development in this animal model. This

study aims to contribute to the development of feasible treatment

methods to modulate macrophage activity in sensorineural hearing

loss or hearing loss caused by noise or ototoxic agents.
2 Materials and methods

Cadaverous temporal bone samples from common marmoset

fetuses at E70 (n = 4), E77 (n = 2), E87 (n = 4), E96 (n = 3), E109

(n = 3), E120 (n = 3), P0 (n = 3), and young adults (n = 3) were used in

this study, as described in our previous reports (21, 22, 24). Adult

animals were anesthetized via isoflurane inhalation (1.5–4%).

Caesarion section was performed as previously described (28).

Embryos were anesthetized on ice and deeply dissected in

phosphate-buffered saline (PBS). Finally, the temporal bones

containing cochlea were removed from the skull. Part of the tissue

samples in this study were those prepared and used in our previous

studies. Animal experiments were approved by the Animal Experiment

Committee of Keio University (approval numbers: 11006, 08020). All

animal experiments were performed in accordance with the guidelines

of the National Institutes of Health and the Ministry of Education,

Culture, Sports, Science, and Technology of Japan.
2.1 Tissue preparation

The temporal bones were dissected immediately after

euthanasia . The samples were fixed overnight in 4%

paraformaldehyde in PBS overnight. The specimens were

embedded in Tissue-Tek O.C.T. compound (Sakura Fine

Technical Co., Ltd., Tokyo, Japan) for cross-sectioning. P0

specimens were embedded in Tissue-Tek O.C.T. compound after

decalcification in Decalcifying Solution B (Wako, Osaka, Japan) for

one week, as described in our previous reports (21, 24, 29). Sections

(7 µm) were used for immunohistochemical analysis.
2.2 Antibodies

The following primary antibodies were used in this study: Anti-

ionized calcium binding adapter molecule 1 (IBA1; Rabbit IgG; ab5076,

Abcam, Cambridge, UK, 1:500), anti-POU domain class 3

transcription factor 4 (POU3F4; HPA; HPA031984, Atlas

Antibodies, Bromma, Sweden; 1:500), anti-SRY-box transcription

factor 10 (SOX10; Mouse IgG1; 365692, Santa Cruz Biotechnology,

Santa Cruz, CA, USA; 1:200), anti-cochlin (COCH; Rabbit IgG;

HPA050122, Atlas Antibodies; 1:200), anti-SRY-box transcription

factor (SOX2; Rabbit IgG; ab92494, Abcam; 1:200), anti- myosin 7A

(MYO7A; Mouse IgG1; 138-1-s, DSHB, GeneTex, Irvine, CA, USA;

1:30), anti-MYO7A (Rabbit IgG; 25-6790, Proteus Biosciences,

Ramona, CA, USA; 1:500), anti-human leukocyte antigen (HLA)

DQ/DR/DP (Mouse IgG1; CR3/43, NB120-17101, Novus, St.
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Charies, MO, USA; 1:50), anti-neurofilament heavy chain (NEFH;

Chick IgY; ab4680, Abcam, 1:1000), anti-S100 calcium-binding protein

B (S100B; Rabbit IgG; ab52642, Abcam; 1:200), anti-myelin protein

zero (MPZ; Rabbit IgG; ab31851, Abcam, Cambridge, UK; 1:200), anti-

tubulin beta 3 (TUBB3; Mouse IgG2b; GTX631836, DSHB, GeneTex,

1:1000), anti-melan A (MLANA; Rabbit IgG; NBP1-30151, Novus;

1:500), anti-sodium/potassium-transporting ATPase subunit alpha-1

(ATP1A1; Mouse IgG2a; a6F, DSHB, Iowa City, IA, USA; 1:500), anti-

actin alpha 2 (ACTA2; Mouse IgG2a; A2547, SIGMA, Saint Louis,

MO, USA; 1:200), anti-solute carrier family 2 member 1 (SLC2A;

Rabbit IgG; ab115730, Abcam; 1:500), anti-cluster of differentiation 163

(CD163; Rabbit IgG; ab182522, Abcam; 1:200).

The following secondary antibodies were used in this study:

Donkey anti-goat IgG (Alexa Fluor Plus 647; A32814, Invitrogen,

Waltham, MA, USA; 1:500), donkey anti-rabbit IgG (Alexa Fluor

Plus 555; A32794, Invitrogen; 1:500), donkey anti-rabbit IgG, (Fluor

Plus 647; A32795, Invitrogen; 1:500), donkey anti-mouse IgG

(Alexa Fluor Plus 555; A32773, Invitrogen; 1:500), donkey anti-

mouse IgG (Alexa Fluor Plus 647; A32787, Invitrogen; 1:500), and

donkey anti-chicken IgY (Alexa Fluor 647; 703-605-155, Jackson

Immuno-Research, West Grove, PA, USA; 1:500).
2.3 Immunohistochemistry

The tissue sections were heated (80°C) in 10 µM citrate buffer

(pH 6) for 15 min, after a brief wash with PBS. Then, the sections

were pre-blocked in PBS containing 10% normal serum for one

hour at room temperature. Next, the sections were incubated with

the relevant primary antibodies overnight at 4°C. Finally, the

sections were incubated with Alexa Fluor-conjugated secondary

antibodies for 60 min at room temperature. The nuclei were

counterstained with Hoechst 33258.
3 Results

3.1 Distributions of macrophages
in the developing cochlea of the
common marmoset

First, IBA1 expression was examined in the developing cochlea of

the common marmoset. IBA1 encodes the ionized calcium-binding

adapter molecule 1, an established macrophage marker in the cochlea

of both rodents (30, 31) and humans (32–34). IBA1 has also been used

as a macrophage marker in common marmosets (35). Abundant cells

expressing IBA1 were observed as early as E70 surrounding the

cochlear duct. At this stage, IBA1-positive cells were localized to

POU3F4-positive developing periotic mesenchymal cells (Figures 1A,

B). Notably, several IBA1-positive cells that integrated into the cochlea

were observed at this stage (indicated by arrows in Figure 1B). At E77

and E87, abundant IBA1-positive cells surrounded the SOX10-positive

cochlear epithelium and were present among periotic mesenchymal

cells (Figures 1C–E). At E96, IBA1-positive cells were observed mainly

among periotic mesenchymal cells, especially in the fibrocytes of the

developing lateral wall (Figures 1F, G). As late as E96, relatively
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abundant IBA1-positive cells were observed in the developing

cochlea. After E109, the number of IBA1-positive cells gradually

decreased; especially between E96 and E109, the decrease in IBA1-

positive cells was prominent (Figures 1H, I). At P0, a small number of

IBA-1 positive cells were observed in the cochlea, including lateral wall

fibrocytes, stria vascularis, and organs of Corti (Figure 1J).
3.2 Distributions of macrophages
in the sensory epithelium of the
common marmoset

Next, we examined the infiltration of IBA1-positive cells into

the sensory epithelium of the cochlear duct. As early as E87, a small

number of IBA1-positive cells were integrated into the SOX10-

positive cochlear epithelium (Figures 2A, B). Except for infiltrations

into the stria vascularis, the infiltration of macrophages was

observed only in the modiolar half of the cochlear duct. After

E92, macrophage infiltration was observed in SOX2-negative cells

(Figures 2C–F). Macrophage infiltration into SOX10-positive

cochlear epithelium was observed as late as E120. At E109 and

E120, macrophage integration into epithelial cells was observed in

the epithelium covering the spiral limbus (Figures 2G–J). At P0,

macrophages were observed in the organ of Corti, whereas no

IBA1-expression was observed until E120 in the SOX2-positive

developing organ of Corti (Figure 3). Most macrophages in the

organ of Corti were observed around Deiters’ cells and Hensen’s

cells beneath the outer hair cells.
3.3 Distributions of macrophages in the
spiral ganglion of the common marmoset

Next, the localization of macrophages in the ganglion neurons

was examined. As early as E87, macrophages infiltrated spiral

ganglion neurons (Figures 4A, B). Throughout the development

of spiral ganglion neurons, infiltrating macrophages were observed

among NEFH-positive spiral ganglion neurons and S100B-positive

developing glial cells (Figures 4C–H). Macrophage infiltration into

spiral ganglion neurons was also observed at the time of MPZ-

positive myelin formation in glial cells (Figures 4I, J). Macrophages

were also observed among the neurons in the osseous spiral lamina

as late as E96 (Figures 4F, H, J). At P0, Macrophages were observed

in the spiral ganglion located between the NEFH-positive neural

cells and MPZ-positive glial cells (Figures 4K, L).
3.4 Distributions of macrophages in the
stria vascularis of the common marmoset

Next, we examined macrophage infiltration into the stria

vascularis. Infiltration of intermediate cells marked with MLANA

into marginal cells marked with ATP1A1 has been reported in the

developing stria vascularis (24). In this study, we analyzed the

migration of IBA1-positive macrophages by comparing intermediate

and marginal cell development. At E87, the infiltration of IBA1-
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FIGURE 1

Distribution of ionized calcium-binding adapter molecule 1 (IBA1)-positive cells in the developing primate cochlea. (A, B) Expression of IBA1 in E70
cochlea. IBA1-positive cells are broadly distributed surrounding the elongating SRY-box transcription factor 10 (SOX10)-positive cochlear duct. IBA1-
positive cells distributed among POU domain class 3 transcription factor 4 (POU3F4)-positive periotic mesenchymal cells. Several IBA1-positive cells
infiltrate into the elongated SOX10-positive cochlear duct at this stage (Arrow in B). (C) Expression of IBA1 in the E77 cochlea. At this stage, IBA1-
positive cells are broadly observed surrounding SOX10-positive cells and among the POU3F4-positive periotic mesenchymal cells. (D, E) Expression
of IBA1 in the E87 cochlea. At this stage, numerous IBA1-positive cells are observed surrounding cochlear duct. Compared to early stages, IBA1-
positive cell distribution is heterogeneous. Near the cochlear duct, IBA1-positive cells are abundantly observed in the presumptive lateral wall
fibrocytes aria, whereas only a few IBA1-positive cells are observed in presumptive scala vestibuli (* in E) and scala tympani (** in E). (F, G) Expression
of IBA1 in E96 cochlea. At this stage, relatively abundant IBA1-positive cells are still observed in the lateral wall fibrocytes’ aria. In contrast, only a few
IBA1-positive cells are observed in presumptive scala vestibuli (* in G) and scala tympani (** in G). (H) Expression of IBA1 in E109 cochlea. Compared
with the early stages, there is an obvious decrease in the number of IBA1-positive cells. A small number of IBA1-positive cells are observed in the
lateral wall fibrocytes. (I, J) Expression of IBA1 in E120 and P0 cochlea. At these stages, several IBA1-positive cells are distributed in the cochlea. A
relatively large number of IBA1-positive cells are located in the spiral ligament fibrocytes; however, their numbers are less than those observed in
stages before E96. Scale Bar: 100 mm in (A, C–J); 50 mm in (B) The nuclei were counterstained with Hoechst (blue).
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positive cells between ATP1A1-positive cochlear epithelia was observed

(Figures 5A, B). In contrast, as previously reported (24), no MLANA-

positive cell infiltration was detected; MLANA-positive cells were

located next to the marginal cells. At E96, both intermediate cells

and macrophages were integrated between ATP1A1-positive marginal

cells (Figures 5C, D). At E101, when the marginal and intermediate

cells formed complicated cell-cell contacts, macrophages were also

embedded between these cells (Figures 5E, F). At E109 and E120, a
Frontiers in Immunology 05
decrease in the number of macrophages between the incorporated

marginal and intermediate cells was observed, whereas small numbers

of macrophages were observed in this space (Figures 5G–I). At P0, only

a few perivascular macrophages (PVMs) were located in the

perivascular spaces (Figures 5J–M), as previously reported in rodents

(36). At this stage, PVMs had arms that held small vessels in the stria

vascularis. A schematic representation of macrophage infiltration into

the stria vascularis is shown in Figure 6.
FIGURE 2

Distribution of ionized calcium-binding adapter molecule 1 (IBA1)-positive cells in the developing sensory epithelium of the primate cochlea.
(A, B) Distribution of macrophages in E87 cochlear sensory epithelium. In this stage, a small number of the IBA1-positive cells are integrated into the
SRY-box transcription factor 10 (SOX10)-positive cochlear epithelium (Arrow in B). (C, D) Distribution of macrophages in E92 cochlear sensory
epithelium. IBA1-positive cells are observed in the SOX10+ and SRY-box transcription factor 2 (SOX2) negative Kölliker’s organ of the developing
cochlea (Arrow in D). No IBA1-positive cells are observed in the SOX2-positive region. (E, F) Distribution of macrophages in E96 cochlear sensory
epithelium. IBA1-positive cells observed in the SOX10+ and SOX2-negative Kölliker’s organ of the developing cochlea (Arrow in F). (G–J) Distribution
of macrophages in E109 and E120 cochlear sensory epithelium. At E109 and E120, macrophages that integrated into the epithelium cells are
observed in the epithelium covering the spiral limbus (Arrow in H, J). Scale Bar: 100 mm in (A, C, E, G, I); and 20 mm in (B, D, F, H, J) The nuclei were
counterstained with Hoechst (blue). High magnification images of squared area in (A, C, E, G, I) are shown in (B, D, F, H, J), respectively.
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3.5 Localization of macrophage
subpopulations in the developing cochlea
of the common marmoset

Next , to est imate the local izat ion of macrophage

subpopulations in the developing primate cochlea, the expression

of CD163 was examined. CD163 is a protein encoded by the CD163

gene. CD163 is a high-affinity scavenger receptor for the

hemoglobin-haptoglobin complex (37). It is also a marker of cells

of the monocyte/macrophage lineage and acts as an innate immune

sensor for Gram-positive and Gram-negative bacteria. CD163

expression in the developing and adult cochlea in humans has

been previously reported (17, 32, 33, 38).

In the common marmoset, CD163 expression in macrophages

was observed as early as E77 (Figure 7A). At this stage, abundant

CD163-positive cells were observed among periotic mesenchymal

cells, and most IBA1-positive cells expressed CD163. After E87, a

gradual decrease in CD163-positive macrophages was observed

(Figures 7B–D). At E120, only a few IBA1-positive cells expressed

CD163 (Figure 7E). At P0, no CD163 expression was detected in the

sensory epithelium (Figure 7F). The distribution of CD163-positive
Frontiers in Immunology 06
cells in spiral ganglion neurons was also examined. In the

developing spiral ganglion, some IBA1-positive cells exhibited

CD163 expression as early as E87 (Figure 8A). Some

macrophages in the spiral ganglion continued to express CD163

expression until E120 (Figures 8B–D), whereas no CD163

expression was detected in the P0 spiral ganglion (Figure 8E).
3.6 Expression patterns of Class II MHC
components in the developing cochlea of
the common marmoset

Finally, expression patterns of class II major histocompatibility

complex (MHC) components were investigated. Class II MHC is a

characteristic marker of macrophages, which is essential for antigen

presentation and functions as a key regulator of adaptive immune

responses (39). MHC class II proteins are expressed in

macrophages, B cells, monocytes, and dendritic cells and

comprises HLA DR/DP/DQ. In the developing cochlea of the

common marmoset, HLA DR/DP/DQ expression was not

observed in macrophages in the developing cochlea as late as
FIGURE 3

Distribution of ionized calcium-binding adapter molecule 1 (IBA1)-positive cells in the postnatal day 0 organ of Corti. (A–F) Expression of IBA1 in organ of
Corti of P0 cochlea. In the P0 cochlea, IBA1-positive cells are observed in the organ of Corti [Arrow in (A, B and D)]. IBA1-positive cells are observed above
cochlin (COCH)-positive basilar membrane [Arrow in (F)]. High magnification images of squared area of (B, D) are shown in
(C, E) respectively. Scale Bar: 100 mm in (A) 50 mm in (B, D) 5 mm in (C), 10 mm in (E) 20 mm in (F). The nuclei were counterstained with Hoechst (blue).
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FIGURE 4

Distribution of ionized calcium-binding adapter molecule 1 (IBA1)-positive cells in the developing spiral ganglion neuron. (A, B) IBA1 expression in
the spiral ganglion neurons of E87 cochlea. At this stage, IBA1-positive macrophage infiltration into the spiral ganglion is observed. The IBA1-positive
cells were observed among the neurofilament heavy chain (NEFH)-positive neuronal cells and S100 calcium-binding protein B (S100B)-positive
immature glial cells [A high magnification image of the squared area of (A) is shown in (B)]. (C, D) IBA1 expression in the spiral ganglion neurons of
E92 cochlea. At this stage, IBA1-positive macrophages are observed among the NEFH-positive cells and S100B-positive glial cells. [High
magnification image of the squared area of (C) is shown in (D)]. (E–H) IBA1 expression in the spiral ganglion neurons of E96 and E109 cochlea. At
this stage, IBA1-positive macrophages are observed among the NEFH-positive cells and S100B-positive glial cells. Macrophages are also observed
among the neurons in the osseous spiral lamina (F, G). (I, J) IBA1 expression in the spiral ganglion neurons of E120. At this stage, IBA1-positive
macrophages are observed among the NEFH-positive cells and myelin protein zero (MPZ)-positive myelinating glial cells. Macrophages are also
observed among the neurons in the osseous spiral lamina. (K, L) IBA1 expression in the spiral ganglion neurons of P0. At this stage, IBA1-positive
macrophages are observed among the NEFH-positive cells and MPZ-positive myelinating glial cells [Arrow in (L)]. (A) high magnification image of the
squared area of (K) is shown in (L). Scale Bar: 50 mm in (A, E, G, I) 20 mm in (B, C, F); 10 mm in (D, H, J); 100 mm in (K) The nuclei were
counterstained with Hoechst (blue).
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FIGURE 5

Distributions of ionized calcium-binding adapter molecule 1 (IBA1)-positive cells in the developing stria vascularis. (A, B) IBA1 expression in the stria
vascularis of E87 cochlea. At E87, infiltration of IBA1-positive cells [Arrow in (B)] between sodium/potassium-transporting ATPase subunit alpha-1
(ATP1A1)-positive cochlear epithelium is observed, whereas melanoma antigen recognized by T cells (MLANA)-positive cells are located just next to
marginal cells [* in (B) (A) high magnification image of the squared area of A is shown in (B)]. (C, D) IBA1 expression in the stria vascularis of E96
cochlea. Both IBA1-positive cells and MLANA-positive cells are integrated between the ATP1A1-positive marginal cells [(A) high magnification image
of the squared area of (C) is shown in (D)]. (E, F) IBA1 expression in the stria vascularis of E101 cochlea. IBA1-positive cells, MLANA-positive cells and
marginal cells formed complicated cell-cell contact at this stage [(A) high magnification image of the squared area of (E) is shown in (F)]. (G–I) IBA1
expression in the stria vascularis of E109 (G, H) and E120 cochlea (I). At E109 and E120, IBA1-positive cells decrease from the incorporated space
between the marginal cells and intermediate cells. (J–M) IBA1 expression in the stria vascularis of P0 cochlea. At P0, IBA1-positive cells were
observed in perivascular spaces as perivascular macrophages (PVMs) among the incorporated space between the marginal and intermediate cells.
No melanoma antigen recognized by T cells (MLANA) expression was observed in IBA1-positive cells. IBA1-positive cells lapped the actin alpha 2
(ACTA2)-positive capillaries in the stria vascularis [Arrows in (L, M)] [(L), another image is shown in (M)]. Scale Bar: 50 mm in (A), and (J) 20 mm in
(B, C, E–I, K); 10 mm in (D, L, M). The nuclei were counterstained with Hoechst (blue).
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E120 (Figures 9A, B). At P0, some macrophages expressed HLA-

DR/DP/DQ (Figure 9C), including macrophages in the organs of

Corti (Figure 9D). In contrast, no HLA DR/DP/DQ expression was

observed in the PVMs of the stria vascularis at this stage

(Figure 9E). However, HLA DR/DP/DQ expression in PVMs was

detected in the postnatal stages (Figure 9F), as reported in human

PVMs (33).
4 Discussion

To the best of our knowledge, this is the first report describing

macrophage distribution in the developing cochlea of a primate

animal model (Figure 10). A previous study showed dynamic

changes in the distribution of resident macrophages depending

on the cochlear tissue area or developmental stage (13, 14), in mice

as well as in humans (17). In mice, the density of cochlear

macrophages increases as the mice grow, it peaks around the

neonatal stages, and decreases from P3 onward (14). Similar

dynamic changes were also observed in the developing cochlea of

the common marmoset, although its peak was observed around

E77–87 and decreases in the macrophages in the cochlea were

prominent after E109 (Figure 1). Combined with a previous

observation that P0 in mice is the morphological equivalent of

E101 in the marmoset (21), changes in the distribution of

macrophages in the common marmoset and rodents are

conserved, except for the relative timing of birth.

After birth, the immunological circumstances rapidly change.

The outer and middle ears are not sterile at the time of birth, and

these changes cannot be underestimated in the immunological state
Frontiers in Immunology 09
of the inner ear. However, in primates, our observations indicate

that changes in the distribution of macrophages do not depend on

delivery. This preservation also indicates that developmental rather

than environmental changes control the changes in immunological

conditions in the cochlea.

While it has been reported that the mature organ of Corti in

mice lacks tissue macrophages (3, 30, 40), the developing postnatal

organ of Corti contains macrophages (13). In rodents, macrophages

were transiently observed beneath the organ of Corti around

postnatal day 7 (13). Likewise, in the present study, we observed

macrophages beneath the organ of Corti at P0, although in early

stages of development, no infiltration of macrophages was observed

in SOX2-positive regions, except at E87 when broad SOX2

expression was observed (Figures 2, 3). To date, no observation of

macrophage infiltration of the organ of Corti in the developing

human cochlea has been reported, and no infiltration of

macrophages into the organ of Corti was observed in a previous

report examining the cochlea of human fetuses in the 9th to 17th

week of gestation (17). Considering our previous observation that

the developing cochlea of the P0 commonmarmoset is equivalent to

approximately 24 gestational weeks in human fetuses (21),

macrophage infiltration may occur at the late stages in human

fetuses. However, in most cases, late human fetal sampling is

unethical. From this point of view, the common marmoset is a

suitable alternative to a human fetus for studying the developmental

roles of macrophages in the organs of Corti in primates.

Previous reports showed important roles of cochlear

macrophages in the refinement of connections between spiral

ganglion neurons and hair cells, both in normal development (13,

41) and after noise trauma (11). Based on previous observations in
FIGURE 6

Schematic diagrams of distribution of ionized calcium-binding adapter molecule 1 (IBA1)-positive cells in the stria vascularis. Schematic diagrams
showing the time course of IBA1-positive cell and MLANA-positive cell infiltration into the stria vascularis. IBA1-positive cell infiltrations can be
observed, proceeding to MLANA-positive cell infiltration. Then, as development proceeds, IBA1-positive cells decrease and are finally observed only
as PVMs lapping the capillaries.
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rodents, macrophages were suspected to facilitate the formation or

pruning of cochlear ribbon synapses during cochlear development

(41). Although the pruning of the spiral ganglion neurons occurs

between E115 and P0 in the common marmoset (22), an increase in

the number of macrophages in the spiral ganglion neuron or the

osseous spiral lamina was not observed at this stage. Macrophage
Frontiers in Immunology 10
infiltration in the spiral ganglion neurons was observed in the early

stages, and no obvious increase in spiral ganglion neurons was

detected (Figure 4). This observation indicated a limited number of

macrophages regarding this pruning in the primate cochlea.

Moreover, it has been suggested that macrophages are also related

to the myelination of spiral ganglion neurons in rodents (12).
FIGURE 7

Distribution of cluster of differentiation 163 (CD163)-positive cells in the developing cochlea. (A) CD163 expression in the E77 cochlea. Abundant
CD163-positive cells were observed among the periotic mesenchymal cells, and most ionized calcium-binding adapter molecule 1 (IBA1)-positive
cells also expressed CD163. (B) CD163 expression in the E87 cochlea. CD163-and IBA1-double positive cells are observed broadly in periotic
mesenchymal cells. (C, D) CD163 expression in the E96 and E109. CD163 expression in the IBA1-positive cells gradually decreased with
development. (E) CD163 expression in the E120 cochlea. Only a few IBA1-positive cells show CD163 expression. (F) CD163 expression in P0 cochlea.
At P0, no CD163 expression is detected in the sensory epithelium. Scale Bar: 100 mm. The nuclei are counterstained with Hoechst (blue).
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However, macrophages in spiral ganglion neurons in the primate

cochlea are observed much earlier than those in the myelination of

spiral ganglion neurons, which was first observed at E115 (22).

These observations, in which the infiltration of macrophages

occurred much earlier than that in neural pruning or

myelination, suggest other developmental roles for cochlear

macrophages in the primate cochlea. Hence, to determine the

exact role of cochlear macrophages, further studies on these

animals are warranted.

Several previous studies in rodents have shown macrophage

infiltration into the stria vascularis and the subsequent development

of these macrophages into PVMs (36, 42). Observations in the

present study also demonstrated that PVMs in the stria vascularis

originate from infiltrating macrophages (Figure 5). In addition, this

study benefits from the species-specific trait that the primate

cochlea develops three times slower than that of other species

(21) and the detailed infiltration of macrophages can be studied
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by comparing the integration of MLANA-positive intermediate

cells into marginal cells in the stria vascularis. In primates,

macrophage integration into the stria vascularis was detected in

the early phases of cochlear development, just before the integration

of MLANA-positive cells was observed. As MLANA-positive cell

integration proceeds, macrophage infiltration becomes obvious.

Based on a previous study using rodent models, PVMs and

MLANA-positive cells were believed to have the same origin (36).

However, a recent study suggested that PVMs in the stria vascularis

have a different origin than melanin-positive intermediate cells (43);

therefore, the relationship between PVMs and intermediate cells in

rodents remains unclear (42). During the development of the stria

vascularis in this study’s animal, IBA1-positive and MLANA-

positive macrophages could be clearly distinguished (Figure 5).

This observation indicates that, at least in this primate, intermediate

cells and PVMs develop from different precursor cells.

Simultaneously, the present study showed that initial integrations
FIGURE 8

Expression of cluster of differentiation 163 (CD163) cells in the developing spiral ganglion neuron. (A–D) CD163 expression in the E87, E96, E109,
and E120 spiral ganglion neurons. In the developing spiral ganglion, some ionized calcium-binding adapter molecule 1 (IBA1)-positive cells show
CD163 expression until E120 [Arrows in (A–D)]. (E) CD163 expression in the P0 spiral ganglion neurons. No CD163 expression could be detected at
this stage. Scale Bar: 50 mm in (A, B) 100 mm in (C–E). The nuclei are counterstained with Hoechst (blue).
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of macrophages and intermediate cells proceed in parallel. This

observation suggests a cooperative mechanism such as the existence

of chemoattractants between the intermediate cells and

macrophages in the stria vascularis. Therefore, further studies are

required to confirm this conjecture.
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Previous studies on rodents and humans have shown that

macrophages in the developing cochlea have several subgroups

(17). Our study also indicated subgroups in the developing

primate animal model cochlea: at least CD163-positive and

-negative macrophages (Figures 7, 8), as observed in human
FIGURE 9

Expression of human leukocyte antigen (HLA) DR/DP/DQ in the developing cochlea. (A, B) Expression of HLA DR/DP/DQ in the E109 and E120
cochlea. No HLA DR/DP/DQ expression is observed in these stages. (C–E) Expression of HLA DR/DP/DQ in the P0 cochlea. At this stage, some
macrophages expressed HLA DR/DP/DQ. HLA DR/DP/DQ expression is observed in macrophages in the organ of Corti [Arrow in (D)]. No HLA DR/
DP/DQ expression is detected in the perivascular macrophages (PVMs) in the stria vascularis at this stage (E). (F) HLA DR/DP/DQ expression in the
postnatal stria vascularis. HLA DR/DP/DQ expression is detected in the postnatal PVMs. Scale Bar: 100 mm in (A–C) 50 mm in (D, E) 20 mm in (F) The
nuclei are counterstained with Hoechst (blue).
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fetuses (17). To date, two different lineages of macrophages have

been identified in the developing cochlea of rodents: yolk sac

macrophages and fetal liver lineages (14). Although we still do not

know whether the expression patterns of CD163 in macrophages

affect their characteristics as macrophages or indicate lineage

differences, our observations showed the possibility of several

subgroups in developing cochlear macrophages in this primate

animal model.

Antigen presentation plays an essential role in macrophages. In

particular, the MHC Class II-mediated presentation of extracellular

antigens and subsequent stimulation of CD4+ T cells is essential for

antigen-specific adaptive immune responses. The present study
Frontiers in Immunology 13
showed that most IBA1-positive macrophages in the developing

cochlea did not express MHC Class II (Figure 9). This indicated that

the macrophages were not activated for antigen presentation via

MHC Class II, at least in the steady state. In contrast, as previously

reported in the human cochlea (33), IBA1-positive macrophages in

the postnatal cochlea showed MHC Class II expression in common

marmosets. Whether these differences in MHC Class II expression

between the developing and postnatal cochlea are caused by the

maturation status of macrophages or by several mechanisms that

downregulate the expression of MHC II (44) has not been clarified.

However, our observations suggest that developing cochlear

macrophages do not have antigen-presenting activity and may be
FIGURE 10

Timeline of macrophage distribution during common marmoset cochlear development. Timeline of developmental distribution of macrophage is
shown in the schema comparing other important cochlear developmental steps. (*Reference: 21; **Reference: 22; ***Reference: 24). IBA1+, ionized
calcium-binding adapter molecule 1-positive; CD163+, cluster of differentiation 163-positive; SpGN, spiral ganglion neurons; PVMs, perivascular
macrophages; MLANA+, melanoma antigen recognized by T cells-positive.
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more engaged in other macrophage functions, such as phagocytosis,

which removes cellular debris created during development.

In this study, the distribution of macrophages in the developing

cochlea of the common marmoset was examined. Although our

previous studies have revealed general cochlear developmental

courses of the common marmoset, including hair cells and

supporting cells, spiral ganglion neurons, and the stria vascularis

(21–24), no detailed examinations from the immunological

viewpoint have been performed. In this study, the immunological

state of the developing cochlea in the common marmoset was

investigated for the first time. Combined with our previous

developmental study, we revealed the relationships between

generally important developmental stages of the cochlea, such as

hair cell differentiation, pruning of spiral ganglion neurons, and the

distribution of macrophages (Figure 10). This observation is

important for understanding the steady immunological state of

the developing cochlea in this primate. Recently, cochlear

immunological changes have received considerable attention due

to their protective and insulating functions (32). Therefore, this

study would be useful not only for future studies targeting fetal

immunology in the cochlea of this primate, but also for

investigations of the damaged cochlea model, including noise-

induced hearing loss and ototoxicity in this animal.

In this study, we investigated the distribution of macrophages in

the developing cochlea of the common marmoset; however, other

immune cells’ distribution and infiltrations have not been examined in

this primate. Therefore, future studies can explore this to further

understand the immunological steady state of the primate’s

cochlear development.
5 Conclusion

In the present study, we showed detailed distribution changes of

the macrophages in the cochlea using a primate animal model. This

observation indicates that most of the changes in the general

distribution of macrophages were well preserved between rodents

and primates. The distribution changes observed in the common

marmoset were also compatible with observations in the human

fetus; although, observations in the human fetus are limited. Our

observations in this study also revealed several differences between

common marmosets and rodents. The study will help researchers

understand the primate-specific immunological development of the

cochlea and facilitate studies that manipulate the immunological state

of the cochlea, especially those focusing on noise trauma or ototoxicity.
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