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The human inner ear, which is segregated by a blood/labyrinth barrier, contains resident 
macrophages [CD163, ionized calcium-binding adaptor molecule 1 (IBA1)-, and CD68-
positive cells] within the connective tissue, neurons, and supporting cells. In the lateral 
wall of the cochlea, these cells frequently lie close to blood vessels as perivascular mac-
rophages. Macrophages are also shown to be recruited from blood-borne monocytes 
to damaged and dying hair cells induced by noise, ototoxic drugs, aging, and diphtheria 
toxin-induced hair cell degeneration. Precise monitoring may be crucial to avoid self- 
targeting. Macrophage biology has recently shown that populations of resident tissue 
macrophages may be fundamentally different from circulating macrophages. We removed 
uniquely preserved human cochleae during surgery for treating petroclival meningioma 
compressing the brain stem, after ethical consent. Molecular and cellular characteri-
zation using immunofluorescence with antibodies against IBA1, TUJ1, CX3CL1, and 
type IV collagen, and super-resolution structured illumination microscopy (SR-SIM) were 
made together with transmission electron microscopy. The super-resolution microscopy 
disclosed remarkable phenotypic variants of IBA1 cells closely associated with the spiral 
ganglion cells. Monitoring cells adhered to neurons with “synapse-like” specializations 
and protrusions. Active macrophages migrated occasionally nearby damaged hair cells. 
Results suggest that the human auditory nerve is under the surveillance and possible 
neurotrophic stimulation of a well-developed resident macrophage system. It may be 
alleviated by the non-myelinated nerve soma partly explaining why, in contrary to most 
mammals, the human’s auditory nerve is conserved following deafferentiation. It makes 
cochlear implantation possible, for the advantage of the profoundly deaf. The IBA1 cells 
may serve additional purposes such as immune modulation, waste disposal, and nerve 
regeneration. Their role in future stem cell-based therapy needs further exploration.

Keywords: human, cochlea, macrophages, ionized calcium-binding adaptor molecule 1, structured illumination 
microscopy, immunohistochemistry

Abbreviations: BC, basal cell; BM, basilar membrane; E, endolymph; EDTA, ethylene-diamine-tetra-acetic acid; IC, inter-
mediate cell; MC, marginal cell; RM, Reissner’s membrane; SM, scala media; SP, spiral prominence; SR-SIM, super-resolution 
structured illumination fluorescence microscopy; ST, scala tympani; StV, stria vascularis; SV, scala vestibuli; TEM, transmission 
electron microscopy; IBA1, ionized calcium-binding adaptor molecule 1.
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Table 1 | Patient data and methods of analysis

age (years) PTT analysis

40- 50 dB (1–8 kHz) IF
50- Normal IF
70- 50 dB (2–4 kHz) IF
60- Normal IF
40-a Normal LM, TEM
40-b Normal LM, TEM

IF, immunofluorescence; TEM, transmission electron microscopy; PTT, pure tone 
threshold.
aPamulova et al. (40).
bTylstedt and Rask-Andersen (39).

2

Liu et al. Macrophages in the Human Cochlea

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 223

inTrODUcTiOn

The inner ear is an enclave protected by solid bone. Despite its 
proximity to infection-prone areas, it was long thought to lack 
active immune responses. Instead, the endolymphatic sac, which 
is an endolymphatic appendage remotely situated, was alleged 
to dispose of waste material and foreign substances involving 
immune mechanisms (1–4). The fluid around the apical pole 
of the sensory cells was previously thought to be cleared via a  
“longitudinal” outlet, thus abating harmful inflammatory res-
ponses near the receptors. More recently, immune-reactive cells 
or tissue macrophages were found in other areas of the inner ear 
under steady-state conditions (5–8).

It is also ostensible that the human inner ear possesses resid-
ent and migratory macrophages [positive for markers CD163, 
ionized calcium-binding adaptor molecule 1 (IBA1), and CD68] 
within the connective tissues, neurons, and supporting cells (9). 
These cells were characterized as macrophage/microglial cells 
and were assumed to belong to the innate and adaptive immune 
system (10). “Microglia” may not be the appropriate term for 
these cells owing to their separate ontogeny, morphology, and 
expression of surface markers (11). Tissue macrophages seem 
to be replaced from bone marrow myeloid precursors (6, 7), 
whereas brain microglia undergo self-renewal during life (12).

Resident macrophages may protect the inner ear via surveil-
lance, scavenging, and tissue repair. However, adaptive immune 
responses may also ensue, which may be potentially hazardous 
owing to the release of damaging modulators that might result 
in tissue breakdown and self-destruction. Cochlear macrophages 
can be recruited from blood-borne monocytes to damaged and 
dying hair cells induced by noise and ototoxic drugs, aging, and 
diphtheria toxin-induced selective hair cell degeneration (6, 8, 
11, 13–25). Scavengers may reach the sensory epithelium via 
the spiral ganglion (11, 18) or the basilar membrane (BM) (6). 
These cells may release interferons, inflammatory cytokines, and 
chemokines via the complement cascade. Moreover, supporting 
cells participate in the disposal of cells, and precise monitoring 
would seem crucial to avoid self-targeting (26–29).

Cochlear macrophages seem to play important roles in coch-
lear physiology and pathology. Although their exact roles have 
not been firmly established, they potentially have both beneficial 
and detrimental functions. Perivascular-resident macrophage-
like melanocytes exist in the stria vascularis (StV) (30, 31) and 
are seemingly important for maintaining the blood/labyrinth 
barrier by controlling endothelial tight junctions. Hence, more 
information is needed about their role in aggravating senso-
rineural hearing loss (SNHL). How can we avoid triggering 
their adverse action and exploit their positive effects? Cochlear 
macrophages may respond adversely in cochlear implanta-
tion (CI) and counteract inner ear stem cell engraftment. An 
unexpected interaction between the innate immune system and 
cochlear afferents was recently described by Kaur et  al. (23). 
They found that hair cell loss is linked to a chemokine signaling 
system protecting spiral ganglion neurons. This phenomenon 
could positively influence neuron rescue following hair cell 
loss. Whether such coordination prevails in humans remains 
unknown.

Therefore, we further analyzed human cochlear macrophages 
using the marker protein IBA1, an actin crosslinking protein in 
macrophages/microglia associated with membrane ruffling and 
phagocytosis (20, 32). IBA1 is widely used due to its specificity 
and expression in both reactive and quiescent microglial cells 
(33). Directly fixed cochleae were cryosectioned and viewed in a 
super-resolution structured illumination microscope (SR-SIM). 
Furthermore, archived semi-thin sections were examined com-
bined with transmission electron microscopy (TEM).

MaTerials anD MeThODs

The human cochlea—a histological 
challenge
Table 1 shows patient data and methods of analysis. Studies of the 
human cochlea are difficult due to the solid bone which requires 
extensive decalcification. In this study, well-fixed human tissue 
was obtained with excellent antigen retrieval, allowing the study 
of protein expression using super-resolution microscopy. An 
obvious weakness is the limited quantity of tissue and sections.

In addition, the guinea pig brain was processed for IBA1 
staining. The guinea pig brain was dissected out and immersed 
in fixative. The procedure followed that used for human sections 
including antibodies and staining.

ethic statements
The study of human materials was approved by the local ethics 
committee (no. 99398, 22/9 1999, cont, 2003, no. C254/4; no. 
C45/7 2007, Dnr. 2013/190), and patient consent was obtained. 
The study adhered to the rules of the Declaration of Helsinki. 
Archival sections from adult cochleae were used (34, 35). Guinea 
pig cochleae and brain were analyzed in parallel as controls. 
Ethical consent was obtained from the local ethical committee 
of Uppsala for animal use. The guinea pig study’s protocol was 
approved by the Regional Animal Review Board of Uppsala, 
Sweden and guinea pig C98/12 and C66/16.

Fixing and sectioning of human cochleae 
for immunohistochemistry
In this study, we used archival human material used in earlier 
publications (34, 35). Four cochleae (two from males and two 
from females; aged 44–72  years) were dissected as a whole 
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Table 2 | Antibodies used in the study.

Primary antibody Type Dilution host catalog number Producer

Collagen IV Polyclonal 1:25 Goat AB769 Millipore
Laminin β2 Monoclonal 1:100 Rat #05-206 Millipore
Ionized calcium-binding adaptor molecule 1 Polyclonal 1:100 Rabbit PA527436 Invitrogen
Tuj 1 Polyclonal 1:200 Rabbit #04-1049 Millipore
Tuj 1 Monoclonal 1:200 Mouse MAB1637 Millipore 
CX3CL1 Monoclonal 1:100 Mouse MAB3651 R&D Systems
CX3CR1 Polyclonal 1:50 Rabbit #PA5-19935 Invitrogen
P2Y12 Polyclonal 1:50 Rabbit #PA5-34079 Invitrogen
Major histocompatibility complex class II Monoclonal 1:50 Mouse #MA5-11966 Invitrogen

secondary antibody Dilution host catalog number Producer

Anti-Mouse IgG H&L 1:400 Goat A21422 Invitrogen
Alexa Fluor® 555
Anti-Rabbit IgG H&L 1:400 Goat A11008 Invitrogen
Alexa Fluor® 488
Anti-Goat IgG H&L 1:400 Donkey Cat # A-21432 Invitrogen
Alexa Fluor® 488
Anti-Mouse IgG H&L 1:400 Donkey Cat # A-21202 Invitrogen
Alexa Fluor® 488
Anti-Rabbit IgG H&L 1:400 Donkey Cat # A-31572 Invitrogen
Alexa Fluor® 555
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piece instead of being discarded during petroclival meningi-
oma surgery (two with normal pure tone thresholds for their 
age and two with moderate SNHL due to a life-threatening 
tumor compressing their brain stem). In the operating room, 
the cochleae were immediately placed in 4% paraformaldehyde 
and diluted in 0.1 M phosphate-buffered saline (pH 7.4). After 
a 24-h fixation, the fixative was replaced with PBS and then 
with a 0.1  M Na-ethylene-diamine-tetra-acetic acid solution 
at pH 7.2 for decalcification. After 4  weeks, the decalcified 
cochleae were rinsed with PBS. The cochleae were embedded 
in Tissue-Tek OCT (Polysciences), rapidly frozen, and sec-
tioned at 8–10 µm using a Leica cryostat microtome to obtain 
frozen sections. The frozen sections were collected on gelatin/
chrome alum-coated slides and stored below −70°C before 
immunohistochemistry.

antibodies and immunohistochemistry
Table  2 shows the series of antibodies used in this study. The 
antibody against type IV collagen was used to demarcate the 
basal lamina (BL) of neurons, blood vessels, and epithelium. We 
used a polyclonal antibody (1:25, goat ab, AB769, Millipore). For 
residents’ macrophages, we used antibody against IBA1 (poly-
clonal, 1:100, rabbit, PA527436 from Invitrogen). Specificity was 
proven by IBA1 antibody blotting (36). Fractalkine antibody was 
a monoclonal antibody (1:100, mouse, MAB3651, R&D Systems). 
This antibody specificity antibody was verified in western blot-
ting experiment (37). Information about the other primary and 
secondary antibodies is shown in Table 2.

imaging and Photography
The stained sections were first investigated with an inverted 
fluorescence microscope (Nikon TE2000) equipped with a spot 
digital camera with three filters (for emission spectra maxima at 
358, 461, and 555 nm). Image-processing software (NIS Element 
BR-3.2, Nikon), including image merging and a fluorescence 

intensity analyzer, was installed on a computer system connected 
to the microscope. For laser confocal microscopy, we used the 
same microscope equipped with a three-channel laser emission 
system. The optical scanning and image-processing tasks were 
performed using Nikon EZ-C1 (ver. 3.80) software and included 
the reconstruction of Z-stack images into projections and 3-D 
images. Super-resolution structured illumination microscopy 
(SR-SIM) was performed using a Zeiss Elyra S.1 SIM system 
and a 63×/1.4 oil Plan-Apochromat objective (Zeiss), sCMOS 
camera (PCO Edge), and ZEN 2012 software (Zeiss). Multicolor 
SR-SIM imaging was achieved with the following laser and 
filter setup: first channel—405 nm laser excitation and BP 420-
480 + LP 750 filter; second channel—488 nm laser excitation 
and BP 495-550  +  LP750 filter; third channel—561  nm laser 
excitation and BP 570-620  +  LP 750 filter. To maximize the 
image quality, five grid rotations and five phases were used for 
each image plane and channel. The grid size was automatically 
adjusted by the ZEN software for each wavelength of excita-
tion. SR-SIM images were processed with ZEN software using 
automatic settings and theoretical point spread function (PSF) 
calculations. From the SR-SIM dataset, 3-D reconstruction was 
performed using the Imaris 8.2 (Bitplane, Zürich, Switzerland). 
A bright-field channel was merged with fluorescence to visual-
ize the cell borders. The microscope is capable of achieving a 
lateral (X–Y) resolution of ≈100 nm and an axial (Z) resolution 
of ≈300 nm (38). The resolution of the SIM system in BioVis 
(Uppsala) was measured with sub-resolution fluorescent beads 
(40 nm, Zeiss) in the green channel (BP 495-550 + LP750). An 
average PSF value was obtained from multiple beads with the 
built-in experiment PSF algorithm of the ZEN software. The 
typical resolution of the system was 107 nm in the X–Y plane 
and 394  nm in the Z plane. 3-D reconstructions of collagen 
IV and IBA1 protein expression were made. Both signals were 
reconstructed with surface rendering mode using the Imaris 8.2 
software.
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FigUre 1 | Human organ of corti (OC) contains migrating macrophages. (a–D) Horizontal serial sections (1 µm) of the apical turn of the OC dissected from a 
middle-aged female with normal hearing in both ears during surgery for petroclival meningioma (40). (b,F) Dendritic macrophage (Ma) with lysosomes can be  
seen in the corti tunnel near a degenerating inner hair cell (IHC). (e) Many IHCs (supernumerary) are present beneath the reticular lamina. (F) Framed area in panel  
(b) is shown in higher magnification in panel (F). (g) Framed area in panel (a) is viewed at higher magnification in panel (g) and displays an IHC undergoing 
degeneration. TCF, tunnel crossing fiber; OPC, outer pillar cell; IPS, inner pillar cell; ISC, inner sulcus cell; IPhC, inner phalangeal cell (1% osmium tetroxide and 
toluidine blue staining). The broken arrow displays top-down sectioning. (h) Immunofluorescence of an ionized calcium-binding adaptor molecule 1 (IBA1)-IR cell 
associated with an outer hair cell in the OC. The reticular lamina expresses fractalkine. (i) Hypothetical representation of macrophage disposal of dying hair cells in 
the human OC. Hair cells retract beneath the reticular lamina and are removed by activated macrophages.
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Transmission electron Microscopy
Archival sections were re-analyzed from specimens collected 
during surgery and earlier publication (39). In the apical part, 
where the ganglion cells accumulate, ultrathin serial sections 
with a thickness of about 800 Å were made and examined by 
TEM. Three hundred sixty-five consecutive serial thin sections 
were initially stained with uranyl acetate and lead citrate and 
then observed in a JEOL 100 SX transmission electron micro-
scope. The specimens had been fixed in 3% phosphate-buffered 
glutaraldehyde, pH 7.4, and rinsed in 0.1 M cacodylate buffer, 
followed by fixing with 1% osmium tetroxide at 4°C for 4  h. 
The specimens were infiltrated with Epon resin in a vacuum 
chamber for 4 h. One cochlea was dissected out for the study of 
the innervation pattern of the apical turn of the human cochlea 
(40). The cochlea was placed in 3% sodium phosphate-buffered 
glutaraldehyde for 48 h. Thereafter, it was placed in 0.1 mol/L 
sodium ethylene-diamine tetra-acetic acid for 4 weeks at room 
temperature. Decalcification was checked by radiography. The 
tissue was rinsed and stained with 1% sodium phosphate-
buffered osmium tetroxide for 1  h. The apical turn of the 
cochlea was cut away with small scissors through the modiolus. 
The tissue was dehydrated and embedded in Epon (Resolution 
Performance Products, Houston, TX, USA). Semi-thin sections 
were cut with a glass knife perpendicular to the long axis of the 
modiolus from the level of the spiral ganglion to the apical top 

of the organ of corti (OC) and the basilar lamina. Every 10th 
section was taken up and placed on a paraffin-coated film for 
re-embedding for TEM.

resUlTs

semi-Thin sections of Oc
An examination of horizontal serial semi-thin sections from 
archival specimens (individual with normal PTA) showed few 
active dendritic, lysosome-containing macrophages in the OC. 
The macrophages found resided in the corti tunnel, adhering 
to the lateral cell surface of the inner pillars near a few dying 
inner hair cells (IHCs) (Figure  1). The pillars formed a tight 
cell boundary that was at times discontinuous. The origin of the 
dendritic macrophages could not be determined. In the apical 
regions that were viewed in series, crowded supernumerary IHCs 
were seen (Figure 1E). These cells were bordered by inner sulcus 
and inner phalangeal cells. Several IHCs were separated by thin 
cytoplasmic ramifications from the supporting cells, whereas 
others were juxtaposed, lacking a separate barrier. One cell lay in 
direct contact with the tunnel crossing fibers (Figures 1B,F). The 
preservation of cells was good, and the few degenerating IHCs 
were therefore not considered to represent postmortal degenera-
tion or autolysis.
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Table 3 | Distribution of ionized calcium-binding adaptor molecule 1 (IBA1)-IR cells in the human cochlea.

stria V spiral lig. iii spiral lig. ii, iV, V sg spiral limb. TM/rM bone

+++ ++ + +++ + − +

Oss. lam. Wall sT Wall sV Tcl Oc axon Dendrite Vg Vn

++ ++ ++ ++ + +++ +++ +++ +++

Stria V., stria vascularis, IBA1 cells are mostly associated with blood vessels; Spiral lig., spiral ligament, the fibrocytes are classified into I–V types; SG, spiral ganglion; VG, vestibular 
ganglion; Spiral limb., spiral limbus; RM, Reissner’s membrane; TM, tectorial membrane. Bone, endosteal cochlear bone moderately stained with green fluorescence and overlap the 
red fluorescent labeled collagen IV and lack branched feature of macrophages making it hard to distinguish from vascular endothelial and smooth muscle cells; Oss. Lam., osseous 
spiral lamina; wall ST, wall of scala tympani, thin layer with Iba1 cell close to the perilymph; wall SV, wall of scala vestibuli, Iba1 cells are mainly located near the bone; TCL, tympanic 
covering layer; OC, organ of corti; axon and dendrite; not including nerve beyond the fundus in the internal acoustic meatus and most peripheral part of the afferent dendrites that 
are in the table belongs to the osseous spiral lamina (Oss. Lam.).
A similar pattern of distribution and consistent morphology of IBA1 cells were found in the immunohistochemically analyzed specimens from all four cochleae.

FigUre 2 | Human stria vascularis contains a myriad of macrophages closely related to blood vessels. (a) Immunofluorescence of ionized calcium-binding adaptor 
molecule 1 (IBA1)-IR cells in the lateral wall of the apical turn of the human cochlea. Most cells are located in the stria vascularis (broken line), but there are also cells 
in the spiral ligament. (b–e) There are many perivascular cells. There is one intra-capillary IBA1 cell (b). Col. IV, collagen IV; Cap, capillary; E, endolymph; MC, 
marginal cells; BC, basal cell; Nu, nucleus.
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confocal and super-resolution structured 
illumination Microscopy (cF, sr-siM)
Ionized calcium-binding adaptor molecule 1-expressing cells 
were located in the lateral wall, including the spiral ligament, 

scala vestibule (SV) and scala tympani (ST), spiral limbus, endos-
teum, tympanic covering layer (TCL), spiral lamina, spiral and 
vestibular ganglion (VG), dendrites, and central axons (Table 3). 
In three specimens, an IBA1-positive cell was found in the OC. 
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FigUre 3 | Ionized calcium-binding adaptor molecule 1 (IBA1) cells in the stria vascularis are not intermediate cells (ICs). Confocal microscopy (a,b) and  
SR-SIM [(c,D) maximal intensity projections] images of IBA1-positive cells in the lateral wall of the human cochlea. Their long pseudopodia reach the wall  
of the strial capillaries and MCs. A terminal bulb can be seen at the capillary wall [arrow in panel (D)]. The IBA1 cells contain no melanin granules [arrows in  
panel (b)], suggesting they are not ICs. MC, marginal cells; BCs, basal cells; E, endolymph; Cap, capillary of the StV. Inset in panel (a) shows perivascular 
macrophages (IBA1, green) in the wall of the scala tympani.
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A few IBA1 cells were found in the OC and one such cell was 
found to be closely associated with the base of an outer hair cell 
(Figure 1I). Staining was intense and specific. Their morphology 
varied greatly from being multi-branched to round or elongated 
depending on their location and their nuclear chromatin typically 
expressed IBA1. Cell processes that contacted adjacent vessels 
generally showed a terminal bulb or podosome. In the stria vas-
cularis (StV), they were mostly located in the mid-zone near and 
around the blood vessels and intermediate cells (ICs) (Figures 2, 
3). An IBA1-positive intraluminal cell was observed (Figure 2B). 
Macrophages were generally unrelated to melanin granules 
(Figure  3B). The cells were endowed with dendritic processes 
that could extend even between marginal cells, almost reaching 
the endolymph. No IBA1 cells were found in Reissner’s or tecto-
rial membranes. A few cells were located in the spiral ligament, 
often around blood vessels. No IBA1 cells were located among the 
type I fibrocytes. Several were located among type II, III, and IV 

fibrocytes. Few cells were located among the type V fibrocytes. 
The wall of the SV and ST contained IBA1 cells. Notably, there 
was perivascular distribution of cells around vessels in the lower 
aspect of the ST (Figure 3A, inset).

iba1 cells in the human spiral ganglion
Multiple IBA1 cells were found in the spiral ganglion, often 
associated with the satellite cells of the type I cells (Figure 4). The 
macrophages had pseudopodia and the cell nuclei were often 
folded and expressed IBA1. Macrophages were also directly 
associated with axons and dendrites within Rosenthal’s canal 
(Figures 4B,C) as well as the outer membrane of the spiral gan-
glion cells (Figures 4D,E). The macrophages frequently adhered 
to the BL surrounding the satellite cells. Several were situated at 
the axonal and dendrite entry zones. Synapse-like endings were 
seen facing TUJ1-positive nerve soma suggesting a location 
directly on the cell membrane (Figure 4E). A similar association 
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FigUre 4 | Ionized calcium-binding adaptor molecule 1 (IBA1) macrophages are physically related to spiral ganglion cells. (a) Confocal microscopy of 
immunohistochemistry for collagen IV and IBA1 in the spiral ganglion of the basal turn of the human cochlea. (b) SR-SIM of an IBA1-immunoreactive cell that 
projects into the cytoplasm of an axon process. Framed area is shown in higher magnification in panel (c). Inset shows 3D video reconstruction shown in Video S1 
in Supplementary Material. (D) Unprocessed SR-SIM showing TUJ1-positive type I spiral ganglion cell with associated IBA1 cell process (*) shown in panel  
(e). Macrophage cell nuclei typically expressed IBA1 protein. (e) SR-SIM (maximal intensity projection) of the synapse-like IBA1 process facing the surface of  
the type I ganglion cell. A thin cell process (arrow) can be seen projecting into the neuron. (F, g) Transmission electron microscopy of unidentified cell processes 
directly facing the type I ganglion cell. There are cell membrane specializations and signs of possible cell fusion.

7

Liu et al. Macrophages in the Human Cochlea

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 223

was seen in brain neurons between adhering microglia and 
the dendrite entry zone (Figures  5A–D). In the human spiral 
ganglion, cell projections located between the satellite glial cell 
layer and nerve soma could be observed at TEM (Figures 4F,G). 
These studies now revealed the particular morphology of the 
macrophages. Their large number, characteristic nuclei, long 
processes, and close relationship with neurons made it now 
possible to now identify these cells at the ultrastructural level 
(Figure  5). In addition, these cells displayed typical electron-
dense vesicles possibly representing lysosomes (Figure  5F). 
Remarkable phenotypic variants of IBA1 cells were found in the 
Rosenthal’s canal using SIM. These cells were obviously migrat-
ing and independent of the spiral ganglion cells. They displayed 

intracytoplasmic vesicles and thin (0.2  µm) “antenna”-like 
processes (Figure 6).

Macrophages in central and Peripheral 
axons
Elongated IBA1 cells were also associated with central axons 
within the modiolus and peripheral dendrites in the osseous 
spiral lamina (Figures 7–9). IBA1 cells along the central axons 
were “worm”-like and measured up to 50 μm with a diameter of 
approximately 0.5 μm (Figure 9). Their nuclei were oblong and 
expressed IBA1. They displayed thin processes reaching several 
neighboring fibers, of which several had a terminal cone.
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FigUre 5 | Ionized calcium-binding adaptor molecule 1 (IBA1) macrophage interaction in the brain and ear. (a,c) Confocal microscopy of IBA1 and TUJ1 
immunoreactivity in the guinea pig bran. IBA1 cells are seen both in the white and gray matter. (b) SR-SIM (maximum intensity projection) show IBA1 cells closely 
related to the surface of the TUJ1-positive neurons. Framed area is magnified in panel (D). (D) Higher magnification showing guinea pig brain neurons. IBA1-positive 
cells are seen in close association with the dendritic processes (arrow). The IBA1 cell nucleus express IBA1 protein (*). (e) SR-SIM of the human spiral ganglion 
showing IBA1-immunoreactive cell (*) physically related to the collagen IV basal lamina (BL) surrounding the satellite glial cell (SGC). (F) Transmission electron 
microscopy of human spiral ganglion shows cells believed to represent macrophages (*). They show slender processes (arrows) and contain typical electron-dense 
bodies (left inset). Cytoplasmic processes project against the outer surface of the SGCs (arrow in right inset). Type I, type I spiral ganglion cell soma; Ax, axon.
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In the osseous spiral lamina, collagen IV and IBA1 staining 
showed that macrophage pseudopodia could extend through 
the BL of the Schwann cells, but the relationship to the myelin 
layer was more uncertain. Thus, the IBA1 cells seemed to be in 
physical contact with the Schwann cells’ outer cell membrane 
(Figure 8; Video S1 in Supplementary Material). One IBA1 cell 
sent several processes to adjacent dendrite fibers within the 
osseous spiral lamina. IBA1 cell branches also penetrated into 
the axon, suggesting that the macrophage process lay inside the 
myelin layer (Figure 8B, insets). Serial photos and 3D recon-
structions verified these conditions. It could not be determined 
whether IBA1 branches reached the axonal cell membrane at 
Ranvier nodes or intercellular clefts. IBA1 protein was diffusely 
expressed within the cytoplasm, and also localized in the cell 
nuclei (Figure  8, right inset). In several cells, IBA1 protein 

was associated with the nuclei pores. At higher magnifica-
tion, irregular patches of staining (100–150 nm) representing 
cross-sectioned IBA1 branches were seen (Figure 9, inset left). 
These were submerged within the BL of the Schwann cells. 
These branches were revealed using SIM but not detectable 
at confocal microscopy. A few sections contained the VG and 
neurons. These structures also contained a large number of 
IBA1-positive cells.

Many IBA1 cells accumulated around the nerve fibers at the 
habenula perforata where the nerves had lost compact myelin 
(Figure  7A). These cells also displayed long cytoplasmic pro-
cesses. No cells or processes invaded the habenula at this point or 
reached inside the OC. Some of these cells reached into the TCL. 
These cells often firmly attached to the undersurface of the BM 
(Figure 7B, inset).
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FigUre 6 | (a) Surveilling macrophages with projecting “antennae” exist around the human type I cells. (a) SR-SIM (maximum intensity projection) of an 
ionized calcium-binding adaptor molecule 1 (IBA1)-positive macrophage at the bone trabecula in Rosenthal canal of the first turn of the cochlea. Inset shows 
relationship to a TUJ1-positive neuron. (b) Higher magnification shows “horn”-like projections (arrow). Cytoplasmic vesicles as well as its nucleus contain IBA1 
protein.
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Fractalkine (cX3cl1) expression
Fractalkine staining showed only a moderate surface expression 
of cells within the human OC (Figures 7C,D). No particular dif-
ference in staining was noted between hair cells and supporting 
cells. Some staining was also seen in the cells of the TCL but not 
at the inferior surface of the BM. Spiral ganglion cells more firmly 
expressed fractalkine with spotty membrane enhancement also 
including the nerve fibers (Figures 7E,F).

DiscUssiOn

Super-resolution structured illumination microscopy (SR-SIM), 
using macrophage immunostaining for marker IBA1, exposed 
more clearly their interface with neighboring cells. Freshly fixed 
surgical specimens minimized artifacts that otherwise can influ-
ence the microglial phenotype in postmortem material (41).  
A conceivable weakness of our study was the age of the patients 
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FigUre 7 | Ionized calcium-binding adaptor molecule 1 (IBA1) cells accumulate at habenula perforate and fractalkine is expressed in the spiral ganglion.  
(a) SR-SIM of IBA1 and myelin basic protein (MBP) expression at the habenula perforata of the human cochlea. A macrophage is shown around the unmyelinated 
fibers. It has a thin projection against the habenular opening (inset). (b) The tympanic covering layer also contains IBA1-positive cells firmly attached to the inferior 
surface of the basilar membrane (BM). (c) Confocal microscopy of numerous IBA1-positive cells around unmyelinated portion of the acoustic nerve bundle (arrow). 
There is no strong fractalkine expression in the organ of corti. (D) Inset in panel (D) shows a cell positive for the P2 Y12 receptor. SR-SIM (maximal intensity 
projection) at corresponding location showing IBA1 cells with thin projection into the habenular opening. (e) Confocal microscopy of IBA1 and fractalkine expression 
in the human spiral ganglion (basal turn). (F) SR-SIM (maximum intensity projection) of fractalkine expression with IBA1-positive macrophages surrounding the type I 
ganglion cell.
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(approximately 40–60 years), as microglia of the aged brain can 
show an activated immune state (42). Another difficulty is the 
presence of benign tumors potentially invading the auditory 
nerve trunk in the respective patients. Nonetheless, such infiltra-
tion could not be detected. Subsequently, we consider the samples 
as representative for steady-state conditions, which is also sup-
ported by earlier studies (9).

Our study verified that both active and resident IBA1-positive 
macrophages are widely spread within the human cochlea, includ-
ing central and peripheral nerve processes. In addition, the OC, 
which is believed to normally lack immune cell activity (6, 43),  
contained active macrophages, that could be verified in semi-thin 
sections as well as in immune stainings. The most impressive locali-
zation of IBA1 cells were in the lateral wall and auditory nerve. 

Unlike resident microglia in the brain, the cochlear macrophages 
appear to be monocyte derived (7), with turnover rates similar to 
resident macrophages found in other tissues such as the retina. 
This result is supported by their presence/transformation inside 
several stria vessels, presumably prior to diapedesis. The perme-
ability of the strial vessels is otherwise believed to be different to 
other inner ear vessels (11). The perivascular location suggests a 
piloting role related to the blood–labyrinth barrier as suggested 
by Zhang et al. (31) and Shi (30). The highly variable morphology 
may reflect a high degree of plasticity and adaptation to various 
microenvironments in the cochlea. In the normal human brain, 
IBA1-immunoreactive cells display various morphology depend-
ing on their stage of activation (ramified, primed, reactive, and 
amoeboid). In the lateral wall and limbus, they were ramified with 
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FigUre 8 | Ionized calcium-binding adaptor molecule 1 (IBA1) cells perforate basal lamina (BL) of Schwann cells. (a) SR-SIM (maximum intensity projection)  
of IBA1 macrophages (M) in a cross-sectioned nerve bundle in the spiral lamina (second turn, inset). Framed areas are shown in higher magnification in panels  
(b,c). Macrophages (M, green) send projections to adjacent axons (Ax). (b) An IBA1 cell process penetrates the BL of a Schwann cell (arrow). Inset shows 3D  
video reconstruction in Video S2 in Supplementary Material. Serial optical sections (b) show IBA1 cell process entering the peri-neuronal space (insets, arrows).  
(c) IBA1 cells send many projections to surrounding axons in the spiral lamina (arrows). Sch, Schwann cell.
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round nuclei similar in appearance to primed microglia in the 
brain (41). The meatal auditory nerve could only be evaluated 
to a limited degree in these specimens. In the modiolar auditory 
nerve, they were elongated and had filamentous processes with 
terminal podosomes attaching adjacent cells. A similar amoeboid 
pattern was described in the human brain white matter by Torres-
Platas et al. (41), where oblong IBA1-IR cells were aligned with 
myelinated tracts. The distribution of IBA1-positive cells suggests 
that each nerve fiber may be connected to a ramified macrophage. 
A linked IBA1 network may survey the environment and protect 
spiral ganglion neurons. Kaur et al. (23) found that selective loss 
of cochlear hair cells increased the number of macrophages in 
the auditory nerve and spiral ligament. These results indicate 
that there is a link between hair cells and neurons that may influ-
ence the auditory nerve preservation under various conditions 
(Figure 10). Brain studies have shown that, after injury, microglia 
and infiltrating macrophages can be either pro-inflammatory 

(M1-like) or immunosuppressive (M2-like). Activated mac-
rophages can release cytotoxic mediators, leading to neuronal 
dysfunction and cell death. Conversely, they can phagocytose cell 
debris and secrete neurotrophic factors and anti-inflammatory 
cytokines to restore tissue integrity (44–46). Thus, macrophages 
can switch to an anti-inflammatory phenotype that promotes cell 
differentiation and regeneration (47). Surprisingly, we found that 
IBA1 branches penetrated and reached the axon surface inside 
the myelin layer near the axon fiber membrane (Figure  8B, 
insets). This result was verified through serial sections and 3-D 
reconstruction (Videos S1 and S2 in Supplementary Material). 
The entrance point may be the Ranvier node, which further sup-
ports the notion that IBA1 macrophages establish direct contact 
with the axon fiber and even the ganglion cell soma.

Vascular endothelia and several inner ear cells can secrete 
chemokines that are small signaling cytokines (11). The CX3C 
chemokine ligand 1, also named fractalkine, induces chemotactic 
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FigUre 9 | Central auditory nerve axons are connected to ionized calcium-binding adaptor molecule 1 (IBA1)-positive processes. SR-SIM (single optical section) 
shows IBA1-positive macrophages among central axons in the cochlea (inset, framed area). The IBA1 protein is also expressed in the nucleus (inset right). These 
macrophages project thin branches that contact adjacent axons (short arrows, magnified in left and middle insets). Nu, nucleus.
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attraction and cell adhesion of macrophages through both mem-
brane-bound and the free form of fractalkine. Increased levels and 
receptor binding can be seen in different tissues and in various 
organ-specific human diseases, making it a potential therapeutic 
target (48–50). The chemokine receptor CX3CR1 is expressed by 
hematopoietic cells such as specified macrophages, monocytes, 
natural killer cells, and Th1 lymphocytes (51). In the brain, nerves 
can be rescued by a modulation of microglia-induced activity by 
binding to the receptor CX3CR1 and it can even promote adult 
neurogenesis (52). CX3CR1 reduces inflammatory mediators and 
leads to secretion of neuroprotective substances such as BDNF 
(53). In the brain, CX3CL1/CX3CR1 interaction stimulates 
cytokine secretion from microglia and decrease inflammatory 
mediators. The neurotrophic effect of CX3CL1 may diminish 
neuronal death caused by excitotoxicity; an effect depending 
on extracellular adenosine released from microglia. Our find-
ings of spiral ganglion cells expressing fractalkine including the 
nerve fibers seem to suggest that macrophage/neuron signaling 

exists and plays a role in the human cochlear nerve protection. 
Avoidance of adverse triggering of signaling in connection with 
cochlear disease and knowledge to exploit their beneficiary 
properties may lead to new therapeutic possibilities.

High resolution microscopy disclosed remarkable IBA1 cells 
closely associated with the spiral ganglion cells with “synapse-
like” specializations. This may suggest that the human auditory 
nerve is under the protection and neurotrophic stimulation of a 
resident macrophage system. It may act across non-myelinated 
borders of nerve soma and explain why, contrary to most mam-
mals, the human’s auditory nerve is conserved following loss of 
hair cells and even dendrites. This makes CI possible in man.  
A representation of the possible interactions between mac-
rophages in the human cochlea is shown in Figure  10. The 
insertion of prostheses into the cochlea inflicts potential trauma 
to cochlear tissue (54, 55) that could result in secondary immune 
responses and activate macrophage signaling. O’Malley et al. (56) 
presented evidence of foreign body responses in the cochlea to 
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FigUre 10 | Drawing showing possible macrophage interaction in the human cochlea. Macrophages [ionized calcium-binding adaptor molecule 1 (IBA1) cells] can 
be observed in the human cochlea, both in the spiral ganglion and more seldom in the organ of corti. Macrophages may interact to form a protective link between 
hair cells and neurons via a fractalkine/CX3CR1 signaling system as demonstrated experimentally by Kaur et al. (23) (illustration by Karin Lodin).
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both platinum and silicone after CI, which may be responsible 
for device failure (57) and electrode extrusion (58). We found evi-
dence that some cells in the TCL are IBA1-positive macrophages. 
These cells form attachments to the inferior surface of the BM 
(Figure  7B) which are directly exposed to the electrode array. 
Therefore, these cells can probably initiate immune reactions at 
CI. More information about hostile macrophages associated with 
priming diverse stress against the inner ear and how it can be 
therapeutically evaded is needed. In the brain, activated microglia 
signaling can lead to neuroinflammation that is efficiently sup-
pressed by corticosteroids (59) but alternative strategies such as 
chemokine signaling should also be explored.

In semi-thin sections, migratory macrophages were seen 
near damaged cochlear hair cells. The cells may clear debris to 
maintain cellular function and stimulate repair via supporting 
cells to close the spaces after hair cell loss. Furthermore, active 
IBA1-positive cells were also found to be closely associated 
with outer hair cells. Whether macrophages are derived from 
activated resident cells or represent externally recruited cells 
remains unknown. Findings may corroborate that macrophage-
mediated phagocytosis of dead hair cells exists in humans. 
Macrophage engulfment of vestibular hair cells has earlier been 
verified, whereas cochlear phagocytosis has been more difficult 
to verify in vivo (23). In time-sequence studies following acoustic 
overstimulation, active macrophages could be observed within 
the re-forming sensory epithelium (13). This result suggests that 
macrophages are actively involved in tissue regeneration. Bone 

marrow-derived cells, chiefly hematopoietic stem cells negative 
for the macrophage marker CD45, were found to continuously 
populate the cochlea and the lateral wall in the adult inner ear 
(60). Evidence was presented that damaged fibrocytes may be 
regenerated after injury caused by noise and aminoglycoside 
exposure. Later, these authors showed that hematopoietic cells 
can home in and differentiate into macrophages in the adult audi-
tory nerve, i.e., cells that may be used to promote nerve repair or 
regeneration in the adult inner ear (61). Macrophages may be 
potential inductors of hair cell proliferation or differentiation, as 
shown in the avian ear (5, 8, 16, 62) and in fish (25). Hirose et al. 
(6) suggested that macrophages may enhance tympanic border 
cells in mice, which could act as latent precursors for regenerated 
hair cells. If the IBA1 cells associated with OHCs in the present 
investigation are involved in regeneration, synaptic pruning or 
degradation activity cannot be established. Even though the 
mature cochlear epithelium has little regenerative capacity, these 
and earlier findings of ectopic inner hair cells may indicate that 
various renewal processes of sensory structures exist in the adult 
human ear (63). The M2 phenotype microglia-derived cytokines 
have been found to stimulate proliferation and neuronal differ-
entiation of endogenous stem cells in an ischemic brain (64) and 
to promote in vitro neurogenesis and oligodendrogenesis from 
nerve stem/progenitor cells (NSPCs) by activating the PPARγ 
signaling pathway (65). Activation of NSPC differentiation by 
IL-4 was reported to promote neurogenesis (66). In vitro stud-
ies have shown that even adult human spiral ganglion cells may 
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have the potential to regenerate, but the cellular mechanisms and 
whether macrophages play a role in this renewal process remain 
unknown (67).

Current approaches to renew sensorineural elements in 
the ear using stem cells may be restricted by endogenous 
immune responses. To this end, the blood–labyrinth barrier, an 
equivalent to the blood–brain barrier, may play a crucial role. 
The blood–labyrinth barrier consists of junctions separating 
the endolymph from the extracellular tissue. The spiral gan-
glion is closely related to perilymph and contains fenestrated 
capillaries. In the adult healthy brain, bone marrow-derived 
macrophages are restricted to regions lacking a blood–brain 
barrier. Experiments with mesenchymal stem-cell implantation 
in the CNS suggest that resident macrophages play a lesser 
role in the IBA1 inflammatory cell response after cell grafting. 
Instead, IBA1 cells of monocyte/macrophage origin expressing 
major histocompatibility complex class II seem to mount a 
response to grafted cells, even though brain-resident microglia 
may also be involved (68). Interestingly, resident and infiltrat-
ing macrophages may play different roles in neuroinflammation 
under pathologic conditions, as seen in experimental models 
of Alzheimer’s disease and MS. The grafting of stem cells in the 
CNS indicates that the inflammatory response is independent 
of the fractalkine signaling. It can therefore be expected that 
stem cell therapy directed to the inner ear may depend on 
the principal distribution of cells and their relationship to the 
blood–labyrinth barrier.
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ViDeO s1 | 3-D reconstruction of TUJ1 (red) and ionized calcium-binding 
adaptor molecule 1 (green) protein expression in the human spiral ganglion. Both 
signals were reconstructed with surface rendering mode using the Imaris 8.2 
software.

ViDeO s2 | 3-D reconstruction of collagen IV (red) and ionized calcium-binding 
adaptor molecule 1 (green) protein expression among dendrites in the osseous 
spiral lamina. Both signals were reconstructed with surface rendering mode 
using the Imaris 8.2 software.
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