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Age-related hearing loss is a chronic degenerative disorder affecting one in two

individuals above the age of 75. Current population projections predict a steady climb

in the number of older individuals making the search for interventions to prevent or

reverse this disorder even more critical. There is growing acceptance that aberrant

activity of resident or infiltrating immune cells, such as macrophages, is a major

factor contributing to the onset and progression of age-related degenerative diseases.

However, how macrophage populations and their functionally-driven morphological

characteristics change with age in the human cochlea remains largely unknown. In

this study, we employed immunohistochemical approaches along with confocal and

super-resolution imaging, three-dimensional reconstructions, and quantitative analysis

to determine age-related changes in macrophage numbers and morphology as well as

interactions with other cell-types and structures of the auditory nerve and lateral wall in

the human cochlea. In the cochlea of human ears from young and middle aged adults

those macrophages in the auditory nerve assumed a worm-like structure in contrast

to those in the spiral ligament or associated with the dense microvascular network in

the stria vascularis which exhibited a highly ramified morphology. Macrophages in both

the auditory nerve and cochlear lateral wall showed morphological alterations with age.

The population of activated macrophages in the auditory nerve increased in cochleas

obtained from older donors. Dual-immunohistochemical staining with macrophage,

myelin, and neuronal markers revealed increased interactions of macrophages with the

glial and neuronal components of the aged auditory nerve. These findings implicate

the involvement of abnormal macrophage-glia interactions in age-related physiological

and pathological alterations in the human cochlea. There is clearly a need to further

investigate the contribution of macrophage-associated inflammatory dysregulation in

human presbyacusis.

Keywords: hearing loss, macrophage, aging, human temporal bone, cochlea

INTRODUCTION

Age-related hearing loss (ARHL), or presbyacusis, is one of the most prevalent chronic disorders
affecting the older adult population in the US, with one in three individuals over the age of 60 and
one in two individuals over the age of 75 reporting moderate-to-severe hearing loss (1). ARHL is
characterized by reduced hearing sensitivity as measured by pure-tone thresholds with individuals
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often complaining of difficulties understanding speech, especially
in noisy environments (2). This reduction in hearing may lead to
quality of life changes such as social isolation and depression (3).

The most common treatment recommendation for ARHL
is hearing aids. For those with moderate-to-profound hearing
loss who no longer receive benefit from hearing aids, cochlear
implants may be recommended. Cochlear implants are surgically
placed devices which electrically stimulate the nerves of the
inner ear directly. It has been shown that cochlear implantation
may induce activation of both immune and non-immune
cells, and thereby have a negative impact on the outcome of
this therapeutic approach (4). Interrogation of the cochlear
inflammatory response to implantation in a mouse model
identified a significant up-regulation in the expression of pro-
inflammatory cytokines such as IL-1β. A better understanding of
the specific cellular and molecular mechanisms associated with
ARHL, in particular the role of the immune system, is necessary
to identify targetable cells and pathways for the development of
new and novel approaches of remediation.

There is now growing acceptance that aberrant immune cell
activity is a contributive factor in the onset and progression of
age-related degenerative diseases (5, 6). This includes disorders
such as cardiovascular disease, which has high prevalence
among older individuals and is co-morbid with ARHL (7).
Characterization of immune cell activity in cardiovascular
disease pathology indicates atherosclerotic plaque formation
is associated with the phagocytic uptake of lipid particles by
macrophages (6, 8). Dementia, another chronic disorder which
shows strong correlation with ARHL (9), is characterized by
neurodegeneration in which the dysregulation of immune cell
activity is a promising therapeutic target (5). For example, in
Alzheimer’s disease, reduced degradation activity by microglia
has been shown to contribute to the accumulation of amyloid-
beta plaques and neurofibrillary tangles (10), which can be
ameliorated by the presence of young microglial cells (11).

Previous studies on the cellular andmolecular processes which
contribute to ARHL have focused primarily on degenerative
changes in sensory hair cells (12–14) and the auditory nerve (15,
16). Immunohistochemical analysis of immune cell distribution
in the mouse and human cochlea, indicates that macrophages
are largely excluded from the healthy adult organ of Corti, the
cochlear region housing the inner and outer hair cells (17).
Other studies have provided evidence demonstrating not only
the presence of resident macrophages in the cochlear lateral wall
and auditory nerve but also their direct interaction with the strial
microvessels and spiral ganglion neurons in the human ear (18–
20). Furthermore, recent studies indicate that activated microglia
play an important role in the disruption of the blood-brain
barrier and demyelination in the central nervous system (21, 22).

Based on the above observations, we hypothesized that
macrophage function and activity in the cochlea changes
with age and these changes may be a contributive factor to
pathophysiological alterations of cochlear structures in ARHL.
Here we have addressed this hypothesis by evaluating changes
in the number and morphology of macrophages, together with
observations of interactions between activated macrophages
and other cochlear cell types and structures in the lateral

TABLE 1 | Human temporal bone donor metrics.

Group ID Age Sex Postmortem fixation interval (hours)

Younger

(n = 5)

H41 20 M 23.5

H98 31 M 7.0

H109 42 M 8.7

H87 55 F 5.8

H107 65 M 5.3

Older

(n = 7)

H38 68 F 6.5

H94 69 F 5.4

H114 75 F 3.5

H55 86 M 4.8

H33 87 F 3.6

H51 89 F 35.0

H34 >89 F 3.3

wall and auditory nerve in an age-graded series of human
inner ears.

MATERIALS AND METHODS

Collection and Preparation of Cochlear
Tissues
Human temporal bone samples were obtained from two sources;
(1) the Medical University of South Carolina (MUSC) Hearing
Research Program’s temporal bone collection generated from
a longitudinal study of ARHL and (2) the MUSC Carroll A.
Campbell, Jr. Neuropathology Laboratory Brain Bank. In all cases
of HTB collection, written and informed consent was obtained
from the next-of-kin in accordance with South Carolina laws
and regulations. Temporal bone research was approved by the
MUSC Institutional Review Board as not human subject research
(Pro0030845). Table 1 lists the donors’ age, sex, and the time
between death and fixation for the 12 human temporal bones
used in this study. After removal of the specimen (23), scalar
perfusion was performedwith a 4% solution of paraformaldehyde
as previously described (24, 25) and fixation was continued
by immersion for 48–72 h. The bones were then rinsed with
phosphate-buffered saline (PBS) and decalcified in EDTA, for
a period of 4–6 weeks as previously described (26, 27). Over
this period, the specimens were trimmed to remove the hard
bone covering the cochlea and vestibular apparatus of the inner
ear. The inner ear portion of the trimmed temporal bones was
processed for frozen sectioning and whole mount preparations
as described previously (25, 28, 29).

For all analyses, the human cochlea samples were divided into
two groups: younger group ranging in age from 20 to 65 years
and older group ranging in age from 68 to >89 years (older).

Immunostaining and Quantitative Analysis
of IBA1+ Cells
The whole mounts and frozen sections of inner ear tissue
were subjected to immunofluorescence staining as described
briefly below. Whole mounts were washed with PBS and
incubated in 4:1:1 (methanol: 30% hydrogen peroxide: dimethyl
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TABLE 2 | Antibodies and other reagents used for immunohistochemistry.

Material Company Catalog no. Dilution

Rabbit anti-IBA1 Wako 019-19741 1:200

Chicken anti-MBP EMD Millipore AB9348 1:100

Mouse anti-NF Sigma N0142 1:200

Mouse anti-CD163 Invitrogen MA5-17716 1:200

Rabbit anti-Kir4.1 Alomone Labs PC035AN0802 1:100

Biotinylated goat anti-Rabbit IgG Vector BA-1000 1:150

Biotinylated goat anti-Chicken IgY Vector BA-9010 1:150

Fluorescein Avidin D Vector A-2011 1:150

Texas Red Avidin D Vector A-2006 1:150

Propidium Iodide Millipore Sigma P4864 1:1,000

Hoechst 33342 Millipore Sigma B2261 1:1,000

sulfoxide) solution for 1 h at room temperature prior to
staining. The tissues/samples were incubated overnight at 4◦C
with a primary antibody (Table 2) diluted in 0.2% bovine
serum albumin (BSA) in PBS. After rinsing with PBS, the
appropriate biotinylated secondary antibody was applied to the
sections followed by conjugation with Fluorescein-labeled (A-
2011, Vector), Texas Red-labeled (A-2006, Vector) avidin, or a
DAB immunoperoxidase secondary detection system (DAB150,
Millipore). For dual-labeling, sections were processed using an
avidin/biotin blocking kit (SP-2001, Vector) following the first
staining reaction, according to the manufacturer’s instructions.
After a 30-min incubation in 0.2% BSA in PBS, staining was
continued overnight by incubation with a second primary
antibody. Nuclear counterstaining was performed with either
propidium iodide (PI) or 4′,5-diamidino-2-phenylindole (DAPI).

The numbers of IBA1+ cells located in the cochlear lateral
wall and the auditory nerve within Rosenthal’s Canal were
quantified on randomized sections (2–4 sections per sample)
by researchers blinded to specimen age. In this study, cell
counting was performed on the frozen cochlear sections that
were developed with a fluorescence staining approach, but
not the DAB immunoperoxidase method. The use of the
immunofluorescence staining, together with PI or DAPI nuclear
counterstaining and confocal microscope, is the best approach to
(1) identify the nuclear location of IBA1+ macrophages, which is
the crucial step of the macrophage count, and (2) to determine
how macrophages interact with other cochlear cell types if
needed. For the lateral wall, both the number of IBA1+ cells and
the number of processes per cell were quantified in the apical,
middle, and basal turns of the cochlea at 40X magnification.
For the auditory nerve, numbers of IBA1+ cells were quantified
only in the middle turn. Statistical analysis of the collected data
was performed with SPSS Statistics (v25, IBM) using Shapiro-
Wilk normality test to confirm the data was normally distributed.
Younger vs. older adult groupmeans were compared by Student’s
unpaired one-tailed t-test.

Confocal image stacks of frozen sections and whole mount
tissues were acquired using a Zeiss LSM 880 NLO microscope
with Zen acquisition software (Zeiss). Image stacks were
composed of 1,024 pixels (x) by 1,024 pixels (y) taken at 0.5–1µm

intervals throughout the optical plane. For super-resolution
imaging, confocal image stacks (0.2µm intervals) of frozen
sections were acquired using a Zeiss LSM 880 NLO microscope
with Airyscan super-resolution detector and a 63x/1.4 Plan-
Apochromat oil objective (Zeiss). Multi-color images were
acquired using the following laser and filter combinations:
Channel 1–561 nm laser excitation and BP 570–620 + LP
645; Channel 2–488 nm laser excitation and BP 420–480 +

BP 495–550.
Image processing was performed using Zen Black or Zen

2012 Blue Edition (Carl ZeissMicroscopy), Adobe Photoshop CC
(Adobe Systems), and GIMPshop (open source software).

RESULTS

Morphological Features of Macrophages
Vary Between the Cochlear Lateral Wall
and Auditory Nerve
To assess the morphology of resident macrophages in the human
cochlea, we performed immunofluorescence staining using an
antibody against the microglia/macrophage specific protein,
ionized calcium binding adaptor molecule 1 (IBA1). In young
and middle-aged ears, marked differences in morphological
characteristics were seen between macrophages in the stria
vascularis (SV; Figures 1A,B) and those associated with the
auditory nerve both in the osseous spiral lamina (Figures 1C,D)
and Rosenthal’s canal (Figures 1E,F). Macrophages in the SV
from 42- and a 55-year-old donor were characterized by cellular
processes extending into the areas between marginal and basal
cells, near the strial microvasculature (Figures 1A′,B′). This
observation is in good agreement with a previous study showing
strial macrophages interacting with the microvasculature (18).
Observations of the auditory nerve in the same cochleas
revealed macrophages in the osseous spiral lamina with a
more bipolar architecture (Figure 1D, at this plane of view)
and flat encroaching filopodia-like structures (Figure 1D′),
suggesting interactions with peripheral neural projections.
In Rosenthal’s canal, IBA1+ cells were observed with two
distinct stellate forms, a less frequent form which was
often oriented perpendicular to the axonal fibers (arrowhead,
Figure 1F), and a more common “worm-like” cyto-architecture
located near the neuronal soma (arrows, Figure 1F′). The
differential characteristics of IBA1+ macrophages located in the
auditory nerve and cochlear lateral wall were also revealed by
peroxidase DAB immunohistochemistry with frozen sections
(Figures 1G–J). These differences in macrophage morphology
among different cochlear regions may indicate a variety
of macrophage functions since each cochlear compartment
contributes uniquely to auditory physiology.

Super-resolution imaging was also applied to visualize the
morphological differences of the macrophages in the auditory
nerve and the lateral wall. Figure 2 includes both the standard
and super resolution confocal images of IBA1+ macrophages
taken from the same regions of the SV and auditory nerve
in the middle-basal turn cochlea of a 55 year old donor. The
enhancement in image quality and the power to resolve the
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FIGURE 1 | Cochlear macrophages demonstrate unique morphologies in different regions of the human cochlea. Confocal imaging of immunofluorescence staining

for ionized calcium-binding adaptor molecule-1 (IBA1+, green) identifies resident macrophages in the stria vascularis (A,B—SV), osseous spiral lamina (C,D—OSL),

and Rosenthal’s canal (E,F—RC). Similar results were also revealed by peroxidase-DAB immunohistochemistry assay showing IBA1+ macrophages in the SV (G),

OSL (H), and RC (I,J). Images in (A′,B′,D′,F′) are enlargements of the boxed areas in (A,B,D,F), respectively. The black and white image in the left of (A′) was

included to show different cochlear locations. The image was taken from a cochlear section that was stained for Kir4.1 antibody (30) and the section was obtained

from an 86-year-old donor (H55). Strial macrophages (A,B,G) emit cellular processes that extend short distances from the cell body (A′,B′). Macrophages in the OSL

(C,D,H) are more worm-like in shape with thin cellular projections that sometimes wrap around structures (D′, arrowhead), most likely peripherally projecting axons,

whereas macrophages in RC (E,F,I,J) typically have an elongated appearance (arrows); IBA1+ macrophages with multiple processes are also seen (arrowheads).

Images were obtained from a 42-year-old donor (H109; A,C,E), a 55-year-old donor (H87; B,D,F,I) and a 57-year-old donor (H122; G,H,J). Locations in the cochlea

are indicated on the cochlear map by a black and white image at the middle left. Scale bars in (A,B) = 20µm; in (C) applies to (D–F) = 20µm; in (G) applies to (H) =

30µm, in (I) applies to (J) = 30µm.

nanoscopic filaments extending from the subcellular elements
of the macrophage is clearly visualized in the super resolution
images (Figures 2A′′,B′′).

A recent human temporal bone study characterized a
number of macrophage/microglia markers, including CD163,

on celloidin embedded sections of temporal bones from normal
individuals (19). CD163 is a scavenger receptor expressed
on the cell surface of monocytes and macrophages (31)
demonstrated to be responsive to pro- and anti- inflammatory
stimuli (32). In the present study, frozen sections were
stained with an antibody against CD163, and we assessed
immunoreactivity and distribution in different cochlear
regions. CD163+ macrophages were observed within the

spiral ligament (SpL) of the cochlear lateral wall, osseous
spiral lamina, and Rosenthal’s canal, as demonstrated by
representative images in Figure 3. Immunostaining for
CD163 appears to be less illustrative of the macrophage
morphological features compared to IBA1 staining (Figure 1),
thus IBA1 antibody was selected as the marker to evaluate
macrophage morphology and quantitative analysis in
the study.

Diversity of Macrophages Within the
Cochlear Lateral Wall
Cochlear macrophage morphology was further examined in
the suprastrial, strial, and substrial regions of the cochlear
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FIGURE 2 | Super-resolution confocal images obtained by ZEISS Airyscan detector showing differential morphology of the IBA1+ macrophages in the SV and RC.

Confocal images (A′,B′) and super-resolution images (A′ ′,B′ ′) were taken from the same boxed areas outlined in A and B. The black and white image in the top panel

was included to show different cochlear locations and it is the same image used in Figure 1. All images were taken from the SV and RC of a cochlea obtained from a

57-year-old donor (H122). Scale bar in (A) applies to (B) = 20µm; in (A′) applies to (B′) = 10 µm.

lateral wall by immunostaining whole mounts for IBA1
(Figure 4). This procedure allows the three-dimensional
features of individual macrophages to be clearly observed.
The morphological characteristics of macrophages varied
among different regions of the lateral wall. In the suprastrial
region of the SpL, which is typically populated by type V
fibrocytes, macrophages were observed with an elongated shape
and extending a single filopodia-like structure (Figure 4I),
or with a rounder shape and shorter flatter cellular process
(Figure 4I). In the substrial region of the SpL, which typically
contains type IV fibrocytes, the IBA1+ cells displayed slightly
extended cellular profiles in a polar morphology (Figure 4III).
Macrophages in the SV exhibited a stellate appearance with
numerous thin cellular extensions (“ramified” morphology;
Figure 4II), a morphological profile typically associated with
active surveillance of the biochemical activity in the local
environment (33).

Age-Related Changes of Macrophages in
the Cochlear Lateral Wall
Examination of the cochlear lateral wall from older
donors revealed characteristic changes in IBA1+

macrophage morphology in the SV and SpL using both
immunofluorescence staining (Figures 5A–D) and peroxidase
DAB immunohistochemistry (Data not shown). In the SV
of the younger donors, macrophages had little cytoplasm
surrounding the nucleus and numerous projecting processes
(Figure 5A). In contrast, in older donors the number of
processes projecting from macrophages was reduced while
cytoplasmic volume around the nucleus appeared to increase
(Figure 5B). Macrophages in the adjacent SpL exhibited similar
morphological alterations of increased cytoplasmic volume and
reduced cellular processes in older donors (Figure 5D).

In order to quantitatively assess changes in the cellular
properties of macrophages in the SpL, IBA1+ cells were counted
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FIGURE 3 | CD163+ macrophages are present in several regions of the human cochlea. The black and white image in the top panel was included to show different

cochlear locations and it is the same image used in Figures 1, 2. Confocal imaging of immunofluorescence staining for CD163 (IBA1+, green) identifies resident

macrophages in the spiral ligament (SpL, A), OSL (B), and RC (C). Images were obtained from a 57-year-old donor (H122). Scale bar in (A) applies to (B,C) = 20µm.

in two age groups, younger vs. older donors (n = 5/group).
The number of macrophages are reported as cell number per
observed area, which included the entire cochlear turn. In the
apical turn, the number of IBA1+ macrophages was very similar
in the younger and older groups (2.7 ± 1.0 vs. 2.9 ± 1.0 cells,
respectively, p = 0.34). Quantification of macrophage numbers
in the middle (7.8 ± 3.5 vs. 10.7 ± 3.8 cells) and basal turn (11.3
± 6.5 vs. 14.5 ± 6.1 cells) of younger vs. older ears, respectively,
indicates a trending increase in both of these regions in the older
group, but this change failed to reach statistical significance (p-
values = 0.12 and 0.23, respectively). The results of cell counting
from individual donors, listed inTable 3, reveal a large amount of
variability in the younger control group. Activated macrophages,
defined as IBA1+ cells with no or only a few cellular processes,
were also quantified to determine if the number of activated
macrophages changes with age. Table 4 lists these results from
individual donors. No statistically significant differences were
found. In the apical turn, the presence of activated macrophages
in the SpL was unchanged (1.0 ± 1 vs. 1.0 ± 0.5 cells, p =

0.50); though a trending increase in the number of activated
macrophages was noted for the middle (4.0 ± 3.3 vs. 6.4 ± 2.4
cells, p = 0.11) and basal turns (4.9 ± 3.0 vs. 7.9 ± 3.5 cells, p =
0.09) of the older group.

Diverse Morphology of Macrophages in the
Auditory Nerve
A recent study employing super-resolution imaging in the human
cochlea demonstrated that resident macrophages in the auditory

nerve make contact with spiral ganglion neurons (18). Here we
assessed the cellular morphology of the IBA1+ macrophages
in the auditory nerve from an 87-year-old donor (Figure 6).
In the middle turn (Figure 6A), the macrophages had thin
cellular processes with little cytoplasm around the nucleus,
an architecture possibly reflecting interactions with axons and
neuronal cell soma. Macrophages in the basal turn from the
same donor exhibit a markedly different appearance having
amorphous or round shapes with less evidence of extended
cellular projections (Figure 6B). Interestingly, no noticeable loss
of β-Tubulin+ spiral ganglion neurons was identified in the
basal turn of the auditory nerve of this donor (Figures 6C,D).
These observations suggest the morphology and activity of
macrophages may be dependent on not only cell death, but also
location and physiological and/or pathological activity along the
cochlear axis.

Age-Related Changes in Number and
Cellular Interactions of Macrophages in the
Auditory Nerve
We have previously demonstrated the presence of myelination
in the parikarya of some Type I spiral ganglion in the human
auditory nerve (24) and provide further evidence of this
phenomenon (Figures 7A,B,D,E) in the current study.
To assess macrophage interactions with components of
the human auditory nerve, we performed dual labeling
immunohistochemistry. Antibodies against either neurofilament
200 (NF; Figure 7C) or myelin basic protein (MBP;
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FIGURE 4 | Macrophages in the human cochlear lateral wall are

morphologically diverse. A whole mount preparation of the SV and SpL in the

basal turn of the cochlea from a 57-year old donor (H106) was stained for

IBA1 (green). The low magnification image on the left maps the suprastrial (I),

strial (II), and substrial (III) regions of the lateral wall where the images were

acquired. Macrophages in the SV have a stellate appearance with thin

processes, while the macrophages of the suprastrial (I) and substrial (III)

regions of the SpL exhibit a bipolar morphology.

Figures 7B,D–F) were used in combination with an anti-
IBA1 antibody to label auditory nerve components and
macrophages, respectively. Macrophages with a variety of
morphologies interact with myelin or axons of the auditory
nerve. The filopodia-like structures of IBA1+ macrophages
are seen at discontinuities in the neurofilament bundles
(Figure 7CI), running parallel to filamentous strands
(Figure 7CII) as well as associated with the NF+ neuronal
cell elements (Figure 7CIII). Analysis of IBA1+ macrophage
interactions with MBP+ myelin (Figure 7D) revealed the
encroachment of macrophage processes onto node of Ranvier-
like structures (Figure 7DI) or spaces (Figure 7DIII) in
the ensheathing membrane. IBA1+ macrophages with a
rounded morphology were also observed interfacing directly
with a myelinated axon (Figure 7DII). Three-dimensional
reconstructions of confocal image stacks from dual labeling
with MBP and IBA1 provided further evidence supporting
macrophage interactions with the myelin around the spiral
ganglion neuron soma (Figure 7E). These macrophage-myelin
interactions are also observed in the osseous spiral lamina,
where macrophage processes encircle MBP+ myelin elements

(shown in Figure 7F), as seen in the apical turn of a 42-year-old
donor (H109).

To determine if age-associated alterations in morphology
or cellular interactions occur in auditory nerve macrophages,
dual labeling immunohistochemistry was applied using
antibodies against IBA1 and MBP. Macrophages in the cochlea
of a 31-year-old donor (Figure 8A) display an elongated
shape, while those in the cochleas from 86- and 87-year-old
donors (Figures 8B,C) have a more rounded or ovoid shape.
Furthermore, macrophage processes in both older subjects
demonstrated ensheathing behavior evidenced by IBA1+

processes encompassing myelinated axonal fibers (Figure 8B′).
Quantification of IBA1+ cells in the middle turn of younger (n
= 5) vs. older (n = 7) cochleas revealed a statistically significant
increase in macrophage numbers in the auditory nerve with
age (14.1 ± 4.0 vs. = 19.0 ± 3.3 cells; p = 0.021). Results
of the quantification for each donor sample are presented
in Table 3.

DISCUSSION

Here for the first time we report observations of morphological
diversity and age-related changes of macrophages in different
regions of the human cochlea. Previous studies have
characterized the expression of a number of key cellular
markers—MHCII, CD11b, CD68, CD163, and IBA1—in
macrophages of the human cochlea (18–20). Additionally,
these reports described the morphological heterogeneity of
macrophages within the human cochlea. However, none of
these studies were able to conduct a quantitative analysis of age-
related changes in either morphology or numbers of cochlear
macrophages. The specimens used in the present study included
12 human donors from both sexes, with an age gradation of
20–>89-years old allowed analysis of age-related changes in
macrophage morphology and numbers in the different cochlear
compartments, together with observations of interactions
between macrophages and other cell types.

Confocal analysis of frozen sections and whole mount samples
from younger ears stained for the macrophage specific marker
IBA1 provided evidence to support the morphological diversity
of resident immune cells in the lateral wall, as well as in the
auditory nerve. In the stria vascularis, macrophages were found
to possess diverse cellular phenotypes, reflective of their close
interaction with the microvascular network in both mice and
humans (34, 35). Here we provide evidence from 12 human
temporal bone samples showing that macrophages located in
the lateral wall are morphologically distinct from those observed
in the auditory nerve. Immune cells in the osseous spiral
lamina and Rosenthal’s canal were typically “worm-like” in
appearance whereas the cyto-architecture of macrophages in the
stria vascularis and spiral ligament wasmore variable and differed
from that in the auditory nerve.

It has been well-established that the function of immune
cells, especially the macrophage, has a significant impact on its
morphology. Macrophages in “surveillance-mode” are typified by
a highly branched morphology, while those en route to a location
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FIGURE 5 | Age-related alterations in IBA1+ macrophage morphology and numbers in the human cochlear lateral wall. IBA1+ resident macrophages are present in

the SV and the SpL. Images from both regions document age-related changes in macrophage morphology. IBA1+ cells from 20-, and a 31-year-old donar (H41 and

H98, respectively) appeared to be in a “surveillance-mode” as defined by numerous processes extending from the central body (A,C). In contrast, macrophages in a

75-, 87-, and >89-year-old donar (H114, H33, and H34, respectively) exhibited a rounded cellular morphology, increased cytoplasmic volume in the area surrounding

the nucleus and reduced far-reaching cellular processes (B,D). Scale bars in (A–D) = 20µm.

TABLE 3 | Average number of macrophages in the human lateral wall and

auditory nerve.

Group ID Age Lateral wall Auditory nerve

Apical Middle Base Middle

Younger

(n = 5)

*H41 20 4.3 ± 1.5 11.3 ± 2.3 6.7 ± 2.5 20.0 ± 2.3

H98 31 2.7 ± 0.6 11.7 ± 3.5 22.0 ± 3.6 16.0 ± 9.9

H109 42 1.5 ± 0.7 4.5 ± 0.7 5.5 ± 0.7 12.0 ± 1.4

H87 55 2.5 ± 1.3 4.8 ± 3.7 12.0 ± 4.1 13.0 ± 4.6

H107 65 2.3 ± 1.2 7.0 ± 2.0 10.3 ± 2.5 9.5 ± 0.7

Older

(n = 7)

H38 68 2.3 ± 2.3 4.7 ± 1.5 6.0 ± 1.0 17.5 ± 0.7

H94 69 n.c. n.c. n.c. 20.0 ± 4.4

H114 75 n.c. n.c. n.c. 13.0 ± 0.0

*H55 86 4.0 ± 0.0 12.7 ± 3.1 19.3 ± 7.5 24.0 ± 4.0

H33 87 3.7 ± 1.2 14.7 ± 2.1 19.3 ± 2.1 20.7 ± 6.4

H51 89 1.7 ± 0.6 10.0 ± 3.6 10.0 ± 3.5 19.0 ± 1.4

H34 >89 3.0 ± 1.0 11.7 ± 2.5 17.7 ± 2.5 19.3 ± 1.2

The data are presented as cell number per observed area which covered an intact

cochlear turn.

*Post-mortem fixation time >20 h.

n.c., not counted.

of injury or performing phagocytosis possess an amoeboid shape
and the extension of no or only a few cellular processes (33, 36).
In the lateral wall, the more prevalent highly ramified cellular
morphology of macrophages may be a reflection of their need
to receive external stimuli to guide activity, whereas, the “worm-
like” structure of the macrophages found in the auditory nerve,
is more conducive to motility within this particular cochlear
compartment, as suggested by their direct contact with the
plasmolemma of glial cells ensheathing axons and neurons which
agrees with the direct interaction of macrophages with ganglion
neuron cell bodies inmice and humans (29, 37). These differences
in morphology likely relate to differences in functional activity in
the separate regions of the cochlea.

The diversity in macrophage morphology identified in the
different sub-regions of the lateral wall in a single ear may

TABLE 4 | Average number of activated macrophages in the human lateral wall.

Group ID Age Lateral wall

Apical Middle Base

Younger

(n = 5)

H41 20 2.7 ± 1.2 9.0 ± 2.0 2.3 ± 2.3

H98 31 1.0 ± 0.0 5.7 ± 4.0 9.3 ± 3.5

H109 42 0.5 ± 0.7 2.0 ± 2.8 2.0 ± 1.4

H87 55 1.0 ± 0.8 1.8 ± 3.4 6.3 ± 3.4

H107 65 0.0 ± 0.0 1.7 ± 1.5 4.7 ± 2.1

Older

(n = 5)

H38 68 0.7 ± 1.2 3.0 ± 1.0 4.0 ± 2.0

H55 86 0.5 ± 0.7 6.3 ± 4.6 9.7 ± 3.5

H33 87 1.7 ± 0.6 9.7 ± 0.6 12.7 ± 5.5

H51 89 1.0 ± 1.0 6.0 ± 4.4 5.0 ± 1.7

H34 >89 1.3 ± 1.1 7.0 ± 1.0 8.0 ± 2.6

The data are presented as cell number per observed area which covered an intact

cochlear turn.

be directly related to the local tissue microenvironment. The
suprastrial region (above Reissner’s membrane) and the substrial
region (below the basilar membrane) of the spiral ligament are
largely occupied by type V and IV fibrocytes, respectively, that are
bathed in perilymph (38). In these tissue spaces, resident immune
cells were predominantly round or elongated in appearance
with a few long processes extending from the cell body or,
in some instances, more planar with the cytoplasm dispersed
uniformly throughout the cell body. It is possible that variations
in the architecture of the extracellular matrix or degree of
spiral ligament involution could contribute to irregularities in
macrophage cell shape (39). Interestingly, the expression pattern
of ion transport enzymes by fibrocytes in the spiral ligament has
been observed to change relative to the degree of strial atrophy in
the aged gerbil cochlea (40).

The cells in the intrastrial space are exposed to an endolymph-
like solution, where potassium is sequestered through an
electrochemical gradient generated by the parenchymal cells
of the stria vascularis and fibrocytes of the spiral ligament.
Macrophages found in the intrastrial space are typically ramified
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FIGURE 6 | IBA1+ macrophages located in the auditory nerve demonstrate spatially-dependent alterations in morphology. These images from the auditory nerve (AN)

of an 87-year-old donor (H33) demonstrate region-dependent changes in macrophage morphology. IBA1+ macrophages in the middle turn (A) have an elongated

spiral shape (arrows) whereas many cells in the basal turn (B) extend numerous short cellular projections (arrowheads), although there is no evidence supporting a

robust loss of β-Tubulin+ SGNs (C,D), which appear in the same area of the AN. An inserted black and white image in the bottom-left of (A) shows the location of the

AN in the cochlea. Scale bar in (B) applies to (A) = 20µm; in (D) applies (C) = 20µm.

in appearance with long cellular processes extending from a
central body. In contrast macrophages in the spiral ligament,
strial macrophages are typically observed interacting with
the microvasculature. While macrophages found in the spiral
ligament most likely execute canonical tissue macrophage
functions, such as phagocytic uptake and degradation of dead
cells and debris, the exact role of intrastrial macrophages remains
unknown. The current literature provides conflicting reports
regarding macrophage contributions to regulation of blood-
labyrinth barrier permeability (34, 41). However, depletion of
macrophages during cochlear development in the postnatal
mouse results in severe abnormalities of the stria vascularis,
implying a role for macrophages in the structural maturation
of this specialized epithelium (29). Therefore, further study of
changes in macrophage morphology and intercellular dynamics
under steady state conditions are needed to understand how this
process is regulated.

In this study, results from observations of cochleas from older
donors indicated that alterations in macrophage morphology
may differ in locations along the tonotopic axis. Interestingly,
profiles characteristic of activation were typically observed in
the basal turns of the aged cochleas. Quantitative analysis
revealed a trending increase in the number of macrophages
in the middle and basal turns of the spiral ligament. This
increase was accompanied by an increase in the number of
macrophages lacking or having very few cellular processes. This

finding agrees with observations in mice, showing that a larger
proportion of resident immune cells underlying the basilar
membrane along the cochlear spiral become more amoeboid in
shape with age, indicative of a more active vs. an inactive state
(33, 42). To date, in vitro evidence of inflammatory cytokine
secretion by spiral ligament fibrocytes (43) suggests a possible
mechanism for the production of chemotactic factors with age
that may induce recruitment of macrophages. Additionally,
observations of intravascular monocyte-like cells in the human
cochlear lateral wall implicates blood vessels as a likely site
of immune cell extravasation (18). In light of these findings,
future studies should aim to identify the molecular mediators of
macrophage recruitment and infiltration in the aging cochlear
lateral wall.

Here we present evidence of macrophage interactions with
the glial cell-associated myelinated axonal projections of the
type I spiral ganglion neurons and cell bodies in the human
cochlea. The increasing frequency of these interactions with age
suggests that macrophage activation and abnormal macrophage-
glia interactions may be a contributing factor to age-related
auditory nerve degeneration. Interestingly, work by Wu et al.
(44) assessing cochlear neuropathy in a cohort of 20 human
cochleas from “normal-hearing” individuals (0–89 years old),
identified the loss of peripherally projecting axonal fibers, which
are myelinated by Schwann cells, as a primary pathological
process associated with hair cell and spiral ganglion neuron loss.
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FIGURE 7 | IBA1+cells in the auditory nerve demonstrate close contact with myelin and axons of the auditory nerve. (A,B) The presence of myelinated (MBP+,

arrows) and unmyelinated (arrowheads) spiral ganglion neurons (SGNs) in the human auditory nerve is demonstrated by representative images from the basal (A) and

middle (B) turns of an 87-year-old donor (H33). IBA1+ macrophages (green) are observed in close apposition with NF+ axons (C, red) and MBP+ myelin sheath (B,D,

red) in sections from the middle turn of the same donor (H33). (C) Macrophages demonstrate a variety of interactions with the NF+ components of spiral ganglion

neurons (SGNs). Macrophage processes are observed interfacing with NF+ axons in areas of discontinuities of the myelin sheath of SGNs (I), running parallel to the

axon process (II), and in some cases directly interacting with the neural cell elements (III). (D) Macrophages are often observed with a “worm”-like morphology along

myelinated neurons with processes terminating at areas with little or no myelin (I,III). (E) Three-dimensional reconstructions of confocal images from IBA1 and MBP

dual-labeling provide further observations of macrophages interacting with the myelin of a Type I SGN soma in Rosenthal’s canal of the cochlea obtained from the

same donor (H33) shown in (A–D). (F) Evidence of macrophage engulfment of MBP+ myelin in the auditory nerve in the osseous spiral lamina in the apical turn of a

42-year-old donor (H109). The right panel is the enlarged image of the region identified by an arrow in the panel at left. Scale bar in (A) applies to (B) = 20µm; in (C)

applies to (D) = 10µm.

We have shown previously in mice that cochlear macrophages in
auditory nerves participate in modulation of glial cell numbers
during postnatal development (29). In the present work, we
provide evidence of direct interactions of macrophage with
the myelinating glia of the auditory nerve in both Rosenthal’s

canal and the osseous spiral lamina. Quantitative analysis of
an age-graded series of human cochleas as performed in this
study indicated a statistically significant increase in macrophage
numbers in the auditory nerve of the older group, suggesting
macrophage activation occurs in the aged auditory nerve.
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FIGURE 8 | Morphological alterations of macrophages suggest age-related changes in macrophage activity in the human auditory nerve. Dual immunofluorescent

staining using antibodies against IBA1 (green) and MBP (red) revealed macrophage associations with the myelin component of axons in a young (A, H98) and two

older (B, H55; C, H33) human cochleas. IBA1+ immune cell processes appear to encircle the myelin of axonal projections (see enlarged images). Scale bar = 20µm;

10µm for enlarged images.

Recent immunohistochemical studies in mice have revealed
the complex vascular network associated with the peripheral
auditory nervous system, which may be the source of monocyte
extravasation to the neural cochlear sub-compartment (45).
Further work identifying the molecular components mediating
macrophage-glia interactions and structural elements involved
in immune cell infiltration are needed to better understand
the role of resident and non-resident macrophages in the
neural compartment.

“Inflammaging” describes the recently accepted phenomena
by which human subjects, typically at the age of 65 and
above, present with immune system dysregulation characterized
by elevated levels of pro-inflammatory cytokines systemically
and an impaired immune response (46–49). A limitation to
the current study is the lack of evaluation for infiltration
of other inflammatory cell types as lymphocyte infiltration
is typically observed in neurodegenerative diseases (42, 50).
The presence of CD4+ and CD8+ T-cells in the peripheral
regions of Rosenthal’s canal and the spiral ligament of
freshly frozen temporal bones has recently been reported (20).
Macrophages expressing antigen presentation proteins, such
as MHCII, and their interaction with the aforementioned
T lymphocytes suggests that adaptive immunity is amongst

the cellular immune response processes initiated within the
cochlea (20, 51). Nonetheless, the morphological changes and
increased numbers of cochlear macrophages observed with
age in the lateral wall and auditory nerve is in agreement
with functional activation and structural changes of microglia
in the central nervous system (52). Future work should
address the age-related degenerative pathology occurring in
the auditory nerve and the lateral wall focusing on factors
which may initiate or exacerbate the potential cochlear
inflammaging phenomenon.
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