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Abstract

The cochlea has an immune environment dominated by macrophages under resting conditions.
When stressed, circulating monocytes enter the cochlea. These immune mediators, along with
cochlear resident cells, organize a complex defense response against pathological challenges.
Since the cochlea has minimal exposure to pathogens, most inflammatory conditions in the
cochlea are sterile. Although the immune response is initiated for the protection of the cochlea,
off-target effects can cause collateral damage to cochlear cells. A better understanding of cochlear
immune capacity and regulation would therefore lead to development of new therapeutic
treatments. Over the past decade, there have been many advances in our understanding of cochlear
immune capacity. In this review, we provide an update and overview of the cellular components of
cochlear immune capacity with a focus on macrophages in mammalian cochleae. We describe the
composition and distribution of immune cells in the cochlea and suggest that phenotypic and
functional characteristics of macrophages have site-specific diversity. We also highlight the
response of immune cells to acute and chronic stresses and comment on the potential function of
immune cells in cochlear homeostasis and disease development. Finally, we briefly review
potential roles for cochlear resident cells in immune activities of the cochlea.
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The cochlea is the sensory organ responsible for hearing perception. Sensory cells in the
cochlea are susceptible to various acute and chronic stresses such as acoustic
overstimulation, ototoxicity and age-related degeneration. In response to these stresses, the
cochlea launches an inflammatory response and this response is an integral component of
the defense mechanism. Indeed, immune activities and inflammatory responses have been
implicated in all major causes of acquired hearing loss (Fujioka et al., 2014; Goodall et al.,
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2015; Iwai et al., 2008; Iwai et al., 2003; Malik et al., 2012; Oh et al., 2011; Tan et al., 2013;
Toubi et al., 2004). Moreover, therapeutic intervention targeting inflammation has been
shown to be effective for reducing the level of damage in many inner ear diseases that
concur with inflammatory activities (Arpornchayanon et al., 2013; Arslan et al., 2011,
Canlon et al., 2007; Rauch, 2004; Wakabayashi et al., 2010).

Immune cells are the primary players in immune responses. A scarcity of leukocyte activity
in the cochlea was suggested by early investigations and this was attributed to the blood-
labyrinth barrier that isolates the cochlea from the systemic immune system. However,
recent studies provide evidence to the contrary. The cochlea in fact contains not only
immune cells but also resident cells with immune capabilities. These cells reside within all
of the major cochlear partitions important for cochlear function, and participate in the
maintenance of cochlear homeostasis through immune surveillance of the cochlear
microenvironment. Immune cells also regulate cochlear responses to disease formation
following pathological insults. Their activities are believed to contribute to the progression
and final outcome of cochlear pathogenesis. Here, we review properties of
immunocompetent cells in the cochlea with a focus on macrophages that are the
predominant immune cell in the cochlea. Over the past few years, several review articles
have been published on cochlear immunity and immune cell responses to disease
development (Fujioka et al., 2014; Goodall et al., 2015; Hirose et al., 2017; Kalinec et al.,
2017; Wood et al., 2017). Interested readers may refer to these references for additional
information.

1. Leukocyte composition of the cochlea

Leukocytes are the first line of defense against invasive pathogens and endogenous damage-
associated molecules. There are three types of leukocytes: lymphocytes, granulocytes and
monocytes, each consisting of subgroups. Lymphocytes comprise T cells, B cells and natural
killer cells. Granulocytes include neutrophils, eosinophils and basophils. Monocytes, once
extravasated from the bloodstream into tissues, differentiate into macrophages and dendritic
cells. The abundance of each type of leukocyte is tissue-specific: neutrophils are the most
common leukocyte in the bloodstream and constitute roughly 50-70% of all leukocytes in
humans (Bainton et al., 1971; Mayadas et al., 2014); the brain and eyes, which are protected
by a tissue-blood barrier, are rich in monocytes and macrophages (Korin et al., 2017,
Liyanage et al., 2016); tissues under constant exposure to microbial-derived molecules and
intrinsic cytotoxic molecules host a more diverse population of resident immune cells
including mast cells, natural killer cells and T cells (Mowat et al., 2014; Racanelli et al.,
2006; Tay et al., 2014). This diversity reflects the difference in tissue immune
microenvironments and is a biological basis for tissue-specific immune activity.

Leukocyte composition in the cochlea is not completely clear; several studies have shown
that the macrophage is the most abundant immune cell population in the cochlea (Hirose et
al., 2005; Okano et al., 2008), accounting for more than 80% of bone-marrow derived cells
in the cochlea (Okano et al., 2008). Cochlear macrophages are identified by their expression
of macrophage specific markers, including F4/80 (Frye et al., 2017; Okano et al., 2008;
Tornabene et al., 2006; Yang et al., 2015), Ibal (Hirose et al., 2005; Okano et al., 2008),
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CD68 (Hirose et al., 2005; Okano et al., 2008), and CD11b (Shi, 2010). This macrophage-
dominated immune capacity in the cochlea differs from T cell-dominated immune capacity
reported in the endolymphatic sac (Takahashi et al., 1988b).

The cochlea has a small population of lymphocytes that express T cell marker proteins under
resting conditions and their number increases after immune challenge (Takahashi and Harris,
1988a). The cochlea also contains immune cells that bear features of dendritic cells,
including expression of major histocompatibility complex 11 (MHC-I11), an antigen
presenting protein (Yang et al., 2015). However, under steady-state conditions, these cells do
not express CD11c (Yang et al., 2015), an integrin that is enriched in classical dendritic
cells. Thus, the identity of these cells requires further clarification.

Systematic analysis of immune cell populations in the cochlea is scarce. In a recent study,
Matern and co-workers used fluorescence-activated cell sorting to characterize the
composition of CD45-positive immune cells isolated from the cochleae of postnatal Gfice
mice (Matern et al., 2017). This study not only confirmed macrophages, which account for
81.3% of CD45-positive cells, as the most abundant immune cell population but also
identified several groups of minority immune cells, including granulocytes (3.1%), T cells
(0.8%), B cells (0.4%), and natural killer cells (3.4%). At present, it is not clear whether this
composition in postnatal cochleae is applicable to mature cochleae. Because the murine
cochlea undergoes active postnatal remodeling, its immune cell composition is likely to
change during maturation. Therefore, the immune cell makeup in mature cochleae requires
additional studies.

2. Distribution of macrophages in the cochlea

Immune cells are present in the cochlea starting from the early stages of development
(Brown et al., 2017; Hinton et al., 2017; Hirose et al., 2017; Hu et al., 2017; Kaur et al.,
2017; Kim et al., 2011), where they remain for life (Frye et al., 2017). While multiple
leukocyte populations have been identified in the cochlea, only the distribution of
macrophages has been studied in detail. Under steady-state conditions, macrophages are
found in multiple cochlear regions and are particularly abundant in the spiral ligament and
neural tissues (Hirose et al., 2005; Okano et al., 2008). Okano and co-workers reported that
approximately 62% of cochlear macrophages reside in the neural tissue and about 36% are
in the spiral ligament and spiral limbus (Okano et al., 2008). In general, macrophages are
uniformly distributed along the apex-to-base gradient of the cochlea, and aggregation or
gaps in macrophage distribution are rare. This spatial configuration ensures that each cell
has its own territory for immune inspection and that all cochlear regions are under immune
surveillance.

2.1. Lateral wall macrophages

Macrophages reside in both the spiral ligament and the stria vascularis. In the spiral
ligament, macrophages exhibit irregular shapes with branches and processes (Fig. 1). They
are more abundant in the inferior site of the spiral ligament. This region houses type Il and
IV fibrocytes, both of which are susceptible to pathological insults (Hirose and Liberman,
2003; Wang et al., 2002b). The inferior site is adjacent to the scala tympani, a major site of
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leukocyte accumulation after acute damage (Du et al., 2011; Miyao et al., 2008; Sautter et
al., 2006). Morphological analysis has revealed micropores on the surface of the spiral
ligament facing the scala tympani (Lim, 1970). These fenestrae allow the perilymph to
access the spiral ligament that could serve as a communication interface between spiral
ligament leukocytes and the perilymph. This region also expresses intercellular adhesion
molecule 1 (ICAM-1) in vascular endothelial cells and fibrocytes, and acoustic
overstimulation promotes the expression of this molecule (Miyao et al., 2008; Tornabene et
al., 2006). ICAM-1 is an intercellular adhesion molecule that could play a role in mediating
adhesion of leukocytes to vascular endothelial cells for extravasation into the cochlea.

Macrophages are also found in the stria vascularis, where they serve as perivascular cells
around endothelial cells and participate in the formation of the blood-labyrinth barrier (Shi,
2010; Zhang et al., 2012).

2.2. Macrophages in neural tissues

The neural tissue of the cochlea comprises spiral ganglion cell bodies and their peripheral
and central processes. Leukocytes are found around ganglion neurons as well as the nerve
fibers inside the osseous spiral lamina and the modiolus (Fig. 2). Inside the bony tunnel of
the osseous spiral lamina, macrophages lie in roughly two rows: one close to the edge of the
osseous spiral lamina and the other close to ganglion neurons. Many of these macrophages
are oriented parallel to the tunnel radial fibers of ganglion neurons, while some at the lateral
edge of the osseous spiral lamina lie in a perpendicular direction. Some macrophages at the
edge of the osseous spiral lamina extend their processes through the habenula perforata to
the region of inner hair cells; however, these processes do not contact inner hair cells. While
the function of these processes is not completely clear, their proximity to cochlear nerve
synapses suggests a role in synapse homeostasis, a function that has been recognized in
microglial cells, which are the resident macrophage in the brain (Wake et al., 2009).
Moreover, these processes have been implicated in clearance of degenerated sensory cells in
the organ of Corti after damage (Hirose et al., 2017).

2.3. Basilar membrane macrophages

Under steady-state conditions, the organ of Corti is devoid of immune cells (Du et al., 2011;
Hirose et al., 2005; Okano et al., 2008; Yang et al., 2015). However, its surrounding tissues
are rich in macrophages. Basilar membrane macrophages that reside on the scala tympani
side of the basilar membrane are in close proximity to the organ of Corti. These cells are
distributed along the entire length of the basilar membrane and are present under steady-
state conditions. Basilar membrane macrophages face two distinct extracellular milieus:
their basal surface contacts mesothelial cells and the basement membrane, while their
luminal surface is immersed in perilymph. This unique location enables them to survey the
immune environments of both the organ of Corti and perilymph. The acellular environment
of the scala tympani imposes a less physical constraint on macrophages, facilitating their
shape change and migration. Our recent studies used these macrophages as an immune
sensor for detecting changes in the microenvironment of the organ of Corti (Frye et al.,
2017; Yang et al., 2015; Zhang et al., 2017). These studies reveal that basilar membrane
macrophages are able to respond to sensory cell pathogenesis by changing their
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phenotypical characteristics and that these changes are correlated with the progression of
sensory cell lesions.

Immune cells are also found in the spiral limbus, a cochlear site that attracts infiltrating
monocytes under stress conditions. Macrophages identified in this region have a dendritic
morphology with fine processes (Fig. 3). Moreover, immune cells are found within the blood
vessels of the cochlea (Hirose et al., 2005). These cells are circulating leukocytes and some
can egress into the cochlea in the event of cochlear inflammation (Harris et al., 1990; Stearns
etal., 1993).

It has been observed that the organ of Corti lacks immune cells (Du et al., 2011; Hirose et
al., 2005; Okano et al., 2008; Yang et al., 2015) despite the fact that sensory cells in this
region are susceptible to various pathological insults. The lack of immune cells in the organ
of Corti indicates its immune privileged status, even though the traditional notion that the
cochlea is an immune privileged organ has been challenged by the finding of immune cell
activity under both steady-state and pathological conditions. Lack of immune cells could be
beneficial because this organ has an elegant architecture formed by well-organized sensory
cells and supporting cells. Any immune cell intrusion could alter its mechanical property
and microenvironment, and consequently compromise its functional integrity.

Due to the limited availability of human cochlear tissues, the distribution of immune cells in
human cochleae has not been studied extensively. In a recent study with human temporal
bone tissues, O’Malley and co-workers observed macrophages in the spiral ligament, the
stria vascularis and the neural region of the cochlea (O’Malley et al., 2016); this macrophage
distribution pattern is consistent with those reported in rodent cochleae. However, the study
also uncovered macrophages in multiple regions inside the organ of Corti, including the
regions around the tunnel of Corti, Hensen cells and inner hair cells. These findings are
inconsistent with the results from previous studies in rodent cochleae. Part of the
discrepancy might be explained by differences in age among individuals from whom the
tissues were collected (young animals for rodent studies vs. 52-88-year-old individuals for
the human temporal bone observation). Moreover, we have found that, after developmental
death, macrophage corpses are well preserved in the organ of Corti of the mouse cochlea
(Hu et al., 2017). These residual bodies could be misidentified as immune cells in cochlear
sectioning preparation, the method used in the human temporal bone study.

3. Macrophage properties and phenotypic diversity

Macrophages are a diverse group of immune cells with distinct phenotypic features and
functional roles. They adopt their phenotypes and functions based on signals from the
microenvironment around them. In the cochlea, macrophages reside in multiple anatomic
areas, each with unique microenvironment and physiological function. Therefore,
macrophages at different cochlear partitions are expected to have disparate phenotypic
properties and functional states.

In addition to the inter-partition variation, cochlear macrophages display an intra-partition
diversity; that is, macrophages within a tissue partition where the cell composition and
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function are presumably the same can display phenotypic differences. This diversity is
evident in basilar membrane macrophages located on the scala tympani side of the basilar
membrane. These macrophages display a progressive change in their morphology along the
apex-to-base gradient (Frye et al., 2017; Yang et al., 2015). In the apical portion,
macrophages exhibit a highly ramified morphology, characterized by a slim cell body with
multiple branching processes and long extensions (Fig. 4A). By contrast, macrophages in the
middle portion of the cochlea exhibit a less branched shape with short processes (Fig. 4B).
In the basal end of the cochlea, the cells are more flattened and rounded with very short
processes or without any processes (Fig. 4C). In addition to these morphological
distinctions, basilar membrane macrophages display site-specific differences in the
expression of immune proteins. In a recent study (Yang et al., 2015), we examined the
constitutive expression of two immune proteins (CD11c and CD14) that have roles in
inflammation (Anas et al., 2010), and found that these proteins were expressed primarily in
basal macrophages. Because macrophage phenotypes are affected by signals from their
environments, this site-specific difference could suggest a difference in the immune
environment between the apical and basal portions of the cochlea. This speculation is
supported by the observation of monocyte differentiation that occurs after settling in the
cochlea. One example is the differentiation of infiltrated monocytes after acoustic trauma.
The monocytes that populate the apex of the cochlea adopt a dendritic morphology, whereas
the cells that arrive in the basal region acquire a breached or rounded shape (Yang et al.,
2015). This result indicates that the apical-basal difference in macrophage phenotypes is not
intrinsically programmed, but is acquired during differentiation.

4. Immune cell responses to acute cochlear pathogenesis

Acute damage to the cochlea occurs after a variety of pathological insults such as acoustic
injury, ototoxicity, immune challenge and mechanical trauma due to cochlear implantation,
all of which provoke inflammatory responses in the cochlea (Fujioka et al., 2006; Nakamoto
etal., 2012; Tan et al., 2016; Verschuur et al., 2015; Wakabayashi et al., 2010 1869; Warchol
et al., 2012). Cochlear inflammation caused by acute damage is characterized by a massive
influx of inflammatory cells. In fact, our current knowledge of immune cell responses to
cochlear pathogenesis has been derived primarily from studying these acute immune and
inflammatory responses. Pathologically, acute damage is characterized by a rapid onset of
tissue pathogenesis and in particular sensory cell pathogenesis. This disease process evolves
rapidly, but is usually temporary. Once inciting events are removed, the pathogenesis as well
as the inflammatory responses are resolved.

The magnitude of immune cell infiltration has been found to be massive after acute damage,
although the actual level is dependent on the nature and severity of the triggering event.
Hirose and co-workers revealed a six-fold increase in CD45-positive cells, which represent
all leukocytes, in the basal end of the cochlea after exposure to a broadband noise at 112 or
120 dB SPL for 2 h (Hirose et al., 2005). An investigation by Tornabene and co-workers
(Tornabene et al., 2006) revealed a larger increase (<1 cell/section for controls and 88 cells/
section for traumatized cochleae) after exposure to a similar level of noise (118 dB SPL for
2 hours). Even on the surface of the basilar membrane where immune cell infiltration is
relatively less active, the number of inflammatory cells is doubled after exposure to a noise
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at 120 dB SPL (Yang et al., 2015). Massive infiltration of inflammatory cells is also
observed in other forms of cochlear damage including ototoxicity, surgical trauma, selective
hair cell ablation, and immune challenge (Hirose et al., 2014; Kaur et al., 2015; Okano et al.,
2008; Sato et al., 2010; Satoh et al., 2002). Notably, the level of influx can be further
augmented if the subjects have a prior history of systemic immune challenge (Hirose et al.,
2014; Oh et al., 2011), possibly due to the activation of adaptive immune activity
(Hashimoto et al., 2005). These infiltrating cells are the major players in inflammatory
responses to acute damage in the cochlea.

Infiltration is selective after acute damage. Studies have shown that monocytes are the
predominant cell population that enter the cochlea after acute damage (Hirose et al., 2005;
Takahashi et al., 1988a; Yang et al., 2015) despite the fact that neutrophils constitute
approximately 40-60% of the white blood cell population in circulation. This monocyte-
dominated infiltration differs from the acute inflammatory response commonly seen in other
organs and tissues, which features two waves of immune cell infiltration (Fleming et al.,
2006; Kochanek et al., 1992). The first wave involves neutrophils. These cells isolate,
engulf, and kill pathogens using oxidative and non-oxidative mechanisms (Hickey et al.,
2009; Kawamoto et al., 2004). The second wave of infiltration involves monocytes. These
cells act as sentinels that ingest and clear apoptotic neutrophils, a key event of inflammation
resolution (Godson et al., 2000). Infiltration of neutrophils in large numbers has been found
to increase tissue damage in many pathological conditions including ischemic or toxic
damage to the heart (Romson et al., 1983), lung (Kishi et al., 1999), liver (Liu et al., 2006),
brain (Abulafia et al., 2009), and kidney (Kelly et al., 1996). In many of these disease
conditions, depletion of neutrophils reduces the level of tissue damage. Although the precise
mechanism for selective recruitment of immune cells to the cochlea is unclear, the lack of
neutrophil influx in the cochlea could suggest a protective mechanism against cytotoxic
inflammatory reaction.

Infiltrating cells migrate to multiple cochlear partitions, including the spiral ligament, spiral
limbus, neural tissues and scala tympani. All these sites are important for cochlear
homeostasis and function. Notably, the organ of Corti, the site of sensory cell pathogenesis,
is devoid of immune cell infiltration (Du et al., 2011; Hirose et al., 2005; Okano et al.,
2008), unless substantial damage to sensory cells and supporting cells takes place (Fredelius
et al., 1990). The lack of inflammatory cell activity could serve as a defense mechanism
against collateral damage. Despite the lack of inflammatory cell influx, the extension of
macrophage processes toward the inner hair cell region has been reported and these
processes are thought to play a role in phagocytosis of hair cell debris (Hirose et al., 2017).
However, such extension has not been reported in the outer hair cell region, the major site of
sensory cell pathogenesis.

Infiltration of inflammatory cells is a dynamic process during acute damage. Quantification
of the number of inflammatory cells in acutely damaged cochleae reveals the kinetics of
infiltration that starts at 12 hours to 1 day after exposure to noise, peaks at 3—7 days, and
then subsides gradually (Fredelius et al., 1990; Hirose et al., 2005; Tornabene et al., 2006;
Wakabayashi et al., 2010). The time at which monocyte infiltration is at its maximum
appears not to coincide with the early production of inflammatory molecules that occurs
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within 1 day after acoustic injury (Cai et al., 2014; Fujioka et al., 2006; Patel et al., 2013;
Vethanayagam et al., 2016). Clearly, infiltrating cells are not the early responders to cochlear
inflammation. Instead, they are attracted to the cochlea by inflammatory mediators produced
during the early inflammatory reaction.

The duration of the acute episode of inflammatory cell infiltration is dependent on the nature
and persistence of inflammatory triggers. For acute acoustic trauma that causes sensory cell
death, infiltration persists for approximately 2 weeks (Hirose et al., 2005; Tornabene et al.,
2006; Wakabayashi et al., 2010; Yang et al., 2015). For severe ototoxic damage, infiltration
can last for 10 weeks due to slow progression of supporting cell pathogenesis that occurs
after sensory cell death (Ladrech et al., 2007). At the resolution phase of inflammation, the
number of inflammatory cells reduces or returns to the pre-damage level, but at present, it is
unclear how they are cleared from the cochlea. This is an important question because the
failure to clear inflammatory cells could delay the recovery process, causing chronic
inflammation that has been associated with a number of inflammatory pathologies such as
rheumatoid arthritis and cardiovascular diseases (Mclnnes and Schett, 2007; Nahrendorf et
al., 2010).

5. Macrophage responses to chronic cochlear pathogenesis

Similar to acute damage, chronic diseases can compromise cochlear physiology. Typical
examples of such disease conditions include age-related and genetic defect-associated
cochlear degeneration. Pathologically, age-related cochlear degeneration is characterized by
a slow progression of sensory cell lesions, commonly starting from the basal end of the
cochlea. Unlike acute damage, chronic damage develops progressively rather than
episodically, and therefore the trigger event for the immune response persists. Chronic
cochlear pathogenesis provokes immune cell responses in a way that is similar to, but not
exactly the same as, the response incited by acute damage.

Our recent study examined macrophage response to age-related cochlear degeneration in
C57BL/6J mice (Frye et al., 2017), a murine model of age-related hearing loss. This study
focused on macrophages on the surface of the scala tympani side of the basilar membrane
because of their close proximity to sensory cells in the organ of Corti. In these cochleae,
massive infiltration of inflammatory cells is absent. Instead, the number of macrophages
decreases as the age of mice increases (Frye et al., 2017; Neng et al., 2015). The primary
immune cell reaction to chronic pathogenesis is the inflammatory activation of tissue-
matured macrophages as evidenced by changes in macrophage morphology, including size
enlargement and amoeboid transformation (Frye et al., 2017; Zhang et al., 2017). These
changes coincide with the progression of sensory cell lesions. Specifically, morphological
transition from a branched appearance to a more rounded or amoeboid shape occurs in the
region where active sensory cell pathogenesis takes place. Once sensory cell degeneration is
completed, the number of macrophages in that region decreases. Clearly, the major immune
cell response to chronic sensory cell pathogenesis is the inflammatory activation of tissue
macrophages that are pre-stationed in the cochlea although cochleae affected by chronic
lesions can display an increased number of tissue macrophages (O’Malley et al., 2017;
Zhang et al., 2017).
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6. Potential functional roles of macrophages in the cochlea

Macrophages are an essential executor of inflammatory response in the innate immune
system and are known to participate in all phases of inflammation including initiation,
maintenance and resolution, as well as in tissue repair. Macrophages also have roles in
immune surveillance under physiological conditions. Despite increased awareness of the
presence of macrophages in the cochlea, data demonstrating their functional roles in
cochlear homeostasis and disease development remain limited.

6.1. Phagocytosis

Phagocytosis is an essential function of macrophages. Like macrophages in other organs and
tissues, cochlear macrophages are phagocytic. They constantly survey their surrounding
environment and are ready to engulf and clear cell debris. As shown in Figure 5A, a
macrophage is wrapping up a red blood cell for phagocytosis on the surface of the scala
tympani in a normal mouse cochlea. Such macrophage phagocytosis is more evident in
cochleae that have sustained pathological insults (Fig. 5B), and this process is rapid as
demonstrated in an ex vivo model of hair cell damage induced by kanamycin cytotoxicity
(Hirose et al., 2017).

Sensory cells in the organ of Corti are susceptible to pathological insults, and severe damage
causes these cells to die by either apoptosis, necrosis or a mixed mode of death (Bohne et
al., 2007 ; Hu et al., 2000; Nicotera et al., 2001; Niu et al., 2003; Shibuya et al., 2003; Wang
et al., 2002a; Ylikoski et al., 2002). Because the organ of Corti is devoid of macrophages
under steady-state conditions, phagocytes have to migrate into the organ of Corti or extend
their processes to the organ of Corti in order to clear sensory cell debris. Migration of
macrophages into the organ of Corti occurs only in severely damaged cochleae in which the
gross structure of the organ of Corti is compromised (Fredelius et al., 1990). In situations
where the damage is not drastic, the overall structure of the organ of Corti maintains as
supporting cells survive. In this circumstance, Deiters’ cells assume the role of phagocytes in
engulfing sensory cell debris (Abrashkin et al., 2006). In addition, macrophages outside the
organ of Corti can extend their processes to the inner hair cell region for clearance of
cellular debris (Hirose et al., 2017). As discussed in a recent review article by Hirose and
colleagues (Hirose et al., 2017), macrophages and supporting cells are jointly responsible for
removing cellular debris from the organ of Corti.

The molecular mechanism that mediates phagocytosis for removing cellular debris after
cochlear damage is not yet identified. It is known, however, that macrophages express
multiple pattern recognition receptors for detecting damaged tissues and molecules. Toll-like
receptors (TLRs) are a family of membrane receptors responsible for identifying both
invasive pathogens and internal molecules from damaged tissues. These receptors are
expressed in cochlear tissues and cochlear macrophages (Cai et al., 2014; Oh et al., 2011,
Vethanayagam et al., 2016). At present, it is not known whether TLRs have a role in
macrophage removal of cellular debris in the cochlea. Furthermore, it is unclear which other
pattern recognition receptors are expressed in cochlear macrophages. It would be of
importance to define the detailed molecular mechanisms responsible for macrophage
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detection of cellular debris, because removal of cellular debris is a prerequisite for the
restoration of tissue homeostasis after injury.

6.2. Developmental roles

Macrophages are known to have prominent roles in tissue development (Pollard, 2009;
Stefater et al., 2011). While cochlear macrophages have been identified in embryonic and
postnatal cochleae (Brown et al., 2017; Hinton et al., 2017; Hirose et al., 2017; Hu et al.,
2017; Kaur et al., 2017; Kim et al., 2011), their contribution to cochlear development
remains to be determined. Bank and co-workers recently reported a neurotrophic role of
macrophage migration inhibitory factor (MIF), an immune molecule that is involved in
regulating immune cell behavior, in the development of the inner ear (Bank et al., 2012).
This study revealed that MIF knockout leads to aberrant innervation to the organ of Corti.
While the authors attribute this observation to the neurotrophic effect of the molecule, it is
probable that this molecule, given its role in immune cell regulation, could also affect
cochlear development by modulating the function of cochlear macrophages. This notion is
supported by a recent study that demonstrated macrophage engulfment of nerve fibers for
neural refinement during postnatal development of the cochlea (Brown et al., 2017). This
study also demonstrated that diminishing macrophage function caused the elevation of
auditory brainstem potential thresholds, suggesting a developmental role for cochlear
macrophages in neural circuit refinement.

In rodent ears, structural development of the cochlea continues after birth. This structural
maturation includes the removal of excessive cells from the sensory epithelium, formation of
Corti’s lymph-filled spaces, and vascular pruning (Kraus et al., 1981; Pujol et al., 1998;
Souter et al., 1997). This gross structural refinement requires elimination of supernumerary
cells from the cochlea. Our recent study revealed the presence of developmental
macrophages within the organ of Corti during the early stages of postnatal maturation of the
cochlea in mice (Hu et al., 2017). As the organ of Corti matures, these macrophages undergo
developmental death. Notably, this degradation starts from the basal region and advances to
the apical region of the cochlea, coinciding with the maturation pattern of the sensory
epithelium that also progresses from the base to the apex of the cochlea. Although there is
still much to learn about the role of macrophages in the maturation of the organ of Corti, the
presence of developmental macrophages within the organ of Corti suggests their
involvement in the postnatal development of the cochlea.

6.3. Production of immune and inflammatory molecules

While the cochlea is not an immunological organ, it expresses a variety of immune
molecules. Several research groups have investigated cochlear inflammatory activity by
examining expression profiles of immune molecules under normal and pathogenic
conditions including noise-induced cochlear damage (Cai et al., 2014; Cho et al., 2004;
Fujioka et al., 2006; Gratton et al., 2011; Kirkegaard et al., 2006; Oh et al., 2011; Patel et al.,
2013; Tornabene et al., 2006; Yang et al., 2016). Using an RNA-sequencing technique, we
have identified constitutive expression of a large group of immune-related molecules that are
involved in multiple immune signaling pathways (Patel et al., 2013; Yang et al., 2016). The
expression alteration of myriad immune-related genes have also been reported in the cochlea
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following pathological insult (Fujioka et al., 2006; Gratton et al., 2011; Nakamoto et al.,
2012; Tan et al., 2016; Vethanayagam et al., 2016; Wakabayashi et al., 2010). These include,
but are not limited to Tnf, 111b, 116, Ccl2, Ccl4, Cxcl10, Socs3, Ifrd1, Ifi202b, Igh-6 and
Tcllbl. Our transcriptome analyses using an RNA-sequencing technique have revealed a
comprehensive change in the expression profile of cochlear genes after acoustic injury (Cai
et al., 2014; Patel et al., 2013; Yang et al., 2016). A large number of differentially expressed
genes have immune/inflammation function. In addition to the upregulation and
downregulation of particular immune-related genes, researchers have investigated myriad
molecular pathways associated with differentially expressed genes. Cytokine-cytokine
receptor interaction, complement and coagulation cascades, chemokine signaling, NOD-like
receptor signaling and TLR signaling, amongst others, have all been reported
(Vethanayagam et al., 2016; Yang et al., 2016). While immune cells are known to be a major
source of immune-related molecules, the precise contribution of cochlear immune cells to
immune molecule production is poorly understood. Lack of such important knowledge is in
part due to technical challenges for collecting immune cells from the cochlea for a cell-type
specific analysis.

presenting function

Enhanced immune responses have been observed in the cochlea after repeated challenges.
For example, activation of innate cochlear immunity has been shown to enhance the adaptive
immune response to subsequent immune challenge in mouse cochleae (Hashimoto et al.,
2005). Similarly, a prior history of acoustic trauma augments cochlear immune response to
subsequent antigen challenge (Miyao et al., 2008). These observations suggest that repeated
stresses boost immune responses by activating adaptive immune activity in the cochlea
(Hashimoto et al., 2005).

Antigen presentation is an important event for activating adaptive immune activity. Antigen
presentation involves phagocytosis of foreign pathogens or internal molecules from damaged
tissues by antigen presenting cells. Antigen presenting cells are able to process engulfed
molecules and present them onto their membrane surface, which in turn activate T cells and
provoke the adaptive immune response (Steinman, 1991; Unanue, 1984). The primary
antigen-presenting cells are dendritic cells. These cells have a dendritic shape and express
antigen-presenting proteins, including MHC-II, CHITA and CD11c. Macrophages and
monocytes also bear the function of antigen presentation.

Under steady-state conditions, immune cells that have a dendritic shape and express MHC-II
are present in the cochlea (Yang et al., 2015). After acute acoustic trauma, the number of
macrophages that express MHC-II and CIITA is increased. These macrophages reside in the
cochlear regions that display maximal sensory cell damage. In parallel, the number of T cells
increases as well. The presence of T cells is important because of their roles in receiving
antigens and in activating the adaptive immune response. These observations suggest that
acoustic stress is able to activate the antigen presenting function in cochlear macrophages.
Currently, the molecular details linking the innate and adaptive immunity in the cochlea
remain unclear. Such knowledge is important for our understanding of how the adaptive
immune system affects cochlear responses to stresses.

Hear Res. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 12

7. Cochlear resident cells have immune capacity

In addition to immune cells, resident cells of the cochlea have immune capacity. These cells
include supporting cells in the organ of Corti, fibrocytes in the lateral wall, and mesothelial
cells on the scala tympani side of the basilar membrane.

A strong piece of evidence for immune capacity of resident cells in the organ of Corti
originates from the observation of phagocytic activity of supporting cells. Using prestin as a
marker for outer hair cells, Abrashkin and colleagues reported the accumulation of prestin-
positive debris in Deiters cells in the areas of sensory cell lesions after acoustic
overstimulation (Abrashkin et al., 2006). This observation suggests a phagocytic role for
Deiters cells. At present, it is not clear how supporting cells detect sensory cell debris. It has
been known that phagocytes express a genus of receptors for sensing damage-associated
molecular pattern molecules. TLRs are a group of membrane receptors that recognizes both
exogenous molecules from pathogens and endogenous molecules from damaged tissues
(Miyake, 2007; Ohashi et al., 2000; Termeer et al., 2002; Vabulas et al., 2001). TLR4
expression has been found in the outer sulcus cells that form the boundary between the
organ of Corti and the spiral ligament (Hashimoto et al., 2005). Our recent study showed an
increase in protein expression of TLR4 in Deiters cells adjacent to damaged sensory cells
after acoustic injury (Cai et al., 2014), suggesting that TLR4-mediated signaling might be
involved in supporting cell detection of damaged sensory cells. In addition to TLRs, other
sensor molecules have been found in the cochlea. For example, two members of the retinoic
acid inducible gene-1 (RIG-I) receptor family, RIG-1 and melanoma differentiation-
associated gene 5 (MDAJS), have been localized to Hensen and Claudius cells and their
expression increases when the organ of Corti tissue is infected by virus (Hayashi et al.,
2013). These receptors are responsible for sensing double-stranded RNA (Takeuchi and
Akira, 2010; Yoneyama et al., 2004) and play an important role in recognizing the genomic
RNA of viruses. In addition, these receptors act as sensors of cellular damage and have been
implicated in the inflammatory response to tissue pathogenesis, such as spinal cord injury
and Alzheimer’s disease (de Rivero Vaccari et al., 2014; de Rivero Vaccari et al., 2012).
Furthermore, our expression profiling of immune-related genes in the cochlear sensory
epithelium has identified RIG-I-like receptor signaling as a potential molecular pathway in
cochlear response to acoustic injury (Yang et al., 2016). These observations provide clues for
future investigation into the molecular mechanism responsible for Deiters cell phagocytosis.

In addition to phagocytic activity, resident cells in the organ of Corti express a plethora of
immune-related molecules. In a recent study, we isolated the cells of the organ of Corti for
transcriptional analysis of 148 immune and inflammation-related genes (Cai et al., 2014).
Over 60% of examined genes are constitutively expressed in the organ of Corti. These
expressed genes are functionally related to multiple immune pathways. Further analysis of
immune proteins revealed that supporting cells are the dominant site of immune molecule
expression. These observations underscore the importance of resident cells, particularly
supporting cells, in local immune activity of the organ of Corti.

Fibrocytes reside in large numbers in the spiral ligament. These cells are functionally
differentiated and specialized for ion transport, which is essential for proper maintenance of
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the cochlear microenvironment. These cells also produce immune mediators, including
proinflammatory molecules following treatment with proinflammatory cytokines, lysates
from otitis media pathogens, or acoustic overstimulation (Fujioka et al., 2006; Hashimoto et
al., 2005; Moon et al., 2006; Satoh et al., 2002; Yoshida et al., 1999). While the molecular
details for the production of inflammatory mediators are not clear, expression of nuclear
factor kappa B (NF-xB), a transcriptional factor that mediates the expression of numerous
proinflammatory genes, has been observed in fibrocytes after acoustic trauma and systemic
immune challenge (Adams et al., 2009). As inflammatory molecules produced by immune
cells, the immune mediators generated by fibrocytes could participate in cochlear immune
activities, such as recruiting inflammatory cells, as a drastic increase in immune cell
population has been found around fibrocytes in the spiral ligament after stresses (Hirose et
al., 2005; Sautter et al., 2006 1873; Tornabene et al., 2006). These inflammatory cells could
subsequently contribute to the loss of fibrocytes in the spiral ligament, as discussed in a
publication by Hirose and colleagues (Hirose et al., 2005).

Mesothelial cells are spindle-shaped cells that line the scala tympani side of the basilar
membrane, forming a protective layer. These cells have a direct cell-cell contact with basilar
membrane macrophages. Evidence suggests a phagocytic role for mesothelial cells in the
cochlea. Angelborg used thorotrast tracers to detect the phagocytic activity of mesothelial
cells and demonstrated an accumulation of thorotrast particles, in these cells after the tracers
were surgically administered into the scala tympani (Angelborg, 1974). This finding
suggests the phagocytic capacity of cochlear mesothelial cells, a function that has been
demonstrated in mesothelial cells of other organs, such as the lung pleura (Kuwahara et al.,
1995). As cochlear mesothelial cells are co-localized with basilar membrane macrophages, it
is likely that these cells can work in conjunction with macrophages for clearing cellular
debris that is released into the scala tympani after damage.

8. Concluding remarks

In this review, we have discussed the immune and inflammatory activities of the cochlea.
Under physiological conditions, the cochlea contains tissue immune cells that reside in
multiple cochlear compartments, many of which are known to be important for cochlear
function. Tissue macrophages have diverse morphologies and gene expression patterns,
suggesting the presence of different functional states. In addition to resident immune cells,
the cochlea is able to recruit circulating immune cells in the event of stress. These immune
responders, together with cochlear resident cells, orchestrate a complex inflammatory
response. At present, despite an increased awareness of the presence of immune cells in the
cochlea, data demonstrating their functional roles in cochlear homeostasis and disease
formation are still lacking. Moreover, the current observations focus on the induction of
inflammation; little is known about the resolution of inflammation. Since the proper
resolution of inflammation is an essential component of tissue recovery after stress, a better
understanding of its biological process and regulation will lead to new therapeutic targets for
improving the outcome of cochlear inflammation.
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HIGHLIGHTS

Tissue macrophages are present in multiple cochlear sites except for the organ
of Corti.

Immune cells migrate to the cochlea in response to stress

Cochlear macrophages have site-specific diversity in their phenotypes and
functional states.

Macrophages have functional roles in cochlear development and responses to
stress.

Resident cells of the cochlea present with immune functions.
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Figure 1. Macrophages in the spiral ligament
The images show macrophages in a whole-mount preparation of the spiral ligament

collected from a young C57BL/6J mouse. The tissue was doubly stained with antibodies
against CD45, a pan-leukocyte marker, and F4/80, a macrophage marker, using a method
that has been previously described (Yang et al., 2015). A. Typical macrophages in the spiral
ligament exhibit irregular shapes with large branches and short processes. B and C. Enlarged
view of the macrophages in the area marked by the rectangle in A. B shows F4/80
immunoreactivity and C is the overlap of F4/80 and CD45 immunostaining of the same
region shown in B.
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Figure 2. Identification of macrophages in the neural region inside the osseous spiral lamina and
among ganglion cell bodies

The images show macrophages in whole-mount preparations of cochleae in young
C57BL/6J mice. The images were derived by projecting serial optical sections of confocal
images covering only the depth of neural tissues in the osseous spiral lamina and ganglion
cell regions. A. The image shows CD45 immunoreactivity in cochlear immune cells. B.
Tubulin immunoreactivity is used to illustrate spiral ganglion neurons (marked by SGN) and
their peripheral fibers (marked by GF, which stands for ganglion fiber). C. Merged view of A
and B. Notice that macrophages are present in the regions of both ganglion cell bodies and
their fibers. In the osseous spiral lamina, macrophages are arranged in two rows: one close to
the edge of the osseous spiral lamina (shown by single-arrows) and the other close to
ganglion neurons (marked by double-arrows). Many of these macrophages are oriented in
parallel to the tunnel radial fibers of ganglion neurons. D, E, and F. Identity of macrophages
is confirmed by the presence of F4/80 immunoreactivity. D shows the F4/80
immunoreactivity of immune cells. E. The same cells also display CD45 immunoreactivity.
F. A merged view of A and B, as well as a differential interference contrast view (DIC) of
the same region that illustrates the tissue orientation.
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Figure 3. Identification of macrophages in the spiral limbus
The image shows spiral limbus macrophages in a whole-mount preparation of a cochlea

collected from a young C57BL/6J mouse. The image was derived by projecting serial optical
sections of confocal image covering only the depth of the spiral limbus. The image is a
superimposed image of CD45 immunostaining and DIC view of the same region. F4/80
immunoreactivity is weak and thus is not shown in the image. Macrophages identified in the
spiral limbus region have a dendritic morphology with fine processes (marked by arrows).
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Figure 4. Distinct morphologies of basilar membrane macrophages along the apical-to-basal
gradient of the cochlea
The images show macrophages in a whole-mount preparation of the cochlea collected from

a young C57BL/6J mouse. The tissues was stained for F4/80 and CD45. A. and B.
Morphology of apical macrophages (approximately 0-30% distance from the apex). These
cells display a dendritic shape with long thin projections (arrows). C and D. Morphology of
macrophages in the middle region of the basilar membrane (approximately 30-70% distance
from the apex). The long projections are shortened and the dendritic processes are reduced
in number (arrows). E and F. Morphology of macrophages in the basal region of the basilar
membrane (approximately 70-100% distance from the apex). Macrophages in this region
display an amoeboid morphology without long projections or processes (arrows).
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Figure 5. Macrophage phagocytosis in the cochlea
A.A scanning electron microscope image of a macrophage on the lumen surface of the scala

tympani collected from a normal young C57BL/6J mouse. The image was captured using a
Hitachi scanning electron microscope (Hitachi SU-70). Notice that the processes of the
macrophage (marked in blue) are entangling a red blood cell (marked in red). B. Image
shows macrophage phagocytosis of a cell debris. The tissue was stained with CD45 and
propidium iodide, a fluorescent dye that binds to nuclear DNA. Notice that the tip of a
dendritic process of the macrophage (white arrow) has enclosed a condensed nuclear
fragment for engulfment. Insets show the enlarged view of the tip of the macrophage
process.
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