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Abstract 

Cochlear immunity is an important process for cochlear homeostasis and diseases. Over the past 

twenty years, numerous researchers have investigated cochlear immunity as it pertains to inner ear 

stresses. However, the vast majority of these studies have focused on acute immune activation such as 

in the event of traumatic noise overexposure, cochlear implantation, pathogenic infection, and 

ototoxicity. Yet, persistent lower-grade stresses such as aging and lower-level noise exposure are more 

prevalent in real-world circumstances and certainly affect a greater proportion of the population. 

Therefore, studies aimed at elucidating the mechanisms and processes of cochlear immune activity 

subsequent to low-grade stresses is both justified and salient. The studies outlined here sought to reveal 

the cochlear immune response to age-related sensory cell degeneration, lower level noise exposure, and 

other chronic cochlear stresses. Specifically, we sought to examine changes in cochlear immune 

homeostasis following low-grade stresses with and without sensory cell pathogenesis. 

We first investigated changes in cochlear immunity in the event of age-related degeneration in 

the inner ear. In the sensory epithelium, macrophages have been identified on the scala tympani side of 

the basilar membrane. These basilar membrane macrophages are the spatially closest immune cells to 

sensory cells and are able to respond to and influence sensory cell pathogenesis. While basilar 

membrane macrophages have been studied in acute cochlear stresses, their behavior in response to 

chronic sensory cell degeneration is largely unknown. Here we report a systematic observation of the 

variance in phenotypes, the changes in morphology and distribution of basilar membrane tissue 

macrophages in different age groups of C57BL/6BL/6J mice, a mouse model of age-related sensory cell 

degeneration. This study reveals that mature, fully differentiated tissue macrophages, not recently 

infiltrated monocytes, are the major macrophage population for immune responses to chronic sensory 

cell death. These macrophages display dynamic changes in their numbers and morphologies as age 
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increases, and the changes are related to the phases of sensory cell degeneration. Notably, macrophage 

activation precedes sensory cell pathogenesis. Once activated, the activity is maintained until sensory 

cell degradation is complete. Collectively, these findings suggest that mature tissue macrophages on the 

basilar membrane are a dynamic group of cells that are capable of vigorous adaptation to changes in the 

local sensory epithelium environment influenced by sensory cell status . 

We then investigated the changes to cochlear immune status following lower-level noise stress. 

Noise exposure producing temporary threshold shifts (TTS) has been demonstrated to cause permanent 

changes to cochlear physiology and hearing function. Several explanations have been purported to 

underlie these long-term changes in cochlear function, such as damage to sensory cell stereocilia and 

synaptic connections between sensory cells and their innervation by spiral ganglion neurons, and 

demyelination of the auditory nerve. Though these structural defects have been implicated in hearing 

difficulty, cochlear responses to these degenerative processes remains poorly understood. Here, we 

report the activation of the cochlear immune system following exposure to lower level noise (LLN) that 

causes only TTS. Using multiple morphological, molecular and functional parameters, we assessed the 

responses of macrophages, the primary immune cell population in the cochlea, to the LLN exposure. 

This study reveals that a LLN that causes only TTS increases the macrophage population in cochlear 

regions immediately adjacent to sensory cells and their innervations. Many of these cells acquire an 

activated morphology and express immune molecules, CCL2 and ICAMl that are important for 

macrophage adhesion and inflammatory activity. However, LLN exposure reduces macrophage 

phagocytic ability. While the activated morphology of cochlear macrophages reverses, the complete 

recovery is not achieved 2 months after the LLN exposure. Taken together, these observations clearly 

implicate the cochlear immune system in the cochlear response to LLN that causes no permanent 

threshold change. 
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Collectively, these findings demonstrate that the activation of the immune response in the 

cochlea, following exposure to lower-intensity noise or subsequent to age-related hearing loss, alters 

the local cochlear microenvironment and may be a significant contributing factor in cochlear 

pathogeneses. These studies reveal that chronic low-grade cochlear stress is capable of provoking 

cochlear immune activity, which could contribute to the generation of clinical symptoms related to 

changes in hearing function . There is great therapeutic potential in any technique which can mediate 

the cochlear immune response and decrease cochlear pathogenesis, especially as it pertains to cochlear 

stresses. In this thesis, evidence for the presence of a low-grade stress-induced cochlear immune activity 

is disseminated. The findings outlined hint at potential biological targets for future therapeutic 

strategies aimed at speeding cochlear inflammation resolution and reducing off-target effects of 

cochlear immune activation . 
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Chapter 1. A General Introduction and Review of the Literature 

The inner ear was long treated as an immune privileged organ, implying that the tissues of the 

labyrinth are isolated from the systemic immune system and could tolerate the presence of external 

antigens without inducing an inflammatory response (McCabe, 1989). Part of this reasoning stemmed 

from early research that indicated the cochlear labyrinth lacks substantial lymphatic drainage (Harris et 

al., 1984), although a few more recent studies have hinted that the labyrinth as a whole (including 

vestibular components) do in fact possess some degree of lymphatic drainage (Yimtae et al., 2001) . 

Additionally, the inner ear lies on one side of a tightly controlled blood-labyrinth barrier-extant in the 

stria vascularis-that separates the inner ear from general circulation (Harris et al., 1984). 

However, for many decades now, the tenets underlying cochlear immunoprivilege have been 

whittled away beginning with the work of Rask-Andersen et al. (1979) which revealed close interaction 

between lymphocytes and macrophages within labyrinthine tissues. Many recent studies, including 

those conducted in the Hu lab, have been clear in demonstrating a robust cochlear immune capacity. 

Transcriptome analyses of cochlear tissues have revealed that 80% of known genes related to immune 

function are expressed in relatively constant amounts in cells of the cochlear sensory epithelium (Cai et 

al., 2014; Patel et al., 2013; Yang et al., 2016). Subsequent to acoustic injury many of these genes which 

are related to immunity and inflammation, are upregulated or downregulated (Cai et al., 2014; Cho et 

al., 2004; Miyao et al., 2008; Patel et al., 2013; Satoh et al., 2002; Yang et al., 2016) . Many types of 

acoustic injury have been associated with an inflammatory cochlear response (Frye et al., 2016; Gazquez 

et al., 2011; Hirose et al., 2005; lwai et al., 2003; Toubi et al., 2004; Yang et al., 2015) . Moreover, some 

of these inflammatory activities have been mitigated with the ad ministration of anti-inflammatory 

treatments (Fakhry et al., 2007; Psillas et al., 2008; Sautter et al., 2006; Takahashi et al., 1996; 

Wakabayashi et al., 2010; Zhou et al., 2013) . 
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1.1. Immune cells of the cochlea 

It is well known that traumatic noise exposure results in cochlear damage and is particularly 

destructive to sensory cells (Bohne et al., 2007; Sulkowski et al., 1981; Taylor et al., 1965). However, 

after substantial study of hair cell damage, researchers began to turn their attention to noise-induced 

damage to surrounding tissues and cells both in the sensory epithelium and in adjacent compartments 

(Hirose et al., 2003; Wang et al., 2002b) . Inflammation-associated cells were identified in noise

overexposed cochleae (Fredelius et al., 1990a; Fredelius et al., 1990b). Both sensory and supporting cells 

in the inner ear are prone to pathogenesis following cochlear insult, and though the organ of Corti itself 

is void of immune cells under resting conditions (Du et al., 2011; Hirose et al., 2005), surrounding 

labyrinthine tissues have been demonstrated to host immune cells derived from a hematopoietic cell 

line (Lang et al., 2006; Okano et al., 2008; Sato et al., 2008) . 

1.1.1. Cochlear macrophages 

Numerous recent studies have shown that under steady-state conditions, mature tissue 

macrophages are pervasive throughout major cochlear partitions including the stria vascularis, the spiral 

ligament, neural regions and the basilar membrane (Frye et al., 2016; Lang et al., 2006; Okano et al., 

2008; Sato et al., 2008; Yang et al., 2015). Much of our current understanding of macrophage responses 

to cochlear stresses is derived from studies of acute cochlear pathogeneses including acoustic injury 

(Fredelius et al., 1990a; Hirose et al., 2005; Tornabene et al., 2006; Yang et al., 2015), ototoxicity 

(Ladrech et al., 2007; Sato et al., 2010), acute immune challenge (Takahashi et al., 1988; Ma et al., 2000) 

and cochlear implantation (Bas et al., 2015). Additionally, inflammatory activation of resident basilar 

membrane macrophages has been demonstrably associated with low-level stresses such as chronic 

sensory cell degeneration (Frye et al., 2016) . 
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Macrophages have been identified with the employment of immunohistochemistry in cochlear 

tissues. Numerous protein markers either specific to or strongly correlated with macrophages have been 

used for cochlear macrophage identification . These include the glycosylated transmembrane protein 

CD68 (Ramprasad et al., 1996; Smith et al., 1987) and the mononuclear phagocytic marker F4/80 (Okano 

et al., 2008) which is found to be strongly associated with cells of a highly-ramified morphology (Hume 

et al., 2002). lbal is also reported to be macrophage-specific, and this calcium signal mediating protein 

has been purported to play an essential role in macrophage migration and phagocytosis (Imai et al., 

1996). Colony stimulating factor 1 receptor (Csflr), known as CD115, is found on the surface of 

macrophage membranes and is a specific cytokine receptor for the cytokine colony stimulating factor 

1-indicated in the regulation of mononuclear phagocyte survival and propagation (Hume et al., 2002). 

Cochlear macrophage distribution and responses to insult have been investigated by numerous 

researchers. In addition to the very presence of these cells being observed within the various cochlear 

partitions outlined above, an apical-to-basal gradient in morphological phenotype has been observed in 

basilar membrane macrophages under steady-state conditions (Frye et al., 2017; Yang et al., 2015). 

While apical macrophages display a ramified, dendritic morphology suggestive of resting and monitoring 

status, the basal turn of the basilar membrane presents with macrophages of an amoeboid morphology 

that is a phenotype commonly seen in activated macrophages during inflammation (Yang et al., 2015). 

Though the precise biological mechanisms underlying this differential in the steady-state morphology of 

macrophages immediately beneath the sensory epithelia is yet to be elucidated, it could in part be 

attributable to the relatively fewer antioxidant enzymes found the in basal extreme compared to apical 

sections (Someya et al., 2009). C57BL/6BL/6 mice have been employed as an animal model of age

related hearing loss because the cochleae of these animals undergo a basil-to-apical progression of 

sensory cell degeneration beginning within the first two months of life with the size of the lesion 

progressing substantially apically as the animal ages. This in turn results in a hearing loss that begins in 
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the high frequencies and then moves towards lower frequencies with advanced age. In contrast, the 

CBA/CaJ mouse model maintains both sensory cell and hearing sensitivity integrity for up to 24 months 

(Henry et al., 1980). Interestingly, the comparatively fewer antioxidants located in basal basilar 

membrane tissue may be one possible explanation for the early cochlear macrophage activation 

observed in C57BL/6BL/6 mice as opposed to CBA/CaJ mice that are slow to develop age-related hearing 

loss. 

This site-dependent morphology of basilar membrane macrophages points to an inborn immune 

capacity for cells of a dendritic shape versus amoeboid cells. While mature dendritic mononuclear 

phagocytes represent primarily latent immune cells engaged in monitoring the local tissue environment 

(Kreutzberg, 1996), cells of an amoeboid morphology epitomize a highly activated immune cell state 

associated with inflammation (Frye et al., 2017; Kloss et al., 1999; Peters et al., 1979; Stence et al., 2001; 

Vaughan et al., 1974; Young et al., 1969). 

Major differences between macrophage responses provoked by acute and by chronic cochlear 

pathogeneses have been demonstrated. In the event of acute sensory cell damage induced by 

ototoxicity, immune challenge or acoustic injury, a large number of monocytes from circulation 

expeditiously infiltrate into the cochlea (Hirose et al., 2005; Kaur et al., 2015) (Okano et al., 2008; Shi, 

2010; Tornabene et al., 2006; Yang et al., 2015). Therefore, in the event of traumatic and acute cochlear 

stresses, infiltrated macrophages are the major executor for inner ear immune activities, including 

phagocytosis of broken-down cellular material (Fredelius et al., 1990a) and the production of 

inflammatory molecules (Fujioka et al., 2006; Gloddek et al., 2002; Tornabene et al., 2006; Yang et al., 

2015). 

The cochlear immune response in the event of insidiously progressive stresses such as in the 

event of age-related chronic sensory cell degeneration stands in stark contrast to the immune activation 
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observed during acute cochlear insults. During chronic, low-level stresses, the immune response is 

carried out primarily by mature tissue macrophages and substantial infiltration of monocytes is not 

observed. In aging sensory epithelia, infiltrating monocytes are rare and it is mature tissue macrophages 

that display strong reaction to age-related sensory epithelial degeneration (Frye et al., 2017). 

These findings highlight the importance for both mature tissue macrophages and recently 

infiltrated monocytes in both the summative cochlear immune capacity and the inner ear's ability to 

respond to cochlear insults and pathogenesis. In total, these studies indicate macrophages are the 

primary immune cells activated in the event of cochlear stresses. 

1.1.2. Cochlear macrophages and microglia: parallels in immune capacity and activation 

In non-cochlear tissues, macrophages perform essential functions related to tissue homeostasis 

and pathogenesis. For example, microglia, the resident macrophages in the brain, have been shown to 

play a complex role of either neuroprotection or destructive neuronal necrosis and apoptosis, 

depending on the degree of neurodegenerative insult (Aschner et al., 1999; Banati et al., 1993; Bruce-

Keller, 1999). 

Many parallels can be drawn between microglia and mature tissue macrophages of the cochlea. 

Microglia are present as several different phenotypes with each individual morphology believed to be 

associated with a distinct functional state (Davis et al., 1994; Raivich et al., 1999). This same innate 

capacity also appears immanent in the macrophages of the cochlea, particularly those macrophages 

along the sensory epithelia (Frye et al., 2017; Yang et al., 2015). These prior studies of sensory 

epithelium macrophages indicate a site-dependent morphology of these basilar membrane 

macrophages, suggesting a manifest immune capacity for cells of a dendritic shape versus amoeboid 

cells. 
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Additionally, these resident macrophages of the nervous system possess glutamate receptors 

and have been demonstrated as being able to react to changes in the level of this neurotransmitter in 

the local tissue environment (Bruce-Keller, 1999; Kreutzberg, 1996) suggesting inner ear macrophages 

may also possess this capability. This is a particularly important avenue of future scientific investigation 

in understanding the precise relationship between inner hair cells, their spiral ganglion innervations, and 

local cochlear macrophages. 

1.1.3. Perivascular melanocyte-like macrophages 

Perivascular melanocyte-like macrophages (PVMs) are myeloid cells which express myriad 

macrophage protein markers: F4/80, CD68, CDllb and MHCII (Shi, 2010) . These immune cells are extant 

in numerous bodily tissues such as the central nervous system and the retinal epithelium of the eye 

(Cuadros et al., 1998; Hess et al., 2004). They are typically found in close proximity to vascular structures 

within the tissue systems where they are found (Shi, 2010). As is the case for many myeloid-derived cells 

presenting the macrophage phenotype, PVMs are implicated in the immune defense to local tissue 

insult and the subsequent repair of localized tissue. In the event of microenvironmental stresses, both 

resident PVMs and newly recruited cells from general circulation participate in the immune response 

(Hess et al., 2004). 

The stria vascularis is contained within the upper portion of the spiral ligament which in turn 

forms the outer wall of the cochlear duct. This cochlear partition has abundant small blood vessels and 

capillaries and it is amongst these structures in which cochlear-associated PVMs can be found . Though 

melanocytes were first identified in proximity to the stria vascularis in the early 1990s (Matsunaga et al., 

1995), it took decades longer to determine the precise function these cells performed in the immune 

capacity of the inner ear. Within the past decade, these melanocyte-like cells have been found to 

present with protein markers (such as F4/80) closely associated with an inflammatory immune capability 
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(Zhang et al., 2012) . A role for PVMs in the regulation of the blood-labyrinth barrier has been purported, 

as the specific depletion of PVMs in the region of the stria vascularis has been shown to be associated 

with weakened capillary structures which can no longer maintain the tightly-controlled barrier necessary 

to preserve a healthy balance of cochlear fluids and therefore normal cochlear homeostatic function 

(Zhang et al., 2012) . 

1.1.4. Other immune cells of the inner ear: monocytes 

Considerable and rapid monocyte infiltration into cochlear tissue occurs after traumatic cochlear 

stresses. This influx has been demonstrated to generally occur within approximately two to seven days 

following initial insult (Fredelius et al., 1990a; Hirose et al., 2005; Tornabene et al. , 2006; Wakabayashi 

et al., 2010). These monocytes have been positively associated within numerous labyrinthine partitions, 

but the greatest amassing of these immune cells has been confirmed in the spiral ligament and the scala 

tympani (Du et al., 2011; Hirose et al., 2005; Miyao et al., 2008; Sautter et al., 2006; Tornabene et al., 

2006). Once monocytes have penetrated cochlear tissues, they change their phenotype, mature in into 

macrophages, and begin to adopt characteristics of inflammatory cells (Yang et al., 2015). An exhaustive 

list of explicit roles performed by these mature phenotypes is still a matter of scientific inquiry. 

1.1.5. Other immune cells of the inner ear: lymphocytes 

The precise distribution, activation, and immune role played by lymphocytes (B cells and T cells) 

in cochlear tissue is yet to be determined. Macrophages appear to be the major executor cell for 

immune capacity in the sensory epithelium and surrounding labyrinthine tissue following traumatic 

noise (Yang et al., 2015) and subsequent to age-related sensory cell degeneration (Frye et al., 2017). 

However, because macrophages have been identified upregulating expression of MHCII associated with 

antigen presentation after traumatic noise exposure (Yang et al., 2015), important contributions to 

cochlear immune capacity must surely be played by lymphocytes. Macrophages and lymphocytes such 
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as B cells and T cells are found near the site of immune response in numerous tissues . Cell-cell 

interactions between macrophages and lymphocytes lead to antibody production. When macrophages 

engulf antigens from pathogens or damaged cells, those antigens are processed within macrophages 

and are then displayed on the macrophage surface attached to special molecules called MHC II. This 

same process occurs simultaneously on the surface of B cells. When T lymphocytes encounter antigen 

pieces on the macrophage and on B cells, T cells stimulate the B cells to turn on antibody production. In 

conjunction with the antigen presentation function of cochlear macrophages, T cells and B cells are of 

vital importance in bridging the gap between innate immunity and adaptive immunity in higher order 

organisms (Grus by et al., 1991; Steinman, 1991; Swain, 1983; Unanue, 1984). Under pathological 

stresses such as acoustic overstimulation, it is the basal turn of the sensory epithelium that suffers the 

most intense degree of trauma. Quite expectedly, it is also the basal region of the basilar membrane 

that sees the greatest degree of both monocyte infiltration, up regulation of antigen presentation

related molecules, and an increase in the number of T cells (Gloddek et al., 2002; Takahashi et al., 1988; 

Yang et al., 2015). 

Differential distribution, activation and phenotype of hematopoietic-derived cells in cochlear 

tissue both under steady-state conditions and subsequent to cochlear stresses suggests that this 

heterogeneity is related to the inborn capacity of these immune cell populations to perform specialized 

functions within their respective cochlear microenvironments. 

1.2. Gene-regulated immune activation in cochlear pathogenesis 

Several groups of researchers have investigated cochlear immunity by examining the molecular 

profiles of inner ear tissues under both steady-state and pathogenic conditions. For more than the past 

decade, hearing scientists have applied new techniques such as RNA-Seq-initially employed to analyze 
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non-cochlear tissues (Beane et al., 2011; Bottomly et al., 2011; Huang et al., 2011)-to gain a more 

comprehensive understanding of gene expression within inner ear tissues. 

What seems clear from the literature is that a large number of immune-related genes are 

expressed in the cochlea under naive conditions (Cho et al., 2004; Kirkegaard et al., 2006; Tornabene et 

al., 2006) . Moreover, the upregulation of certain immune-related genes and the downregulation of 

others has been documented under numerous pathological conditions and subsequent to cochlear 

stresses (Cai et al., 2014; Cho et al., 2004; Kirkegaard et al., 2006; Patel et al., 2013; Tornabene et al., 

2006; Yang et al., 2016). 

1.2.1. Adaptive levels of gene expression in the cochlea 

The upregulation of myriad immune-related genes in the organ of Corti and surrounding inner 

ear tissues following cochlear insult has been reported . These include, but are not limited to, TNF, CCL2, 

CCL4 and IL6 (Vethanayagam et al., 2016), CXCLlO, SOCS3, lfrdl, lfi202b, lgh-6 and TCllbl (Gratton et 

al., 2011), CD68 and MHC II genes (Jabba et al., 2006), CD45 and H2-Aa (Yang et al., 2015), amongst 

many others. An exhaustive list of natively expressed immune-related genes in cochlear tissue is simply 

too extensive to list in its entirety here. However, differential gene expression levels in naive cochlear 

sensory epithelia (within the organ of Corti proper and in surrounding epithelial tissue) (Cai et al., 2014), 

and in cochleae exposed to acute stresses (Yang et al., 2016) have been disseminated. Additionally, 

genes related to inflammation have been described in the spiral ligament of the lateral wal I (Fujioka et 

al., 2014) and within the stria vascularis (Jabba et al., 2006). The presence and alterations in regulation 

of immunity genes in cochlear tissue is evident. 

1.2.2. Molecular signaling: cytokines and chemokines 

In addition to the upregulation and downregulation of particular immune-related genes, 

researchers have investigated myriad molecular pathways that are involved in immune responses of 

9 



Aberrant immune states of the inner ear 

inner ear tissues. Cytokine-cytokine receptor interaction, complement and coagulation cascades, 

chemokine signaling, NOD-like receptor signaling (Yang et al., 2016), and toll-like receptor signaling 

(Vethanayagam et al., 2016; Yang et al., 2016), amongst others, have all been reported to exist among 

cellular structures within cochlear tissues. Cytokines and chemokines are a broad category of cell 

signaling proteins . Their release sends specific signals from initiating signaling cells to surrounding cells 

in turn altering the behavior of cells in the local environment. They are implicated as potent 

immunemodulating agents. Of key importance is that cytokines and chemokines are produced by both 

immune cells such as macrophages, dendritic cells and microglia (Arango Duque et al., 2014; Berti et al., 

2002) and non-immune cells alike. Understanding the intricate relationships associated with this cellular 

signaling provides promise in the direction of future therapeutic strategies aimed at regulating the 

immune response (Nishimoto et al., 2006; Willrich et al., 2015). 

1.2.3. The potential role of cytokine and chemokine signaling in hearing dysfunction 

Increases in the presence of proinflammatory cytokines and chemokines have been reported in 

damaged cochleae (Vethanayagam et al., 2016; Yang et al., 2016) . For example, the presence ofTNF-a, 

IL-1~, IL-6 and MHCII have been all associated with monocyte infiltration during investigations into 

cochlear inflammation (Hashimoto et al., 2005; Satoh et al., 2002; Satoh et al., 2003; Wakabayashi et al., 

2010; Yang et al., 2015). The release of many cytokines and chemokines sets off chain reactions, and the 

precise outcomes resultant of alteration in the presence of these cell signaling proteins is worthy of 

continued investigation. Future studies aimed at uncovering the intricate biological processes involved 

in the regulation of cytokines and chemokines may open the door for future targets of 

pharmacotherapy. 
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1.3. Immune-mediated pathogenesis in the inner ear: potential treatments, therapeutic 

targets, and interventions 

Cochlear immunity is an important component of inner ear homeostasis, and alterations in a 

provoked immune response following cochlear stresses has been implicated in a number of inner ear 

pathogeneses. Several interventions and attempted meditations of the cochlear immune response have 

been investigated by numerous researchers. Many novel pharmacological agents, chemical signaling 

proteins, and pre- and post-conditioning paradigms have been suggested as treatments for immune

mediated cochlear disease. 

1.3.1. Sensorineural hearing loss and its relation to immunologically-induced cochlear pathogeneses 

Sensorineural hearing loss (SNHL) is a common clinical condition resulting from the dysfunction 

in one or more parts of the auditory pathway between the inner ear and the auditory cortex of the 

central nervous system. In fact, Moscicki and colleagues (1994) suggest a clinical guideline for 

consideration of an underlying immunological constituency: a minimum of 30 dB of bilateral SNHL with 

measurably decreasing thresholds in either one or both ears at two consecutive audiometric evaluations 

within 3 months. 

Many inner ear diseases have been suggested to be due at least in part to immune system 

activation in the cochlea. Researchers have reported that some patients with Meniere's disease 

demonstrate substantial recovery from symptoms such as fluctuating SNHL, vertigo, and roaring tinnitus 

after receiving systemic corticosteroid treatment. The evidence points to an underlying immune-

mediated component to this disease (Derebery et al., 1991; Hughes et al., 1983). 

Multisystem diseases stemming from an autoimmune disorder may also play a role in cochlear 

pathogeneses. This abnormal immune activation may in turn produce tissue degeneration leading to 

SNHL secondary to the systemic autoimmune disorder. Some of these diseases include Wegener's 
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granulomatosis, Cogan syndrome, Lupus (McCabe, 1989; Moscicki et al., 1994), and even Crohn's 

disease (Dettmer et al., 2011) . 

Additionally, it has been suggested that immune activation due to pathogenic microorganisms 

may be the root cause of many instances of sudden idiopathic hearing loss and deafness. For instance, 

higher than typical numbers of antibodies active against myriad viruses such as herpes zoster, 

cytomegalovirus, and influenza have all been uncovered in individuals who suffered acute and sudden 

idiopathic SNHL (Merchant et al., 2008; Pyykko et al., 2008). Acute extreme inflammation within 

cochlear soft tissues has also been indicated in patients presenting with sudden deafness or other SNHL 

of unknown origin as revealed by magnetic resonance imaging (MRI) (Stokroos et al., 1998), and this 

inner ear inflammation has been demonstrated to at least partially subside if not completely resolve in 

patients who experience recovery from instances of transient idiopathic SNHL (Mark et al., 1992). 

1.3.2. Mononuclear phagocyte activity may hold a biological target for tissue damage mitigation 

Macrophages appear to hold the primary immune capacity within cochlear tissues. These 

particular myeloid-derived cells differentiate from undifferentiated precursor cells called monocytes. 

Both mature, resident tissue macrophages and newly-arrived monocytes have been reported in 

numerous cochlear partitions (Hirose et al., 2005; Lang et al., 2006; Okano et al., 2008; Sato et al., 2008; 

Tornabene et al., 2006; Yang et al., 2015). 

Due to the involvement of these immune cells during the time course of both acute (Bas et al., 

2015; Fredelius et al., 1990a; Hirose et al., 2005; Ladrech et al., 2007; Sato et al., 2010; Tornabene et al., 

2006; Yang et al., 2015) and chronic cochlear stresses (Frye et al., 2017), it seems quite obvious that it is 

macrophages and monocytes which would be targeted in attempts to mediate immunologically 

influenced cochlear pathogeneses. 
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Macrophages can present as either Ml-proinflammatory or M2-anti-inflammatory cells. 

However these two phenotypes in fact only represent two extremes on a continuum of macrophage 

functional capacity (Lawrence et al., 2011) . The regulation of cells exhibiting either of these two 

phenotypes is controlled by microenvironmental signaling including variable concentrations of particular 

chemokines and cytokines. Under typical immune response conditions, following a typical time course of 

immune activation and subsidence, proinflammatory Ml macrophages either undergo cell death by 

means of apoptosis or alter their phenotype and transition to M2-anti-inflammatory macrophages 

(Lawrence et al., 2011) . Provided this tightly-controlled system is maintained, the immune response is 

essential in preserving local tissue homeostasis. However, if this pro-inflammatory/anti-inflammatory 

system becomes dysregulated, the inflammatory response can quickly become detrimental to the 

survival of cells in the local environment. Many factors, not all of which are either fully understood or 

have been described their entirety, have been implicated in the dysregulation of the pro-/anti

inflammatory immune activity. 

For example, systemic immune-targeting viral infections such as human immunodeficiency virus 

(HIV) have been described affecting the functionality of macrophages specifically in cochlear tissues, and 

the presence of a high retroviral load has been substantially associated with patients experiencing 

sudden deafness or other SNHL (Lin et al., 2013) . What is clear from the scientific literature is that inner 

ear macrophages appear to be a prime target for therapeutics aimed at modulating immune capacity in 

cochlear tissues. 

1.3.3. Steroid therapy as a potential clinical tool to control the inflammatory response 

Treatments of SNHL have now long included the administration of corticosteroids. Both systemic 

and local applications of these drugs have been utilized (Spear et al., 2011), but details regarding 

precisely the optimal dosage, route of administration and time course of treatment are yet to be 
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elucidated. Though the efficacy of corticosteroid treatment has been established, the therapeutic 

response is sometimes only short-live (Zeitoun et al., 2005), and many negative side effects of steroid 

treatment have been reported (Alexander et al., 2009) . 

Due to myriad side effects associated with current corticosteroid therapy, the search is on for 

other possible immune-regulating pharmacotherapies (Garcia-Berrocal et al., 2006; Harris et al., 2003) . 

Systemic immunosuppressive medications traditionally used to prevent tissue rejection following organ 

transplant such as azathioprine (Lasak et al., 2001) and cancer chemotherapeutics such as methotrexate 

(Matteson et al., 2001; Salley et al., 2001) have both been explored as alternatives to traditional 

corticosteroid treatments for immune-related SNHL. However, the results of these trials are less than 

conclusive in demonstrating efficacy (Harris et al., 2003). Clearly, a search for further alternatives to 

steroid therapy for SNHL should continue. 

1.3.4. Biopharmaceuticals and proposed future treatments of immune-mediated SNHL 

Numerous recent medical advances have provided for a promising outlook on immunotherapy 

to regulate inflammatory responses in the inner ear. Molecular-specific targets have been of particular 

interest to basic scientists and clinicians alike. One of these primary targets is tumor necrosis factor 

(TNF), a large group of inflammatory cytokines responsible for cellular apoptosis. Pharmacotherapies 

such as etanercept (Enbrel ®), a drug designed to treat autoimmune disease by altering the functionality 

ofTNF (Mohler et al., 1993), has been evaluated in the treatment of immune-mediated inner ear 

disorders. Though some evidence has been purported for the efficacy of this biopharmaceutical in 

preventing worsening of hearing loss and in the reduction of tinnitus symptoms in some patients 

(Rahman et al., 2001), the benefit achieved by the administration of this molecule-specific therapy in the 

improvement of hearing has not been confirmed (Cohen et al., 2005; Matteson et al., 2005) . 
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Other biopharmaceuticals have also recently been evaluated for treatment of immune

mediated inner ear disease. Both infliximab (Remicade®) and adalimumab (Humira ®)-two additional 

TNF disruptors (Marovic Vergles et al., 2010; Siddiqui et al., 2005)-have been investigated. Though Liu 

and colleagues (2011) reported no hearing improvement with the administration of infliximab in 

patients with immune-mediated SNHL, Van Wijk et al. (2006) and fellow researchers described 

improvement in hearing thresholds and reduced recurring symptoms in a small cohort of nine patients 

who suffered from inner ear disease who were administered this drug transtympanically. 

Another biopharmaceutical of interest is rituximab (Rituxan ®), which is a medication employed 

in the treatment of autoimmune diseases such as rheumatoid arthritis and certain types of cancer such 

as non-Hodgkin's lymphoma. This molecular-specific agent targets CD20, a cell membrane surface 

protein located on the surface of B cells and affects the ability of these lymphocytes to produce 

antibodies targeting host tissues (Cohen et al., 2011). A pilot study investigating rituximab in the 

treatment of patients with immunity-related hearing loss was conducted by Cohen and colleagues 

(2011), but this study suffers from poor design and lacked a randomized control group. Additional 

evaluation of this biopharmaceutical seems warranted . 

Though numerous therapeutic agents such as corticosteroids and biopharmaceuticals have been 

investigated, in the future, even more aggressive and specific therapies may be available to treat 

immune-mediated inner ear disorders such as pluripotent stem cell transplantation into the inner ear 

(Hakuba et al., 2005; Okano et al., 2006) and gene therapy targeting cochlear mononuclear phagocytes 

(Kesser et al., 2009) . 

1.4. A brief review of LLN damage, cochlear synaptopathy, and hidden hearing loss 

The hearing science community has long known that high-intensity noise produces hearing 

dysfunction (Bohne et al., 2007; Sulkowski et al., 1981; Taylor et al., 1965). Moreover, this knowledge is 
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generally considered common knowledge among laypersons. However, despite high-level noise 

demonstrably inducing physiological trauma to the cochlea, and to the hair cells of the organ of Corti in 

particular, it is in fact low-intensity noises which pervade real world circumstances more commonly. 

Many individuals living in an industrialized society encounter high - intensity noise only infrequently. Yet, 

it is those same individuals who are likely to experience extended durations of exposure to low-intensity 

noise in their everyday lives. By their very nature, industrialized societies produce tremendous amounts 

of environmental noise from sound sources ranging from automobiles to office building air handlers. 

Due to the prevalence and degree of exposure to lower level noise (LLN) we all encounter, an 

understanding of the cochlear changes and acoustic injury resulting from this exposure warrant further 

investigation. 

1.4.1. Hearing dysfunction in the absence of significant hair cell death 

Acoustic trauma induced by high-intensity noise results in the degeneration of sensory cells, and 

this topic has historically received a great amount of scientific study (Bohne et al., 2007; Han et al., 2006; 

Hu et al., 2000; Niu et al., 2003; Wang et al., 2002a; Ylikoski et al., 2002). However, hearing dysfunction 

even the absence of significant hair cell death and threshold shifts has been demonstrated (Furman et 

al., 2013; Kujawa et al., 2009; Schuknecht et al., 1955; Sergeyenko et al., 2013). This hidden hearing loss 

has been purported to underlie (or at the very least be a contributing factor to) a range of symptoms as 

varied as difficulty in speech perception in noisy conditions, tinnitus and hyperacusis (Hickox et al., 2014; 

Schaette et al., 2011), and auditory processing disorders (Bharadwaj et al., 2015) . Many potential causes 

of hidden hearing loss have also been reported, such as damage to the synaptic connections between 

the hair cells and the spiral ganglion and the release of reactive oxygen species in response to noise 

exposure. We know that LLN causes damage, but the biological mechanisms behind this hidden hearing 

loss are not fully understood. 
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1.4.2. Cochlear immunity and its potential connection to hidden hearing loss 

Chronic cochlear stress such as insidious age-related sensory cell degeneration is capable of 

activating the basilar membrane macrophages (Frye et al. , 2017) . This in turn suggests other low-level 

stresses, such as chronic LLN exposure, are capable of provoking cochlear inflammation. The major 

difference between aging stress and LLN stress is the presence of hair cell death in the former and the 

absence of substantial hair cell death in the latter. Despite minimal or negligible sensory cell loss in the 

event of LLN stress, any pro inflammatory cochlear response precipitated by the LLN exposure is likely to 

affect cochlear homeostasis. Therefore, immune activation to long-term LLN holds the potential to 

induce symptoms related to or associated with hidden hearing loss. In fact, it may be that alterations in 

the cochlear immune response to low-intensity noise exposure may be an important underlying cause of 

subclinical hearing dysfunction. 

Acoustic trauma (Kujawa et al., 2006) and LLN exposure (Kujawa et al., 2009) exert long-term 

effects on cochlear homeostasis. Due to the important role that the immune response plays in cochlear 

health, variation in a provoked immune response precipitated by exposure to low-intensity noise 

warrants further investigation. Because the full role both an innate and adaptive cochlear immune 

response play in this long-term effect is yet to be fully understood, studies aimed at a better 

understanding of the molecular processes involved inner ear immune activation subsequent to LLN 

exposure are certainly worthwhile. Such undertakings could help shed light on functional modifications 

within the cochlea . 
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Chapter 2. Pilot Studies and Research Topics 

2.1. Low-level stresses provoke a robust immune response 

Pilot studies conducted in the Hu Lab demonstrated that in addition to acute cochlear 

pathogeneses such as acoustic injury (Fredelius et al., 1990; Hirose et al., 2005; Tornabene et al., 2006; 

Yang et al., 2015), ototoxicity (Ladrech et al., 2007; Sato et al., 2010), and cochlear implantation (Bas et 

al., 2015), low-level, insidious and chronic stresses such as age-related sensory cell degeneration are 

capable of eliciting a strong immune response in inner ear tissues. The findings of these pilot 

observations suggested a substantial alteration to the homeostatic immune conditions seen in young 

healthy ears. The robust cochlear immune activation provided promising preliminary data to warrant a 

full-scale investigation. A brief summary of pilot data demonstrating the immune response to low-grade 

chronic cochlear stress is outlined here. 

2.1.1. Aging cochleae undergoing chronic low-level stress demonstrate elevated ABR thresholds 

ABR thresholds were measured for three ages of C57BL/6 mice using a technique previously 

described by Hu et al. (2012). Thresholds were obtained for frequencies 4, 8, 16 and 32 kHz, and hearing 

sensitivity was demonstrated to decrease with age. Significant threshold shifts were determined for 

frequencies 4, 8, 16 and 32 kHz for 10-12 month old mice (mean shift 16.1 ± 3.0 dB) and 8-32 kHz for 3-5 

month old mice (mean shift 36.8 ± 6.2 dB) compared to baseline (Fig. 2-1, Two-way ANOVA, df = 2, P = 

<0.001, Holm-Sidak post-hoc method for all pairwise comparisons, 10-12 months vs. 1-2 months, P < 

0.001, 3-5 months vs. 1-2 months, P = 0.005). 
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Fig. 2-1 ABR results for three age groups. 

(A) Absolute thresholds are elevated with increasing animal age. (B) Threshold shift was determined to be 

significantly different for intermediate age (3-5 month) and old (10-12 month) animals compared to young 

healthy mice (Two-way ANOVA, df = 2, P = <0.001, Holm-Sidak post-hoc method for all pairwise 

comparisons, 10-12 months vs. 1-2 months, P < 0.001, 3-5 months vs. 1-2 months, P = 0.005) . 

2.1.2. Pilot studies of sensory cell lesions in chronically stressed, aging cochleae 

A previously employed technique (Yang et al., 2015) using phalloidin immunolabeling was used 

to identify f-actin, a filamentous structural protein strongly expressed on the cuticular plates of outer 

hair cells. OHC loss was quantified by counting the number of missing cells. Little to no sensory cell loss 

was measured for young healthy mice (Fig. 2-2A and Fig. 2-3A through C). Intermediate-aged mice (3-5 

months) displayed the early onset of sensory cell loss beginning in the basal extreme of the cochleae 

(Fig. 2-2B and Fig. 2-3A through C) . By 10-12 months of age, cochleae presented with severe sensory cell 

lesion demonstrated by complete OHC loss approximately 80-100% distance from the apex and near

complete to intermittent cell loss occurring 60-80% distance from the apex (Fig. 2-2C and Fig. 2-3A 

through C). These results are consistent with previously reported findings (Henry et al., 1980; Spongr et 

al., 1997). Moreover, this pattern of sensory cell degeneration is consistent with the pattern of the 

functional loss assessed by ABR testing. 
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Fig. 2-2 F-actin staining of outer hair cells in chronically stressed, aging cochleae. 

F-actin labeling of OHCs approximately 50-100% distance from the apex. (A) Typical OHC distribution in a 

young 1-2 month old cochlea showing little to no sensory cell loss. (B) Distribution typical of an 

intermediate-aged, 3-5 month old cochlea displaying the onset of sensory cell degeneration beginning in 

the basal extreme (pointed to by the arrow) and largely isolated to 80-100% distance from the apex. (C) 

10-12 month old cochlea presenting with extensive OHC loss. Note that near complete sensory cell loss 

occurs up to a distance approximately 60% from the apical extreme (arrow) . 
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Fig. 2-3 Sensory cell distribution in a chronically stressed, aging C57BL/6 mouse model 

(A) Distribution of OHC damage along the basilar membrane for young (1-2 month), intermediate-aged 

(3-5 month) and old (10-12 month) mice. Note that by 3-5 months of age, sensory cell lesion begins in the 

basal extreme (80-100% distance from the apex) and advances to the region 40-100% distance from the 

apex in 10-12 month old mice. (B) While sensory cell loss is minimal (though statistically significant) in the 

region 0-50% distance from the apex (One-way ANOVA, df = 2, P = <0.001, Tukey post-hoc all pairwise 

multiple comparison, 10-12 months vs. 1-2 months, q = 16.10, P = <0.001, 10-12 months vs. 3-5 months, 

q = 12.79, P = <0.001, 3-5 months vs. 1-2 months, q = 6.19, P = <0.001), substantial OHC loss is observed 
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with advancing age at distances 50-100% from the apex (C, One-way ANOVA, df = 2, P = <0.001, Tukey 

post-hoc all pairwise multiple comparison, 10-12 months vs. 1-2 months, q = 35.29, P = <0.001, 10-12 

months vs. 3-5 months, q = 25.14, P = <0.001, 3-5 months vs. 1-2 months, q = 17.98, P = <0.001). 

2.1.3. Immune cells demonstrate site-specific morphologies 

Examination into how immune cells beneath the basilar membrane alter their morphological 

phenotypes in the C57BL/6BL/6J mouse animal model which displays early onset sensory cell 

degeneration was conducted. An analysis of the distribution and morphology of immune cells beneath 

the basilar membrane was undertaken for three age groups. CD45, a pan-leukocyte marker, was 

employed to identify tissue macrophages using a previously reported method (Yang et al., 2015). CD45+ 

cells were quantified and morphologically described. In young mice, the region of the basilar membrane 

0-30% distance from the apex is dominated by macrophages presenting with a dendritic phenotype, 

while immune cells displaying an amoeboid morphology are most common 70-100% distance from the 

apex. Intriguingly, mononuclear phagocytes that present with amoeboid morphologies are strongly 

correlated with a heightened inflammatory immune state (Kloss et al., 1999; Peters et al., 1979; Stence 

et al., 2001; Vaughan et al., 1974; Young et al., 1969). In the intermediary region approximating 30-70% 

distance from the apex, macrophages were shown to exhibit a dendritic-to-amoeboid transitional 

phenotype. These observations are consistent with previously reported findings (Yang et al., 2015). 

Though the general trend regarding site-specificity of macrophage phenotype continued to be observed 

for all three experimental groups, deviations in the number of immune cells present in a given region 

along the basilar membrane was determined to vary with age suggesting the long-term low-level stress 

induced by age-related sensory cell degeneration is sufficient to invoke functional status changes in 

cochlear macrophages. 

28 



Aberrant immune states of the inner ear 

Fig. 2-4 CD45 immunolabeling of tissue macrophages in aging cochleae. 

(A) Apical section of a typical 1-2 month old cochlea displaying a minimal number of apical immune cells 

with a dendritic shape. (B) Dendritic macrophages have increased in density in 3-5 month cochleae. (C) At 

10-12 months, apical sections of cochleae demonstrate an abundance of dendritic macrophages with 

enlarged cytoplasmic volume compared to young and intermediate-aged cochleae. (D) Basal portion of a 

typical young healthy cochlea. (E) 3-5 month old cochleae exhibit a considerable increase in the number 

of amoeboid macrophages along the basilar membrane, which parallels the initiation of OHC lesion 

transpiring in the basal portion of the cochlea observed in this age group (see Figure 2-2). (F) A drastic 

reduction in the quantity of tissue macrophages can be seen in the region approximately 50-100% 

distance from the apex in this 10-12 month old cochlea. Notice the clustering of amoeboid immune cells 

in the section nearest the apex (arrow). At approximately 60% distance from the apical extreme, this 

basilar membrane region represents the typical maximally-apical extent of OHC loss detected for cochleae 

observed for this age group. 

2.1.4. Age-related chronic sensory cell degeneration produces changes in the number and distribution 

of tissue macrophages 

With advancing age, changes in the number and distribution of tissue macrophages along the 

basilar membrane is observed. By 3-5 months of age, cochleae display an increase in the average 

number of apical macrophages with a dendritic morphology in the region 0-30% distance from the apex 
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(28.69 ± 3.16), compared to cochleae from young healthy mice (24.55 ± 5.56). The tendency for this 

increase is also detected for 10-12 month old cochleae (30.25 ± 6.18). A statistically significant increase 

in the number of apical dendritic cells was measured for aged compared to young mice (Student's t test, 

t = -2. 71, df = 29, P = 0.011). 

In contrast to the apical increase of the macrophage number, the basal section of the basilar 

membrane (50-100% distance from the apex) exhibits a decline in the total number of immune cells of 

all phenotypes with advancing age. A substantial reduction in the number of tissue macrophages in this 

region occurs in old cochleae (21.75 ± 8.06) compared to young (48.55 ± 15.23), and intermediate-aged 

cochleae (42.5 ± 10.59) (One-way ANOVA, df = 2, P = 0.003, Tu key post-hoc all pairwise multiple 

comparison, 10-12 months vs. 1-2 months, q = 5.30, P = 0.002, 10-12 months. 3-5 months, q = 4.27, P = 

0.014) . Advancing age appears to produce a simultaneous increase in the number of apical macrophages 

and a decrease in the number of basal immune cells in the sensory epithelium, which again implicates 

macrophages in performing a vital role in the regulation of the local cochlear environment in the event 

of low-level cochlear stresses. 

30 



Aberrant immune states of the inner ear 

Fig. 2-5 Typical morphologies of basal turn amoeboid immune cells. 

(A) Amoeboid tissue macrophages beneath the basilar membrane labeled with CD45 in 3-month old 

cochlea. Note the grainy appearance to the staining pattern and the inclusion of several membrane-bound 

vacuoles contained within the cellular cytoplasm (arrow). (B-D) CD45-labeled tissue macrophages (green) 

and nuclear-labeling (red) immediately below the basi lar membrane in 4-month old cochleae. Note the 

lobed, yet single nucleus of the amoeboid macrophage in panel D. Pseudopodia can be observed 

protruding from CD45+ amoeboid cells as slender cytoplasmic projections (arrows B, C) . 
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2.1.5. Amoeboid morphologies predominate in cochlear regions with greatest OHC loss 

Dendritic immune cells (a morphology generally associated with a resting status) predominate 

along the basilar membrane in sections of the cochlea associated with only marginal sensory cell loss (0-

30% distance from the apex; Fig. 2-6B). In contrast, the regions of the basilar membrane associated with 

the greatest degree of OHC loss are also associated predominately with macrophages exhibiting an 

activated amoeboid phenotype (approximately 50-100% distance from apex; Fig. 2-6() . In the middle 

turn of the basi lar membrane (between the regions dominated by apical vs. amoeboid cells) exists 

transitional macrophages phenotypes possessing both some ramified attributes and some globular 

amoeboid characteristics. These phenotypes were qualitatively evaluated with visual inspection of 

general cell shape and this assessment was empirically assisted by the implementation of a circularity 

index to assess gross cellular morphology. Calculation of cellular circularity was acquired using a 

methodology previously reported (Agley et al., 2012) . Briefly, Adobe Photoshop was used to trace cell 

body boundaries. The record observations function provides a measure of circularity with 1.00 indicating 

a perfect circle. This calculation is derived from 4n:(area/perimeter2) . Macrophage morphological 

phenotypes likely potentiate functional changes in immunity related to sensory cell status and degree of 

low-level cochlear stress. 
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Fig. 2-6 Analyses of macrophage under low-level stresses: chronic sensory cell degeneration. 

(A) CD45+ cell distribution (all phenotypes). In the region approximately 0-30% distance from the apex, 

an increase in the number of all immune cells occurred with advancing age (gray shaded area, left). 

Concurrently with increase in age, a decline in the total number of tissue macrophages of all phenotypes 

ensued in the cochlear region representing 50-100% distance from the apex (gray shaded area, right). (B) 

Dendritic immune cell distribution. Apical dendritic cells are shown to predominate 0-40% distance from 

the apex with the greatest density of macrophages of this morphology occurring at a distance 0-30% from 

the apical extreme. (C) Amoeboid immune cell distribution. Though extant at some rate over the region 

30-100% distance from the apex, detailed analysis of amoeboid macrophage distribution reveals the 

greatest density of this phenotype occurs 50-100% distance from the apex. Note the increase in amoeboid 

cells in the region approximately 80-100% distance from the apex in 3-5 month old cochleae compared to 

young and old specimens (gray shaded area). (D) Buildup of apical dendritic immune cells is significantly 

enhanced in aged (3-10 month) compared to young (1-2 month) cochleae (Student's t test, t = -2.71, df = 

29, P = 0.011). Error bars represent standard deviation. (E) All immune cells 50-100% distance from the 

apex decline in number with advancing age. The quantity of immune cells in this cochlear region dwindles 

for 10-12 month old specimens compared to the considerably greater number of these cells observed in 

both 1-2 and 3-5 month old cochleae (One-way ANOVA, df = 2, P = 0.003, Tukey post-hoc all pairwise 

multiple comparison, 10-12 months vs. 1-2 months, q = 5.30, P = 0.002, 10-12 months vs. 3-5 months, q = 
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4.27, P = 0.014). Error bars represent standard deviation. (F) Amoeboid immune cell migration. Location 

of the amoeboid cells in closest proximity to the apical extreme was calculated for 31 cochleae. Significant 

apical advancement of this cellular phenotype along the length of the basilar membrane was detected in 

cochleae from the oldest experimental group (One-way ANOVA, df = 2, P = 0.001, Tukey post-hoc all 

pairwise multiple comparison, 10-12 months vs. 1-2 months, q = 5.48, P = 0.002, 10-12 months vs. 3-5 

months, q = 5.51, P = 0.002). 

2.1.6. A localized increase in macrophage number corresponds to more severe OHC lesions 

Ten cochleae were analyzed to determine the corresponding number of missing OHC and the 

count of immune cells present in the basilar membrane within each individual cochlea. Four cochleae 

showed a substantially increased number of missing OHC (mean 11.3 ± 2.5/150 µm) in the region of the 

basilar membrane 60-70% distance from the apex compared to the remaining six cochleae (mean 5.8 ± 

8.5/150 µm), and this difference is significant (Student's t test, t = 3.98, df = 8, P = 0.004) . In these 

specimens, this particular portion of the sensory epithelium represented newly initiated sensory cell 

degeneration occurring just slightly ahead (i.e., more apically) of the primary OHC lesion occupying 

cochlear regions in closer proximity to the basal extreme. We sought to determine if newly lesioned 

regions of the basilar membrane would demonstrate a differential in immune cell density. Counting the 

corresponding number of immune cells present in the same and immediately surrounding region of the 

basilar membrane where these fresh lesions were initiating (50-90% distance from the apex), produced 

a statistically significant difference in the number of tissue macrophages present in cochleae possessing 

a larger lesion when compared to those with a lesion of reduced size (Fig. 2-7, Student's ttest, t = -2 .50, 

df = 8, P = 0.037). 
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Fig. 2-7 Corresponding cell counts in lesioned region of interest along the basilar membrane. 

Cochleae with a greater number of missing OHC in newly lesioned regions of the basilar membrane exhibit 

a greater quantity of macrophages beneath the basilar membrane in the immediate vicinity of these 

lesions when compared to cochleae with lesions of less severity. Bars represent the mean number of cells 

and error is standard deviation (Student's t test, t = 3.98, df = 8, P = 0.004, indicated by single asterisk, 

Student's t test, t = -2.50, df = 8, P = 0.037, indicated by double asterisks) . 

2.1.7. Immune cell size increases in aged, chronically-stressed cochleae compared to young healthy 

cochleae 

We measured the size of macrophages to determine whether physiological changes arising in 

immune cell morphology is associated with the level of sensory cell loss and therefore the degree of 

physiological stress that a particular cochlea is undergoing. The largest tissue macrophages present 

beneath the basilar membrane were determined for 31 cochleae. Immune cell size was ascertained by 

using image processing software (Adobe Photoshop CS6, version 13.0.1, Adobe Systems, San Jose, CA, 

USA) to trace the perimeter of macrophage bodies . The area as calculated within the cell membrane was 

used as a proxy for immune cell size, and the mean area of the five largest of these macrophages in each 

individual cochlea was employed as a representative sample. A sample size of the five cells from each 

cochlea was selected for analysis because we sought to specifically evaluate the largest amoeboid cells 
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present in this tissue. Though there was some degree of variability in macrophage cell size and shape, 

we were particularly interested in examining the large amoeboid cells that show up only in aging 

C57BL/6BL/6 ears. 

The smallest tissue macrophages were detected among young healthy cochleae (563.96 µm 2 ± 

194.45), while the largest immune cells were uncovered in cochleae 3-5 months of age (1094.32 µm 2 ± 

247.35)-a time point when sensory cell degeneration has been established to be well underway in the 

C57BL/6BL/6 animal model (Spongr et al., 1997). Macrophage size was determined to be similar in the 

10-12 month old age group (1038.40 µm 2 ± 182.564) compared to those specimens of intermediate age 

(3-5 months), and was significantly greater size than was observed for immune cells in 1-2 month old 

cochleae (One-way ANOVA, df = 2, P < 0.001, Tu key post-hoc all pairwise multiple comparison, 3-5 

months vs. 1-2 months, q = 8.58, P < 0.001, 10-12 months vs. 1-2 months, q = 5.15, P = 0.003). 

2.2. Preliminary studies of steady state conditions and immune activation in animal models 

Within the context of acquiring a more thorough and in-depth understanding of immune

mediated pathogeneses and other phenomena within cochlear tissues, several preliminary 

investigations were launched aimed at evaluating both the steady-state conditions of immune cells in 

inner ear tissues. In preparation for a full-scale initiative to better understand the role cochlear 

immunity plays in the event of LLN insult and subsequent hidden hearing loss, several distinct facets of 

knowledge pertaining to immune activation and regulation in cochlear tissues have been revealed and 

are outlined herein. 

2.2.1. Noise traumatizes the cochlea leading to degeneration of sensory cells 

Experiments in the Hu Lab have shown that exposure to high-intensity noise substantially 

damages cochlear hair cells, and we have been able to ascertain the degree of hair cell death in 
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individual cochleae by employing immunohistochemistry to label hair cells with fluorescent immuno-

markers. This technique permits us readily distinguish intact hair cells from dead or severely damaged 

cells. Results from the immunolabeling of proteins associated with both sensory cells and immune cells 

has been consistent, reliable, and specific. Declining hearing sensitivity in mice cochleae that 

demonstrate a high degree of immune cell activation has been detected. Reliable ABR methodology (for 

details, see Hu et al., 2012) demonstrates that pro-inflammatory immune activity in cochlear tissue is 

associated with elevated thresholds and reduced cochlear functional capacity. For the LLN investigations 

in particular, an intermittent long-term LLN exposure paradigm that produced only a temporary 

threshold shift (TTS) was designed and implemented for use with our CBA/CaJ mouse model. 

Fig. 2-8 Apical hair cells labeled using phalloidin 

Hair cells labeled using phalloidin immunohistochemistry in the apical section of a 10-month old naive 

CBA/CaJ cochlea . Note the complete intactness of the sensory cells for entire length of the basilar 

membrane shown (from approximately Oto 50% distance from the apical extreme). 

2.2.2. Macrophages are a sensitive sensor for cochlear stresses 

Results from Hu lab investigations have uncovered vigorous cochlear macrophage activation 

correlated with the stages of sensory cell pathogenesis. Patterns of sensory cell damage have previously 

been determined by employing a commonly used procedure in the Center for Hearing and Deafness (for 
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details, see Yang et al., 2015) . We have revealed that macrophage activities are related to the 

progression of sensory cell pathogenesis along the organ of Corti from the apex to the base of the 

cochlea. Despite the strong correlation between the progression of sensory cell degeneration and the 

activation of cochlear macrophages in the immediate vicinity, whether the immune activation occurs as 

a consequence of the sensory cell degeneration or whether the immune itself is contributor to death of 

sensory cells is yet to be elucidated. Nevertheless, these observations provide strong rationale for the 

selection of macrophages as the indicator of cochlear immune activities/inflammation after exposure to 

LLN. 

Fig. 2-9 Macrophages displaying the dendritic phenotype typical in the cochlear apex. 

A naive 10-month old CBA/CaJ cochlea . Macrophages can be seen with a highly ramified phenotype 

typically found in the apical turn (arrows). 

2.2.3. Chronic sensory cell death triggers transformation of tissue macrophages into activated 

morphologies 

Immune cell activation resulting from changes in the local sensory epithelium tissue (including 

alterations caused by noise exposure) have been captured using immunochemistry to label cells of 

interest. Specifically, pan-leucocyte (CD45) and macrophage specific (F4/80 and lbal) protein markers in 
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conjunction with honed microscopic techniques to examine detailed cellular alterations within cochlear 

tissues were employed. Direct imaging of cochlear cells, including activated macrophages, utilizing 

epifluorescence and confocal microscopy uncovered immune cell morphologies associated with a highly 

activated state including development of amoeboid phenotypes, enlargement of cell bodies, and 

macrophage cellular fusion (Vaughan et al., 1974; Young et al., 1969) . Reliable techniques applying 

epifluorescence microscopy for the identification and analysis of sensory cells (Cai et al., 2014) and 

confocal microscopy to acquire detailed images for the demonstration of particular immune cell 

morphologies (Yang et al., 2015) were established. 

Fig. 2-10 Activated macrophages make physical contact in an aging naive cochlea. 
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Activated macrophages can be seen making physical contact in an aging naive CBA/CaJ 22-month old 

cochlea. This intercellular contact may be an early sign of macrophage cellular fusion or, alternatively, the 

physical exchange of molecular communication between activated macrophages. 

2.3. Preliminary studies of sensory cell damage and functional analyses following lower level 

and traumatic noise exposure 

ABR functional analyses and sensory cell distribution analyses following cochlear stresses were 

performed on CBA/CaJ mice to gain preliminary data about expected hearing sensitivity and organ of 

Corti damage following exposure to 95, 100, and 120 dB noise. 
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Fig. 2-11 ABR threshold pilot data for 100 dB exposure. 

Baseline measures for CBA/CaJ mice using current electrophysiological measures established in the Hu 

Lab. For details see Hu et al. (2012) . Absolute threshold (A) and threshold shift (B) for a 100 dB single two 

hour noise exposure. Statistically significant shifts can be observed for all tested frequencies (4, 8, 16 and 

32 kHz) with the largest temporary thresholds shifts (TTS) detected for 32 kHz (~43 dB) 1 d after noise 
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exposure. By 4 d after noise exposure, thresholds return to within 15-20 dB of baseline measures. 

Absolute threshold (C) and threshold shift (D) for 95 dB for 5 hours per day for 5 days. Statistically 

significant shifts are observed for all test frequencies 1 day after noise exposure. 
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Fig. 2-12 Sensory cell damage in naive, 95 dB 5 h for 5 days noise, and a single dose of 120 dB noise 

(A) Mean distribution cochleograms of CBA/CaJ subjects indicate missing or severely structurally damaged 

hair cells tend to occur in the basal extreme of animals exposed to 120 dB noise for 1 hour. Very few 

sensory cells are missing in either naive animals or animals exposed 95 dB noise for 5 hours per day for 5 

days. (B) A bar graph comparison of the mean number of missing OHC in naive animals, and animals 

exposed to intermittent noise at 95 dB for 5 days and animals exposed to a 120 dB traumatizing noise for 

1 hour. Error bars represent standard deviation. 

Fig. 2-13 Intact sensory cells in the extreme base of an ear exposed to 95 dB for 5 h for 5 days. 
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After repeated doses of 95 dB noise for 5 hours per day for 5 days, the cuticular plate of hair cells 
labeled with Alexa Fluor 488® Phalloidin indicates the presence of hair cells even as far as the basal 

extreme (arrow, upper right) . This indicates that this level of noise for a short duration is not sufficient 

to compromise sensory cell viability. Scale bar= 50 µm. 

2.4. Studies of chemokine-chemokine ligand 2 (CCL2) in mouse cochleae 

Studies to understand the expression pattern of chemokine-chemokine ligand 2 (CCL2)-an 

important cell-cell signaling and immune cell recruitment protein provided for an increased 

understanding of this particular chemokine in naive compared to noise-traumatized ears. Investigation 

of this particular cytokine was undertaken because it is important for macrophage inflammatory activity. 

2.4.1. CCL2 expression in naive ears. 

Fig. 2-14 Naive CBA/CaJ basilar membrane with CCL2 expression in non-immune tissues. 

The expression of CCL2 in mature tissue macrophages is relatively low as no CCL2 expression was observed 

in cochlear mononuclear phagocytes . However, non-immune cells do express CCL2 even under steady-
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state conditions. CCL2 can be seen localized to the stereocilia of sensory cells (small arrows) and the 

Dieters cells (large arrows) in both apical (A) and basal (B) basilar membrane regions. Scale bar= 20 µm. 

2.4.2. CCL2 expression in 120 dB noise traumatized ears 1 day post noise exposure. 

Fig. 2-15 CD45 and CCL2 colocalization in the apex of a CBA/CaJ mouse exposed to 120 dB for 1 hour. 

Pan-leukocyte marker CD45 indicates the anatomic location of apical basilar membrane macrophages. 

Interestingly, following traumatic noise exposure, CCL2 is now seen expressed in cochlear macrophages, 

suggesting a role for this cytokine in the activation of these immune cells subsequent to cochlear stresses. 

Scale bar= 20 µm. 

Fig. 2-16 Differential protein expression patterns in CD45+ and CCL2+ cells in the middle turn of a 

CBA/CaJ mouse exposed to 120 dB for 1 hour at 1 day post noise. 

One macrophage in particular (large arrow) can been seen to express CD45 more strongly compared to 

the larger, relatively weakly stained amoeboid macrophages in the immediately surrounding tissue of 
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the basilar membrane (small arrows). Cells that express CD45 tend to more strongly express CCL2, 

suggesting these two proteins may be co-regulated in cochlear immune cells . Scale bar = 20 µm. 

2.4.3. CCL2 expression in 120 dB noise traumatized ears 4 days post noise exposure. 

Fig. 2-17 CD45+ & CCL2+ cells in the apical turn of CBA/CaJ mouse exposed to 120 dB 4d post noise . 

CCL2 expression is maintained in both macrophages and non-immune cells even 4 days after cessation of 

traumatic noise exposure. Compared to just 1 day post noise, cochleae at 4 days after noise possess a 

greater number of macrophages, and those cells display increased CD45 expression. Scale bar= 20 µm 

Fig. 2-18 CD45 & CCL2 colocalization in an area of high immune activation in the middle turn of a 

CBA/CaJ mouse exposed to 120 dB for 1 hour at 4 days post noise. 

Both large relatively weakly stained amoeboid macrophages and small, brightly stained round immune 

cells can be seen expressing both CD45 and CCL2. Scale bar= 20 µm. 
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Fig. 2-19 Middle turn of a CBA/CaJ basilar membrane with monocyte infiltration and resident tissue 

macrophages 4 days after traumatic 120 dB noise. 

Infiltrated monocytes, newly differentiating cells, and mature tissue macrophages express both CD45 and 

CCL2. Scale bar = 20 µm. 

Fig. 2-20 Middle turn of CBA/CaJ basilar membrane demonstrating massive infiltration of new 

monocytes 4 days after traumatic noise. 

Recently infiltrated monocytes and newly differentiating cells can be seen in an area of the basilar 

membrane lacking any mature tissue macrophages typically seen in these anatomic sites under naive 

conditions . Monocytes/macrophage precursor cells are identified by their small size (substantially smaller 

than tissue macrophages) and their round-to-teardrop shape with a lack of long processes. These cells are 

demonstrating a high degree of immune activity and are expressing both CD45 and CCL2. Scale bar= 20 

µm. 
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Fig. 2-21 CCL2+ immune cells in the middle turn of the basilar membrane of a CBA/CaJ mouse 4 days 

after 120 dB traumatic noise. 

To be certain that the CCL2 expression observed in cochlear macrophages was not caused by bleed

through of the fluorescence excitation and emission overlap between our two fluorophores (488 and 568 

nm). We stained CCL2 with our 488 fluorophore while omitting CD45 immunolabeling. The positive CCL2 

staining pattern of activated macrophages in a traumatized ear confirms the strong expression of the 

monocyte recruiting protein in the immune cells of noise-traumatized cochleae. Scale bar= 20 µm. 

2.5. Studies of cochlear macrophages, their association with nerve bundles of the spiral 

ganglion and their innervation of the inner hair cells 

In order to investigate the influence of macrophage activity on the homeostasis of inner ear 

synaptic connections, several pilot investigations were undertaken to shed light on the relationship 

between the immune cells of the cochlea, the functional capacity of sensory cells, and the health of 

spiral ganglia. We were particularly interested in examining the macrophages in closest physical 

proximity to cochlear sensory tissue. We focused primarily on two anatomic sites. The first site was the 

scala tympani cavity beneath the basilar membrane. We termed the macrophages residing in this region 

basilar membrane macrophages (BM-macrophages). These cells were examined because they are in 
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closest anatomic proximity to the cochlear sensory cells and their innervation by spiral ganglion 

neurons. The second anatomic site we closely scrutinized was the neural region within the osseous spiral 

lamina. Here, macrophages inhabit spaces immediately surrounding the peripheral bundles of ganglion 

neurons. We selected this region because LLN is known to exert adverse effects on spiral ganglion 

homeostasis (Furman et al., 2013; Kujawa et al., 2009; Lin et al., 2011) . 

2.5.1. Macrophages and the physiological relationship with the nerve fibers of the spiral ganglia 

In order to provide anatomic context, immunohistochemistry was used to label the peripheral 

fibers of the spiral ganglia. Signal transducer and activator of transcription 1 (STATl) was found to be 

expressed on the spiral ganglion fibers (Fig. 2-22). The cochlear macrophages of the scala tympani cavity 

(e.g., BM-macrophages) and the macrophages among the neural tissue within the osseous spiral lamina 

present with distinct morphologies and orientations in naive ears. Under steady-state conditions, 

osseous spiral lamina macrophages present with a branched, dendritic morphology. They are oriented 

radially toward the lateral edge of the osseous spiral lamina. BM-macrophages, however, present with a 

dendritic-to-amoeboid morphology in an apical-to-basal, site-dependent manner. They are oriented 

along the curve of the basilar membrane and are generally positioned perpendicular to the osseous 

spiral lamina macrophages. These differences support the idea that these two groups of cochlear 

macrophages (osseous spiral lamina macrophage and BM-macrophages) comprise two different sub

sets of cochlear macrophages. In turn, this might provide for a unique activation and response pattern 

to cochlear stress. 
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Fig. 2-22 STATl labeling of spiral ganglion nerve fibers in a 4m old C57BL/6 cochlea. 

Signal transducer and activator of transcription 1 (STATl) is involved in up regulating genes due to a signal 

by either type I, type 11, or type Ill interferons and can be associated with immune system pro inflammatory 

activation. STATl is expressed strongly in spiral ganglion nerve fibers in both the apical (A) and middle (B) 

turn of an aging C57BL/6 cochlea. Scale bar= 20 µm. 

Fig. 2-23 Mature macrophages of the osseous spiral lamina appear thin with narrow projections 

under steady-state conditions. 

CD45+ macrophages (green) appear in two concentric rows radially aligned and housed among spiral 

ganglion bundles within the osseous spiral lamina. Scale bar= 20 µm. 
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Following traumatic noise exposure, it is well established that BM-macrophages readily change 

their morphology in response to stress (Hirose et al., 2017; Yang et al., 2015). However, we wanted to 

investigate whether noise stress could also activate the macrophages within the osseous spiral lamina. 

We first traumatized ears with 120 dB noise for 1 hour. At 1 day post-noise, tissues were processed. 

Macrophages were labeled with the pan-leukocyte marker CD45, and neural fibers were labeled for 

STATl. Intriguingly, compared to naive conditions, numerous osseous spiral lamina macrophages were 

observed in closer proximity to the hebenulae perforata following noise stress (Fig. 2-24 and 2-25) . 

Moreover, these macrophages were observed making physical contact with the peripheral fibers of the 

spiral ganglia (Fig. 2-24). Additionally, on at least one occasion, an osseous spiral lamina pseudopodium 

(projection) was observed extending from the osseous spiral lamina cavity, through a habenula 

perforata, into the region of the synaptic connection between the nerve fibers and the sensory cells (Fig. 

2-25). Due to these interesting revelations, osseous spiral lamina macrophages were selected for 

continued investigation, particularly in relation to 1) the post-natal development of this population of 

cells (Chapter 4) and 2) the stress response pattern of these cells following extended intermittent lower

level noise exposure (Chapter 5) . 
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Fig. 2-24 Macrophages are in close physiological proximity to spiral ganglion nerve bundles & fibers. 

(A) The spatial relationship between apical spiral ganglion nerve fibers (green) and cochlear macrophages 

(red) is observed. Optical sectioning provides for positive identification of macrophages in the physical 

plane of the nerve bundles of the spiral ganglia housed within the osseous spiral lamina. Scale bar= 20 

µm. (B) A high magnification view illustrates the context of macrophages and spiral ganglion nerve 

bundles. The pseudopodium of an MHCII+ macrophage can be seen accompanying a bundle of spiral 

ganglion nerve fibers through the habenula perforata and projecting into the region of inner hair cell 

innervation (large arrow) . A small point of contact between the macrophage pseudopodium and the nerve 

fiber can also be observed (small arrow). Scale bar= 10 µm. 
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Fig. 2-25 A second view of the spatial relationship between macrophages and nerve fibers of the 

spiral ganglion in the apical portion of the osseous spiral lamina of a 4m C57BL/6 mouse. 

(A) Larger scale view provides spatial context for middle cochlear turn STATl-labeled nerve fibers (green) 

and MHCII+ macrophages (red) Scale bar = 20 µm. (B) A high magnification view allows for a closer 

inspection of an osseous spiral lamina macrophage projecting a pseudopodium toward the basilar 

membrane (arrow) Scale bar= 10 µm. 
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2.6. Studies of immune cells in bone marrow in the apical bony shell of the labyrinth 

Following noise stress, monocytes (macrophage precursor cells) infiltrate cochlear tissue, 

particularly the scala tympani cavity beneath the basilar membrane (Hirose et al., 2005; Yang et al., 

2015). It has been suggested that newly recruited immune cells enter the inner ear from general 

circulation after crossing the tightly controlled blood- labyrinth barrier. However, the precise origin of 

the monocytes infiltrating cochlear tissues following stress has not been conclusively elucidated. Though 

it is certainly possible these cells derive from general circulation, our pilot studies have revealed a 

readily-available and abundant supply of undifferentiated leukocytes in the apical bony shell region of 

the cochlea (Fig. 2-30). This close physical proximity is intriguing and suggests a possible monocyte 

reservoir in the near vicinity of the membranous labyrinth. 

Fig. 2-26 CD45+ bone marrow leukocytes from the apical bony shell of a naive CBA/CaJ mouse. 

Strong CD45 expression and the small round morphology of these leukocytes provides evidence for a 

ready pool of undifferentiated leukocytes in close physiological proximity to the sensory organ of hearing. 

Scale bar= 20 µm. 
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Chapter 3. Dynamic Activation of Basilar Membrane Macrophages in Response 

to Chronic Sensory Cell Degeneration in Aging Mouse Cochleae 

Abstract 

In the sensory epithelium, macrophages have been identified on the scala tympani side of the 

basilar membrane. These basilar membrane macrophages are the spatially closest immune cells to 

sensory cells and are able to directly respond to and influence sensory cell pathogenesis. While basilar 

membrane macrophages have been studied in acute cochlear stresses, their behavior in response to 

chronic sensory cell degeneration is largely unknown. Here we report a systematic observation of the 

variance in phenotypes, the changes in morphology and distribution of basilar membrane tissue 

macrophages in different age groups of C57BL/6BL/6J mice, a mouse model of age-related sensory cell 

degeneration. This study reveals that mature, fully differentiated tissue macrophages, not recently 

infiltrated monocytes, are the major macrophage population for immune responses to chronic sensory 

cell death. These macrophages display dynamic changes in their numbers and morphologies as age 

increases, and the changes are related to the phases of sensory cell degeneration. Notably, macrophage 

activation precedes sensory cell pathogenesis, and strong macrophage activity is maintained until 

sensory cell degradation is complete. Collectively, these findings suggest that mature tissue 

macrophages on the basilar membrane are a dynamic group of cells that are capable of vigorous 

adaptation to changes in the local sensory epithelium environment influenced by sensory cell status. 

Keywords: Macrophage; Hair cells; C57BL/6BL/6J; Cochlea; Aging; Immunity 

55 



Aberrant immune states of the inner ear 

3.1. Introduction 

Under steady-state conditions, mature tissue macrophages are pervasive throughout many 

cochlear partitions including the stria vascularis, the spiral ligament, the spiral ganglion and the basilar 

membrane (Hirose et al., 2005; Lang et al., 2006; Okano et al., 2008; Sato et al., 2008; Tornabene et al., 

2006; Yang et al., 2015). In the event of cochlear stresses, circulating monocytes infiltrate into the 

cochlea. Together with mature, fully differentiated tissue macrophages, these cells participate in all 

phases of pathogenesis . 

Our current understanding of macrophage responses to cochlear stresses is derived primarily 

from studies of acute cochlear pathogeneses including acoustic injury (Fredelius et al., 1990; Hirose et 

al., 2005; Tornabene et al., 2006; Yang et al., 2015), ototoxicity (Ladrech et al., 2007; Sato et al., 2010), 

and cochlear implantation (Bas et al., 2015). Within mere hours following acoustic overstimulation, 

monocytes infiltrate cochlear tissues including the scala vestibuli, modiolous, lateral wall (Du et al., 

2011; Hirose et al., 2005; Sautter et al., 2006; Tornabene et al., 2006; Wakabayashi et al., 2010), 

Reissner's membrane (Sautter et al., 2006), and the basilar membrane (Tornabene et al., 2006; Yang et 

al., 2015) with a particularly manifest increase in the monocyte population having been reported in the 

spiral ligament, scala tympani, and spiral limbus (Du et al., 2011; Hirose et al., 2005; Miyao et al., 2008; 

Sautter et al., 2006; Tornabene et al., 2006) . The pervasive nature of macrophage infiltration into 

cochlear tissues following damage supports the notion that macrophages play a vital role in cochlear 

responses to acute cochlear insult. 

The infiltrating monocytes transform into activated macrophages locally in the cochlea and 

express proinflammatory proteins (Yang et al., 2015) . While the exact functions of infiltrating 

macrophages in cochlear responses to stresses are not clear, several studies have suggested distinct 

roles for macrophages including phagocytosis of cellular materials from damaged or dead hair cells and 
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production of inflammatory molecules (Fredelius et al., 1990; Fujioka et al., 2006; Tornabene et al., 

2006) . 

While macrophage responses to acute cochlear damage have been investigated, the behaviors 

of macrophages in response to chronic sensory cell degeneration are not fully understood. Chronic 

sensory cell degeneration differs from acute sensory cell degeneration in many ways. Whereas OHC 

damage and subsequent monocyte infiltration into the sensory epithelium occur in brief succession to 

acute cochlear insult, chronic sensory cell degeneration presents with chronic inflammation, a slower 

progression of OHC loss, and a protracted activated cochlear immune response. Because of these 

differences, we hypothesize that mature tissue macrophages, and not newly infiltrating macrophage 

cells, play the dominant role in local cochlear immunity in response to chronic alterations in the local 

sensory epithelium environment, particularly in reaction to the slow progression of sensory cell 

degeneration. Due to the important role that the immune response plays in cochlear homeostasis, 

macrophage activities related to chronic sensory cell degeneration warrant further investigation. Such 

an undertaking could help shed light on both the functional changes these cells undergo and 

discrepancies in the cochlear immune response as a function of sensory cell degeneration. 

C57BL/6BL/6J mice have been employed as an animal model for investigations into age-related 

sensory cell degeneration (Henry et al., 1980; Hequembourg et al., 2001; Ison et al., 2007; Li et al., 1991; 

Mikaelian et al., 1974; Shnerson et al., 1981; White et al., 2000; Willott, 1986). This strain of mice 

contains a naturally-occurring gene associated with age-related hearing loss (Erway et al., 1993). Mice 

who are homozygous for the Ahl mutation (C57BL/6BL/6J) display an early (1-2 months of age) onset of 

both hearing loss initiating in the high frequencies (Hequembourg et al., 2001) and sensory cell 

degeneration starting from the basal portion of the cochlea. This sensory cell degeneration progresses 

toward the apical section of the cochlea with increase in age (Harding et al., 2005; Ou et al., 2000) . This 
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slow progression of sensory cell pathogenesis provides an ideal model for investigating how 

macrophages respond to chronic sensory cell degeneration. 

The primary objective of this study was to determine how mononuclear phagocytes beneath the 

basilar membrane respond to chronic sensory cell pathogenesis. We found dynamic changes in both 

macrophage morphology and number in the sensory epithelium of aging cochleae. These changes are 

spatially correlated to the stages of sensory cell degeneration. Importantly, we found that macrophages 

transform into an activated amoeboid morphology preceding the onset of sensory cell pathogenesis. 

These results indicate that sensory epithelium macrophages are an immune sensor for sensory cell 

pathogenesis. Moreover, the finding of proinflammatory activation of macrophages suggests potential 

roles for these immune cells in modulating hair cell degeneration during age-related cochlear 

pathogenesis. 

3.2. Experimental Procedures 

3.2.1. Subjects 

C57BL/6BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA) were utilized in this 

investigation. Both male and female animals were used in the course of this study. Animals were housed 

at the University at Buffalo's Lab Animal Facility and were protected from overt noise exposure for the 

duration of the investigation. Procedures involving the use and care of the animal subjects were 

approved by the Institutional Animal Care and Use Committee of the State University of New York at 

Buffalo. 

3.2.2. Auditory brainstem responses {ABR) 

Auditory brainstem response (ABR) measurements were conducted to assess the auditory 

function in young 1-month old animals (4-6 weeks) before the onset of sensory cell degeneration, and 
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subsequently in intermediate-aged (3-5 months) and old animals (10-12 months), using a method that 

was described in our previous publication (Hu et al., 2012) . Briefly, an animal was anesthetized with an 

intraperitoneal injection of a mixture of ketamine (87 mg/kg) and xylazine (3 mg/kg). Body temperature 

was maintained at 37.5 °C with a warming blanket (Homeothermic Blanket Control Unit; Harvard 

Apparatus). Stainless-steel needle electrodes were placed subdermally over the vertex (non-inverting 

input) and posterior to the stimulated and nonstimulated ears (inverting input and ground) of the 

animal. Elicitation of the ABRs were accomplished with tone bursts at 4, 8, 16, and 32 kHz (0.5 ms 

rise/fall Blackman ramp, 1 ms duration, alternating phase) at the rate of 21/s. The tone-bursts were 

generated digitally (SigGen; TOT) using a digital-to-analog converter (100 kHz sampling rate; RP2 .1; TOT) 

and fed to a programmable attenuator (PAS; TOT), an amplifier (SAl; TOT), and a closed-field 

loudspeaker (CFl; TOT) . Electrode outputs were delivered to a preamplifier/base station (RA4LI and 

RA4PA/RA16B; TOT). Responses were filtered (100-3000 Hz), amplified, and averaged using TOT 

hardware and software. These responses were then stored and displayed on a computer. The ABR 

threshold was defined as the lowest intensity that reliably elicited a detectable response. 

3.2.3. Cochlear tissue collection 

Cochlear tissues were harvested at three time points, 1 month (4-6 weeks), 3-5 months, or 10-

12 months, in a manner reported by Yang et al (2015) . Animals were killed by CO2 asphyxiation and 

subsequently decapitated. The cochleae were quickly removed from the skull and were fixed with 10% 

buffered formalin overnight. The cochleae were dissected in 10 mM Phosphate-buffered saline (PBS) to 

collect the sensory epithelia for subsequent morphological and biological analyses. Further description 

of sample preparation and cell composition of the samples is provided in following sections. 
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3.2.4. lmmunolabeling of macrophage surface markers 

The methods for immune cell staining and image capture have been previously described in 

detail (Yang et al., 2015). lmmunolabeling of CD45 protein, a pan-leukocyte marker, was used to identify 

macrophages and the nature of macrophages was confirmed using a macrophage-specific marker, 

F4/80. After dissection, sensory epithelium tissues were treated with 0.5% Triton X-100 and 10% donkey 

or goat serum albumin in PBS (pH 7.4) for 1 hour at room temperature. Tissues were subsequently 

incubated overnight at 4 °C with a primary antibody (goat CD45 polyclonal antibody, 1:100 AF114, RD 

Inc., Minneapolis, MN, USA or rat anti-F4/80 monoclonal antibody [Cl:A3-1] 1:150, ab6640, Abeam Inc., 

Cambridge, MA, USA). After incubation with the primary antibody, the tissues were rinsed with PBS (3x) 

and incubated in the dark with a secondary antibody (CD45 staining: Alexa Fluor® 488 donkey anti-goat 

lgG, 1:100 in PBS, lnvitrogen, Carlsbad, CA, USA; F4/80 staining: Alexa Fluor® 488 or 594 donkey anti-rat 

lgG, 1:100 in PBS, lnvitrogen) for 2 hours at room temperature. After secondary antibody incubation, the 

samples were rinsed in PBS and then mounted on slides with an antifade medium (Prolong ® Gold 

antifade reagent, lnvitrogen). In order to determine nuclear morphology, certain tissues were 

counterstained with a nuclear dye, propidium iodide (5 µg/ml in PBS) or DAPI (1 µg/ml in PBS). 

The specificity of the primary antibodies used in this study has been previously confirmed by 

Yang et al. (2015): Western blotting was used to confirm the molecular weights of the proteins targeted 

by the CD45 antibody using spleen and lymph node tissues. To prevent false-positive identifications due 

to non-specific labeling of the secondary antibodies, certain samples were incubated with only the 

secondary antibodies . No clear fluorescence in the tissues was found . 

3.2.5. Determination of sensory cell damage 

The assessment of sensory cell damage was accomplished by means of the procedure also 

reported in Yang et al. (2015). The pattern of sensory cell damage was determined by quantifying the 
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number of missing OH Cs along the sensory epithelium from the apex to the base of the cochlea. Tissue 

collection was undertaken at the three time points already described. After cochlear dissection in PBS, 

the sensory epithelium surface preparations were incubated with the staining solution containing Alexa 

Fluor 488 phalloidin (1:75; Applied Biosystems, Foster City, CA USA) in 10 mM PBS at room temperature 

in the dark for 30 minutes. After the staining, the tissue was mounted on a slide. 

3.2.6. Tissue observation and image capture 

The tissues were examined using an epifluorescence illumination microscope (Z6 APO 

apochromatic zoom system) equipped with a digital camera (DFC3000 G microscope camera) that was 

controlled by Leica Application Suite V4 PC-based software (Leica Microsystems, Buffalo Grove, IL, USA). 

The entire length of the sensory epithelium was photographed. To observe detailed structural changes, 

certain samples were further examined and photographed using a confocal microscope (LSMSlO 

multichannel laser scanning confocal image system) with associated ZEN Blue 2012 image processing 

software (Zeiss, Thornwood, NY, USA) utilizing a methodology previously reported (Cai et al., 2014). The 

collected images were processed to improve the clarity of cells. Specifically, we used the functions of 

image adjustment offered in Adobe Photoshop CS6 (version 13.0.1, Adobe Systems, San Jose, CA, USA) 

to enhance image contrast. 

3.2.7. Qualitative and quantitative analysis of macrophage morphology and distribution along the 

basilar membrane 

Macrophages were identified based on their shapes and sizes. These cells are larger than other 

types of leukocytes and have unique shapes including dendritic and amoeboid shapes, or an irregular 

shape with projections. Visualization of these cells were achieved using CD45 immunostaining. The 

nature of macrophages was further confirmed using F4/80 immunostaining. 
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Basilar membrane macrophages, identified as a distinct subset of cochlear macrophages, were 

distinguished from neighboring macrophages (e.g., lateral wall macrophages and modiolus 

macrophages) using the following methods. Bright-field illumination was employed when observing cells 

under epifluorescence illumination microscopy which provided clear visual distinction between the 

sensory epithelium and surrounding cochlear tissues (e.g., lateral wall and modiolus) . During confocal 

microscopy, the application of differential interference contrast (DIC) provided clear visualization of 

tissue orientation which allowed for easy identification of basilar membrane tissues. Only macrophages 

situated within basilar membrane tissues were evaluated for our investigation. Macrophage phenotype 

and distribution were evaluated and described per the following criteria . General shape. A qualitative 

description of immune cell morphology was conducted: e.g., dendritic, amoeboid, transitionary. Cell 

Size. Measurement of cell size was achieved using Adobe Photoshop to trace cell membrane boundaries. 

The area contained within each outlined cell was calculated and employed as a metric to estimate 

cytoplasmic cell area. For each tissue specimen, the area of the five largest cells was averaged to provide 

a single representative number for each individual cochlea . Identification of basilar membrane locality at 

which morphological changes become observable. This was described in terms of both a percentage of 

distance from the apical extreme and as an absolute length (in µm) from this same starting location. 

3.2.8. Data analyses 

Statistical analyses were performed using SigmaPlot (version 10.0.1.25, San Jose, CA, USA) . An 

a-level of 0.05 was chosen to denote significance for all statistical tests. To determine the distribution, 

morphology, and additional physiological characteristics of specific cells, we surveyed cells of interest 

which had been positively stained with known specific protein markers (Phalloidin for OHCs and CD45 

for macrophages) . Positive cells were identified and distinguished from surrounding cochlear tissue by 

their ability to exhibit strong staining patterns in relation to adjacent cells. Distribution cochleograms 

and macrophage-grams were generated by quantifying the number of cells present per unit length along 
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the basilar membrane (150 µm for sensory cells and 450 µm for immune cells). The mean for these 

counts was then computed to produce an average value per unit length. Subsequently, each given unit 

of length was then converted to a percent distance of the total expanse of the basilar membrane from 

the apical extreme to the basal terminus (approximating 6000 µm). For OHCs in particular, we 

undertook the additional step of converting the absolute number of missing cells to percentile of 

sensory cell loss per unit length. Group means were acquired by averaging cell counts per unit across 

specimens for each age group. Comparisons of cellular morphology and cell density across the length of 

the cochlea from apex to basal extreme was made possible by dividing cochleae into an apical 

(approximately 0-50%) and basal sections (50-100% distance from the apex) . Student's t test was 

employed when comparing any two experimental groups (e.g., young vs. aged cochleae). A one-way 

ANOVA was utilized when analyzing variation among three or more groups when examining one 

parameter condition at a time. 

ABR results were evaluated with the application of a two-way ANOVA to define the interplay 

between stimulus frequency and the three subject age groups. The correlation between immune cell 

size and the number of missing sensory cells was determined with the Pearson product moment 

correlation coefficient aimed at revealing the linear relationship between these two variables. 

3.3. Results 

3.3.1. Degeneration of sensory cells in the basal portion of the sensory epithelium with advancing age 

To provide a context for interpreting the findings of macrophage activities in aging cochleae, we 

examined the integrity of sensory cells using phalloidin labeling of f-actin in the cuticular plates of hair 

cells. Loss of cuticular plates demonstrates substantial detriment to the sensory cells, and this method 

was employed to assess the degree of sensory cell damage. We found an age-related sensory cell 
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degeneration initiating at the basal extreme of the sensory epithelium which progresses apically with 

aging (Figs. 3-lA-D). In young mice (1 month), little to no sensory cell loss was found throughout the 

entire organ of Corti. Intermediate-aged mice (3-5 months) displayed the early onset of sensory cell loss 

beginning in the basal extreme of cochleae. By 10-12 months of age, sensory cell lesions further 

expanded with complete OHC loss in the region approximately 80-100% from the apex and near

complete to intermittent cell loss in the region about 60-80% distance from the apex. This increase in 

the numbers of missing cells is statistically significant in both the 3-5 month and 10-12 month groups 

(Fig. 3-lE, One-way ANOVA, F (2, 34) = 343.8, P = <0.001, Tukey post-hoc all pairwise multiple 

comparison, 10-12 months vs. 1 month, q = 36.83, P = <0.001, 10-12 months vs. 3-5 months, q = 26.77, P 

= <0.001, 3-5 months vs. 1 month, q = 17.94, P= <0.001). The finding of the base-dominated sensory cell 

degeneration in C57BL/6BL/6J mice is consistent with the findings of previous studies (Henry et al., 

1980; Spongr et al., 1997). 

We further examined ABR thresholds at the frequencies 4, 8, 16 and 32 kHz to assess auditory 

function. We found an average threshold shift of 16.1 ± 3.0 dB beginning at the middle and high 

frequencies (8-32 kHz) for 3-5 month old mice. The shift expanded to the lowest tested frequency (4 

kHz) and the level of the shift was increased to 36.8 ± 6.2 dB for 10-12 month old mice (Fig. 3-lF, Two

way ANOVA, F (2, 68) = 14.1, P = <0.001, Holm-Sidak post-hoc method for all pairwise comparisons, 10-

12 months vs. 1 month, P < 0.001, 3-5 months vs. 1 month, P = 0.005). This high frequency-dominated 

auditory dysfunction is consistent with the basal sensory cell degeneration . Together, the pathological 

and functional assessments revealed a basal-to-apical sensory cell pathogenesis and a high-to-low 

frequency loss of hearing sensitivity in aging C57BL/6BL/6J mice. 
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Fig. 3-1 Age-related cochlear degeneration in C57BL/6BL/6J mice. 

(A-C) Typical images of F-actin staining using Alexa 488-labeled phalloidin in hair cells approximately 50-

100% distance from the apex where hair cell degeneration occurs. The young 1 month old cochlea (A) 

shows little to no sensory cell loss. The 3-5 month old cochlea (B) displays the loss of sensory cells pointed 

to by the arrow in the basal extreme around 80-100% distance from the apex. The 10-12 month old 

cochlea presents with extensive OHC loss in the basal extreme and near-complete to intermittent OHC 

loss 60-80% distance from the apex (pointed to by the arrow) . Scale bar= 100 lllm. (D) The cochleogram 

showing the distribution of OHC damage along the basilar membrane for young (n = 13), intermediate

aged (n = 20) and old (n = 4) mice. Notice that progressive OHC loss starts from the basal end of the 

cochlea. (E) Comparison of the total number of missing OHCs among the three age groups. A significant 

increase in the number of missing OHCs is observed with advancing age (One-way ANOVA, F (2, 34) = 

343.8, P = <0.001, Tukey post-hoc all pairwise multiple comparison. *** P = <0.001). (F) Comparison of 

ABR thresholds at the 4 tested frequencies among the three age groups (1 month, n = 12; 3-5 months, n 

= 4; 10-12 months, n = 4). The thresholds are significantly elevated above baseline with an increase in age 

(Two-way ANOVA, F (2, 68) = 14.1, P= <0.001, Holm-Sidak post-hoc method for all pairwise comparisons, 

10-12 months vs. 1 month, P < 0.001, 3-5 months vs. 1 month, P = 0.005). 
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3.3.2. Site-specific diversity in macrophage morphology 

Basilar membrane macrophages were identified using immunostaining of CD45, a pan-leukocyte 

marker (Morris et al., 1991), and were confirmed in certain samples using immunolabeling of F4/80, a 

macrophage-specific marker (Fig. 3-2). The macrophages were found on the scala tympani side of the 

basilar membrane. Under normal conditions, these macrophages display a site-specific diversity in their 

morphological phenotypes. The apical region of the sensory epithelium (0-30% distance from the apex) 

is dominated by dendritic macrophages with a slim body and multiple long projections (Fig. 3-3A) . The 

intermediary region approximating 30-70% distance from the apex features macrophages with a 

dendritic-to-amoeboid transitional phenotype (Fig. 3-3B) . The basal region of the sensory epithelium 

(70-100% distance from the apex) is characterized by macrophages with an amoeboid morphology (Fig. 

3-3() . These observations are consistent with the findings of the macrophage diversity described in our 

previous publication (Yang et al., 2015). 
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Fig. 3-2 Colocalization of CD45 {a pan-leucocyte marker) and F4/80 {a macrophage specific marker) 

immunoreactivity in the immune cells of the basilar membrane. 

The tissues were collected from a cochlea of a 4-month old mouse and a cochlea of a 12-month old mouse. 

Notice that in both the apical and basal regions of the basilar membrane, cells that have the macrophage 

morphology display both the CD45 and F4/80 immunoreactivity. This observation indicates that these 

cells are macrophages. Bar= 20 µm. 
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Apical section Middle section Basal section 

Fig. 3-3 CD45 immunolabeling of tissue basilar membrane macrophages in young, 1 month old 

cochleae demonstrating site-specific morphology. 

(A) Apical sections (0-30% distance from the apex) present with ramified, dendritic macrophages. (B) In 

the middle region of the sensory epithelium (30-70% distance from the apex), macrophages display a 

dendritic-to-amoeboid transitionary phenotype. (C) Basal portions (70-100% distance from the apex) are 

dominated by macrophages with an amoeboid morphology. The insets show the high-magnification view 

of typical cells in each section. Scale bars= 75 µm. 

3.3.3. Activation of basilar membrane macrophages in aging cochleae 

To define age-related changes in macrophage activity, we examined the macrophage 

morphology, an essential indicator of macrophage activation. In aging cochleae, apical sections 

continued to feature ramified cells exhibiting a dendritic shape (Fig. 3-4A) with no significant change in 

morphology as compared to young specimens. However, macrophages in the middle and basal regions 

of the sensory epithelium displayed enlarged cell bodies and a grainy appearance with easily visible 

vacuoles and numerous particulate inclusions (Figs. 3-4B and 3-4(). Further, certain macrophages were 

observed to have processes projecting toward adjacent macrophages (larger arrow, Fig. 3-4(), and giant 

macrophages with irregular-shaped nuclei (Fig. 3-4B) were also observed. These changes were observed 

in both the 3-5 month and 10-12 month group samples. 
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To quantify the morphological change, we compared the sizes of macrophages among the three 

age groups. The average size of macrophages in the 1 month old cochleae (564.0 ± 194.5 µm2) was 

significantly smaller than those of the macrophages in both the 3-5 month and the 10-12 month 

cochleae (1094.3 ± 247.4 µm2 and 1038.4 ± 182.6 µm2; One-way ANOVA, F (2, 28) = 19.3, P < 0.001, 

Tukey post-hoc all pairwise multiple comparison, 3-5 months vs. 1 month, q = 8.58, P < 0.001, 10-12 

months vs. 1 month, q = 5.15, P= 0.003; Fig. 3-4D) . 

As in young cochleae, aging cochleae had a few CD45-positive cells showing a small round shape 

that is the monocyte phenotype. The number of these cells was found to be similar between the young 

and the aging samples, suggesting that the aging basilar membrane lacks the infiltration of monocytes. 

Collectively, our observations reveal site-specific changes in macrophage morphology, and this 

morphological transformation is a sign of macrophage activation (Davis et al., 1994; Raivich et al., 1999; 

Stence et al., 2001; Young et al., 1969). 
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Fig. 3-4 Macrophage morphology of aging cochlea. 

(A) The typical macrophage morphology in the apical section of a cochlea collected from a 5 month old 

mouse. The macrophages maintain their dendritic shape with narrow bodies and slim projections. Scale 

bar = 20 µm. (B) Typical macrophages in the middle and basal portion of the sensory epithelium of a 5 

month old mouse. The arrows point to numerous vacuoles of various sizes located within an amoeboid 

macrophage showing an enlarged body and grainy cytoplasm. Scale bar = 20 µm. (C) Image showing 

macrophages with particulate inclusions indicated by the smaller arrows. The larger arrow points to the 

site where two macrophages have established a physical contact. Scale bar = 10 µm. (D) Comparison of 

macrophage sizes among the three age groups. Both intermediate-aged (n = 16) and old (n = 4) cochleae 

exhibit a significant increase in macrophage size compared to young healthy cochleae (n = 11) (One-way 

ANOVA, F (2, 28) = 19.3, P < 0.001, Tukey post-hoc all pairwise multiple comparison. *** P < 0.001, ** P = 

0.003). 

3.3.4. Age-related changes in macrophage numbers 

To further define the age-related changes in macrophage activity, we quantified the number of 

CD45-positive cells as a function of the distance from the apex to the base of the basilar membrane. 

These numbers were compared among the three age groups. 

As compared with the young cochleae, the average number of macrophages per cochlea 

remained unchanged in the 3-5 month group and was decreased in the 10-12 month group (Fig. 3-SA). 
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However, the change was not statistically significant (One-way ANOVA, P > 0.05). Further analysis of the 

macrophage-gram revealed a heterogeneous change in macrophage numbers along the gradient of the 

sensory epithelium (Fig. 3-5B) . In the apical section of the sensory epithelium (0-30% from the apex), the 

average number of macrophages increased from 25 ± 6 at the age of 1 month to 29 ± 3 at the age of 3-5 

months and 30 ± 6 at the age of 10-12 months. The difference between the young and the aging 

cochleae is statistically significant (Fig. 3-5C, Student's t test, t (29) = -2.71, P = 0.011) . In contrast to the 

apical section, the middle section showed no change in the number of macrophages in both aging 

groups (Fig. 3-5B, see the section marked by Middle) . 

The basal section of the sensory epithelium (50-100% distance from the apex) exhibited a 

decline in the total number of macrophages with advancing age. The average number of mature tissue 

macrophages was reduced from 49 ± 15 observed for the young group to 43 ± 11 for intermediate-aged 

group, and further down to 22 ± 8 for the 10-12 month group (Fig. 3-5D, One-way ANOVA, F (2, 28) = 

7.1, P = 0.003, Tukey post-hoc all pairwise multiple comparison, 10-12 months vs. 1 month, q = 5.30, P = 

0.002, 10-12 months vs. 3-5 months, q = 4.27, P = 0.014) . This result suggests a site-dependent 

reorganization of macrophage quantities in the basilar membrane as age increases. 
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Fig. 3-5 Age-related changes in macrophage numbers. 

(A) Comparison of the total number of macrophages across the entire length of the sensory epithelium 

among the three age groups (1 month, n = 11; 3-5 months, n = 16; 10-12 months, n = 4). While there is a 

trend of reduction with an increase in age, the change is not statistically significant (One-way ANOVA, P > 

0.05). (B) Macrophage-gram showing the distribution of macrophages spanning the full length of the 

basilar membrane. Note the non-homogeneous change in macrophage number in different regions of the 

sensory epithelium as a result of advancing age. (C) Comparison of the total numbers of macrophages in 

the apical section between the young (1 month) and aging cochleae (3-12 months). The number is 

significantly increased in aged compared to young cochleae (Student's t test, t (29) = -2.71, * P = 0.011). 

(D) Comparison of the total numbers of macrophages in the basal portion. A progressive reduction in 

macrophage numbers occurs among age groups, and this reduction is statistically significant (One-way 

ANOVA, F (2, 28) = 7.1, P = 0.003, Tukey post-hoc all pairwise multiple comparison, ** P = 0.002, * P = 

0.014). 
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3.3.5. Enhanced macrophage activity in the region of active sensory cell degeneration 

We sought to determine how the changes in macrophage activities were correlated to the 

activity of sensory cell pathogenesis. To this end, we divided the sensory epithelium into three anatomic 

zones representing three stages of sensory epithelium pathogenesis: pre-initiation, active (on-going), 

and complete (Fig. 3-6A) . The pre-initiation stage represents early sensory cell degeneration before the 

onset of hair cell death. The completed stage denotes the terminating stage of sensory cell lesions that 

has culminated in complete or near complete sensory cell degradation. The active stage represents 

active sensory cell degeneration where the onset of hair cell loss is rapidly commencing in the 

intervening region between the zones comprising the pre-initiation stage and the complete stage. 

We quantified the number of missing OHCs in the central region of the active zone of sensory 

cell pathogenesis (see the gray shaded area in Fig. 3-6A) for 10 cochleae from which corresponding 

macrophage numbers were also collected. Based on the numbers of missing OHCs, the cochleae were 

divided into two groups, the lesser damage group and the greater damage group, and the two groups 

displayed a significant difference in the average numbers of missing OHCs (Fig. 3-6B, Student's t test, t 

(8) = -2.50, P= 0.037) . We then quantified the number of macrophages present in the same and 

immediately surrounding region of the basilar membrane where these fresh lesions were initiating (see 

the yellow shaded area in Fig. 3-6A). As expected, the cochleae with greater OHC lesions displayed 

statistically more mature tissue macrophages than the cochleae with less severe OHC lesions, and this 

difference is significant (Fig. 3-6B, Student's t test, t (8) = 3.98, P = 0.004). This observation suggests that 

active sensory cell degeneration leads to enhanced macrophage activity, and therefore, a more robust 

immune response. 
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Fig. 3-6 Three stages of sensory cell pathogenesis: pre-initiation, active and near complete. 

The data are derived from cochleograms showing the distribution of OHC loss for ten 3-5 month old 

cochleae. The number of missing OHC was calculated in the center region of active sensory cell 

degeneration (gray shaded region). This area was selected for the analysis of macrophage numbers 

(acquired from the immediately surrounding regions, shaded yellow) in cochleae demonstrating either 

greater or lesser OHC lesion for Fig. 3-6B. (B) Comparison of macrophage counts in the basilar membrane 

regions with greater and lesser OHC loss. The levels of OHC damage were quantified in the basilar 

membrane region that displayed the active sensory cell pathogenesis (marked with light gray in Fig. 3-6A). 

The macrophages we quantified are all located in and around the region of active sensory cell 

pathogenesis (marked with yellow and light gray in Fig. 3-6A). Cochleae with a greater number of missing 

OHCs (black dots, n = 4) exhibit a greater quantity of macrophages when compared to cochleae with 

lesions of less severity (red dots, n = 6) (Student's t test for missing OHC comparison, t (8) = 3.98, ** P = 

0.004; Student's t test for macrophage comparison, t (8) = -2.50, * P = 0.037) . This observation suggests 

that a greater degenerative activity of sensory cells leads to greater macrophage activity. 

3.3.6. Reduction in macrophage activity in the sensory epithelium region showing complete OHC 

degradation 

We further quantified the number of macrophages in the cochlear region displaying the 

complete stage of sensory cell degeneration (see Fig. 3-6A), and found a significant reduction in the 

number of macrophages as compared to the number of macrophages in the same region of young 

cochleae where no OHC lesion was found (Fig. 3-7A, Student's t test, t (13) = 2.54, * P = 0.025). This 

observation suggests that macrophage activity is reduced once sensory cell degradation is completed. 
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To provide further evidence for the reduction in macrophage activity, we performed a 

correlation analysis to determine how macrophage size changed as a function of the number of missing 

OHCs, a parameter for the size of OHC lesions, in the basal 50% of the sensory epithelium. We found 

that the two parameters were negatively correlated (Fig. 3-7B, Pearson product moment correlation, r 

~= -0.836, P = 0.005), indicating that macrophage size decreases as the size of OHC lesions increases. 

This result is consistent with the finding that macrophage number decreased in the region where OHC 

degradation is completed . These observations suggest that macrophage activity diminishes as sensory 

cell pathogenesis has reached the complete stage of OHC loss. 
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Fig. 3-7 Comparison of macrophages numbers and macrophage size pertaining to OHC loss 

(A) Comparison of macrophage numbers between the basilar membrane regions exhibiting no OHC loss 

(n = 11) and the regions showing complete or near complete OHC loss (n = 4) . The number of macrophages 

in the region showing complete or near complete OHC loss is significantly reduced (Student's t test, t (13) 

= 2.54, * P = 0.025) . (B) Correlation between the size of the five largest immune cells per cochlea and the 

number of missing OHCs in the sensory epithelium region 50-100% distance from the apex. As the 

magnitude of OHC loss increases along the sensory epithelium, the average size of mature tissue 

macrophages decreases (Pearson product moment correlation, r = -0.836, P = 0.005). 
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3.3.7. Amoeboid transformation precedes the onset of sensory cell death 

We sought to determine how the amoeboid transformation of macrophages, a sign of 

macrophage activation, is spatially correlated to the progression of sensory cell lesions as they advance 

apically. The distance along the basilar membrane from the apical extreme to the nearest amoeboid 

macrophages was measured in 31 cochleae. In both the 3-5 and 10-12 month groups, the distribution of 

amoeboid macrophages was more apical than that of OHC lesions (Figs. 3-8A and 3-8B). The average 

percent-distance from the apex to the nearest amoeboid macrophage was 62.6 ± 8.0% in the 3-5 month 

group. The distance was reduced to 46.3 ± 9.2% in the 10-12 month group (Fig. 3-8C, Student's t test, t 

(29) = -2.71, P = 0.011). These results demonstrate that activation of macrophages occurs in the sensory 

epithelium area ahead (more apical) of regions presenting with substantial sensory cell death. 
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Fig. 3-8 Location of amoeboid transformation 

The spatial relationship between the site of amoeboid macrophages and the site of OHC loss in 3-5 month 

old (A) and 10-12 month old cochleae (B). Note that the most-apical locality of amoeboid cells (indicated 

by the left-end blue and red dots of the lines) appears more apical to the site of the cochlear region 

demonstrating any degree of sensory cell pathogenesis (gray shaded area). Each blue or red line projecting 

to the right of each dot shows the distance along the basilar membrane where amoeboid cells are found. 

Each blue or red line represents a single cochlea. The thin gray line above the gray shaded area represents 

standard deviation of OHC loss. (C) Comparison of the distribution areas of amoeboid macrophages 

between the 3-5 month group and the 10-12 month group. The mean location of the most apical 

amoeboid cell for both age groups is indicated by vertical black lines. Macrophage transformation into an 
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amoeboid phenotype was observed to advance apically in 10-12 month old cochleae (n = 4) when 

compared to 3-5 month old (n = 16) specimens, and this difference is significant (Student's t test, t (29) = 

-2.71, P = 0.011). 

3.4. Discussion 

The goal of the current investigation is to determine how basilar membrane macrophages 

respond to chronic sensory cell degeneration in a mouse model of age-related sensory cell 

degeneration. We reveal four major findings. First, it is mature, fully differentiated tissue macrophages 

that are the major type of macrophage populations responsible for the cochlear immune response in 

age-related hair cell degeneration, and newly infiltrated monocytes are rare. Second, the mature tissue 

macrophages display a site-dependent change in their morphology and numbers and these changes are 

related to the dynamic progression of sensory cell degeneration. Third, apical and basal macrophages 

display different phenotypes under steady state conditions and have different response patterns to 

sensory cell degeneration. Finally, mature tissue macrophages are a sensitive internal sensor for early 

sensory cell degeneration. Together, these results suggest that the macrophage-mediated immune 

response is an integral part of the cochlear response to age-related chronic sensory cell degeneration. 

3.4.1. Why are basilar membrane macrophages examined? 

Mature tissue macrophages have been identified in the cochlea under both normal and 

pathological conditions. Though these cells are present in multiple sites within the cochlea, our study 

focused specifically on basilar membrane macrophages positioned immediately beneath the organ of 

Corti on the scala tympani side of the basilar membrane. This decision was made with the following two 

conditions . First, the basilar membrane macrophages are in closest proximity to the sensory cells and 

therefore are more prone to hair cell-related activation. This notion is supported by our finding of robust 

activation of basilar membrane macrophages in reaction to the insidious progression of sensory cell 

degeneration. Second, macrophages in this region reside on the flat surface of the basilar membrane, 
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facilitating a detailed analysis of cell morphology using confocal microscopy. With this experimental 

paradigm, we were able to make multiple novel findings. 

3.4.2. Difference in macrophage responses between acute and chronic sensory cell damage 

Our study reveals the major difference between macrophage responses provoked by acute and 

by chronic cochlear pathogeneses. In the event of acute sensory cell damage induced by ototoxicity, 

immune challenge or acoustic injury, a large number of undifferentiated monocytes from circulation 

expeditiously infiltrate into the cochlea (Hirose et al., 2005; Kaur et al., 2015; Okano et al., 2008; Shi, 

2010; Tornabene et al., 2006; Yang et al., 2015). Therefore, infiltrated macrophages are the major 

executor for the immune activities, including phagocytosis of broken-down cellular material (Fredelius et 

al., 1990) and inflammatory molecule production (Fujioka et al., 2006; Gloddek et al., 2002; Tornabene 

et al., 2006; Yang et al., 2015). In contrast, in the event of chronic sensory cell degeneration, the 

immune response is fulfilled primarily by mature tissue macrophages. This conclusion is supported by 

our finding that, in aging sensory epithelia, infiltrating monocytes are rare and that mature tissue 

macrophages display strong reaction to age-related degeneration. This finding emphasizes the 

importance for mature tissue macrophages in chronic sensory cell pathogenesis. 

3.4.3. Macrophage activity is correlated to the stages of the progression of sensory cell lesions 

We sought to uncover how macrophage activity is influenced by the progressive stages of 

sensory cell pathogenesis . OHC loss in our animal model initiates in the basal portion of the cochlea and 

proceeds apically until the lesion reaches 60% distance from the apex by approximately one year of age. 

Based on this pattern of lesion growth, we categorize the sensory cell pathogenesis into three stages: 

pre-initiation, active and complete (See Fig. 3-6A) . We reveal that macrophage activities are modulated 

by these three stages of hair cell pathogenesis. In the region showing the advanced pathology featuring 

completion or near completion of sensory cell degradation, the number and the size of macrophages are 
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reduced. This suggests that macrophage activity requires signals from sensory cells. Once sensory cell 

loss is completed, the biological incentive for macrophage activity diminishes. 

The sensory epithelium section featuring the active stage of sensory cell degeneration is located 

in the juncture between the regions of severe and minor sensory cell loss. It is not surprising that the 

macrophage number in this region is positively related to the level of sensory cell loss because more 

active sensory cell degradation provokes greater macrophage activity. The tendency for immune cells to 

congregate in greater numbers in the vicinity of more active lesions is likely related to localized 

enhancement of molecular signaling linking macrophage activity to sensory cell status. Macrophage 

detection of sensory cell degradation is likely to be mediated in part by Tlr4, a membrane receptor that 

is capable of binding either extrinsic molecules from bacteria or intrinsic molecules from damaged 

tissues. This speculation is made based on our recent finding that Tlr4 is expressed in basilar membrane 

macrophages and that Tlr4 knockout suppresses the production of inflammatory mediators such as 116 

and inhibits the expression of major histocompatibility complex 11, an antigen presentation molecule in 

macrophages (Cai et al., 2014; Vethanayagam et al., 2016) . 

An unexpected finding of the current study is that activation of macrophages as evidenced by 

amoeboid transformation occurs in the sensory epithelium region where sensory cell lesions are yet to 

initiate. This early activation of macrophages suggests that macrophage activation precedes sensory cell 

death, which in turn suggests that early changes in the immune environment could serve as a triggering 

event for sensory cell pathogenesis. While we do not have further evidence to support this speculation, 

our study reveals that macrophage activity in the sensory epithelium is closely related to the progressive 

status of sensory cell pathogenesis. 
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3.4.4. Potential roles for macrophages in sensory cell pathogenesis? 

The finding of macrophage activity raises an important question as to the functional roles for 

mature tissue macrophages in sensory cell pathogenesis . In non-cochlear tissues, macrophages perform 

essential functions related to tissue homeostasis and pathogenesis. For example, microglia, the resident 

macrophages in the brain, have been shown to play a complex role of either neuroprotection or 

destructive neuronal necrosis and apoptosis, depending on the degree of neurodegenerative insult 

(Aschner et al., 1999; Banati et al., 1993; Bruce-Keller, 1999). Many parallels can be drawn between 

microglia and mature tissue macrophages of the cochlear sensory epithelium. Microglia are present as 

several different phenotypes with each individual morphology believed to perform a distinct 

immunological function (Davis et al., 1994; Raivich et al., 1999). Our results reveal a site-dependent 

morphology of basilar membrane macrophages, suggesting a manifest immune capacity for cells of a 

dendritic shape versus amoeboid cells. While mature dendritic mononuclear phagocytes represent 

primarily latent immune cells engaged in monitoring the local tissue environment (Kreutzberg, 1996), 

cells of an amoeboid morphology have been demonstrated to epitomize a highly activated immune cell 

state (Kloss et al., 1999; Peters et al., 1979; Stence et al., 2001; Vaughan et al., 1974; Young et al., 1969). 

Here we present evidence of site-dependent activation of amoeboid macrophages in regions of the 

sensory epithelium associated with substantial OHC loss, suggesting that amoeboid macrophages are 

activated in response to sensory cell status in the local environment. Scrutinizing these amoeboid cells in 

older specimens revealed extensive morphological transformations associated with the induction of 

proinflammatory mediators. Based on these findings, we suspect that macrophages contribute to 

deterioration of the sensory cell microenvironment. This speculation is further supported by the finding 

that active macrophage transformation occurs in the region of the sensory epithelium where sensory 

cell degeneration has not yet initiated. Our findings suggest that macrophage activities serve as a 

contributing factor for sensory cell pathogenesis, which warrants further investigations. 
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3.4.5. Summary 

Our study reveals that mature tissue macrophages in the sensory epithelium are a group of 

plastic immune cells capable of vigorous adaptation to changes in the local sensory epithelium 

environment influenced by sensory cell status. This nature of macrophages enables them to serve as a 

sensitive immune sensor for sensory cell homeostasis . Moreover, the finding of macrophage activation 

during age-related sensory cell degeneration suggests potential roles for these immune cells in 

modulating hair cell degeneration. Further studies are warranted to elucidate the molecular 

mechanisms for regulating macrophage activity and the functional role of macrophage activity in 

cochlear sensory cell pathogenesis. 
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Chapter 4. Differential Fates of Tissue Macrophages in the Cochlea during 

Postnatal Development 

Abstract 

The cochlea contains macrophages. These cells participate in inflammatory responses to cochlear 

pathogenesis. However, it is not clear how and when these cells populate the cochlea during postnatal 

development. The current study aims to determine the postnatal development of cochlear macrophages 

with the focus on macrophage development in the organ of Corti and the basilar membrane. Cochleae 

were collected from C57BL/6BL/6J mice at ages of postnatal day (P) 1 to P21, as well as from mature 

mice (1-4 months). Macrophages were identified based on their expression of F4/80 and lbal, as well as 

on their unique morphologies. Two sets of macrophages were identified in the regions of the organ of 

Corti and the basilar membrane. One set resides on the scala tympani side of the basilar membrane. 

These cells have a round shape at Pl and start to undergo site-specific differentiation at P4. Apical 

macrophages adopt a dendritic shape. Middle and basal macrophages take on an irregular shape with 

short projections. Basal macrophages further differentiate into an amoeboid shape. The other set of 

macrophages resides above the basilar membrane, either beneath the cells of the organ of Corti or 

along the spiral vessel of the basilar membrane. As the sensory epithelium matures, these cells undergo 

developmental death with the phenotypes of apoptosis. Macrophages are also identified in the spiral 

ligament, spiral limbus and neural tissues. Their numbers decrease during postnatal development. 

Together, these results suggest a dynamic rearrangement of the macrophage population during 

postnatal cochlear development. 

Key words: Development; Immune cells; Basilar membrane; Cochlea; Macrophage; Immunity. 

85 



Aberrant immune states of the inner ear 

4.1. Introduction 

The immune capacity of the cochlea is supported by both professional immune cells and 

resident cells that have immune properties. The professional immune cells consist primarily of 

macrophages (Hirose et al., 2005; Okano et al., 2008; Yang et al., 2015). Resident cells that have immune 

properties include fibrocytes (Adams, 2002; lchimiya et al., 2000; Moon et al., 2006) and cells in the 

organ of Corti, particularly supporting cells (Cai et al., 2014). Macrophages reside in multiple anatomic 

regions of the cochlea, including the spiral ligament, spiral limbus, spiral ganglion, osseous spiral lamina, 

basilar membrane, as well as around the blood vessels of the stria vascularis (Hirose et al., 2005; Lang et 

al., 2006; Okano et al., 2008; Sato et al., 2008; Shi, 2010) . While the precise functions of these cells are 

not clear, the widespread distribution of cochlear macrophages suggests their involvement in 

maintenance of tissue homeostasis and formation of disease conditions in the cochlea. 

The sensory epithelium contains sensory cells that are responsible for converting mechanical 

stimuli to neural signals. These cells are vulnerable to pathological insults. In this region, the basilar 

membrane contains macrophages that survey the homeostasis of the sensory epithelium. Under steady

state conditions, these macrophages reside on the scala tympani side of the basilar membrane and 

display site-specific morphologies (Frye et al., 2017; Yang et al., 2015). In the apical portion of the basilar 

membrane, macrophages have a dendritic shape. By contrast, macrophages have a branched or 

amoeboid shape in the middle and basal portions of the basilar membrane. Macrophages in different 

regions of the basilar membrane also exhibit different expression patterns of immune molecules (Yang 

et al., 2015) and have different response patterns to cochlear stress (Frye et al., 2017) . 

The origin of cochlear macrophages is not completely clear. Under acute stress conditions, 

circulating monocytes infiltrate the cochlea (Fredelius et al., 1990; Hirose et al., 2005; Tornabene et al., 

2006; Wakabayashi et al., 2010; Yang et al., 2015) and differentiate locally into macrophages (Yang et 
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al., 2015). Studies using irradiated mice have shown that cochlear macrophages of adult mice are 

maintained by bone marrow-derived immune cells (Okano et al., 2008; Shi, 2010). These observations 

suggest that circulating monocytes contribute to the macrophage population in the cochlea. At present, 

it is not known when and how macrophages populate the basilar membrane during postnatal 

development. The identification of the origin of tissue macrophages is important for understanding their 

functional roles in cochlear homeostasis and disease formation. 

Under steady-state conditions, the organ of Corti of mature cochleae is known to lack 

macrophages (Du et al., 2011; Hirose et al., 2005; Okano et al., 2008; Yang et al., 2015). However, it is 

not clear whether developmental macrophages are present during postnatal cochlear maturation. Given 

the role of macrophages in tissue maturation, we hypothesize that developmental macrophages are 

present in the organ of Corti during postnatal development of the sensory epithelium. 

The current study was designed to determine: (1) when macrophages populate the basilar 

membrane and acquire their site-specific morphology and (2) whether macrophage populations are 

present in the organ of Corti during postnatal development. We demonstrate that distinct macrophage 

populations are present in the basilar membrane and the organ of Corti during the postnatal 

developmental period. One population resides on the scala tympani side of the basilar membrane. 

These cells have a monocyte-like morphology and are present at birth. They differentiate into mature 

macrophages in a site-dependent fashion. The other population is found on the organ of Corti side of 

the basilar membrane. These cells are short-lived and undergo developmental death, which coincides 

with the maturation of the sensory epithelium. In addition, macrophages are present in the spiral 

ligament, spiral limbus and neural region. Their numbers decrease with the maturation of the cochlea. 

Together, these results implicate developmental macrophages in the postnatal remodeling of the 

sensory epithelium. 
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4.2. Materials and Methods 

4.2.1. Subjects 

C57BL/6BL/6J mice (both male and female, the Jackson Laboratory, Bar Harbor, ME, USA and 

Japan SLC Incorporated, Shizuoka, Japan) were utilized in this investigation. Breeding mice were housed 

at the University at Buffalo's Lab Animal Facility and were protected from excessive noise exposure for 

the duration of the investigation. Procedures involving the use and care of the animal subjects were 

approved by the Institutional Animal Care and Use Committee of the State University of New York at 

Buffalo and by the Animal Care and Use Committee of Kagawa University. 

4.2.2. Cochlear tissue collection 

Cochlear tissues were harvested at multiple periods during postnatal development, including 

postnatal day 1 (Pl)-4, P7-10, P17-21, as well as from mature mice at the age of 1-4 months. At least 12 

mice were utilized at each period. Animals were euthanized by CO2 asphyxiation and subsequently 

decapitated. The cochleae were quickly removed from the skull and fixed with 10% buffered formalin for 

1 day. The cochleae were decalcified with 10% Ethylenediaminetetraacetic acid at 4 °C for 1 day and 

then were dissected in 10 mM phosphate-buffered saline (PBS) to collect the whole-mounts for 

subsequent analyses. 

4.2.3. lmmunolabeling of immune cells 

lmmunolabeling of CD45 protein, a pan-leukocyte marker, was used to visualize immune cells. 

Macrophages were identified based on their expression of F4/80 and lbal, macrophage-specific marker 

proteins that have been used in previous studies for identifying macrophages in the cochlea (Fujioka et 

al., 2006; Hirose et al., 2005; Okano et al., 2008; Tornabene et al., 2006). Macrophage identity was 

further determined by morphological analysis. These cells are large and have an irregular or branched 
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shape. Macrophage precursors were identified based on their expression of Ly6C, a monocyte marker 

protein . These cells express F4/80, but the level is lower than that in macrophages (Austyn et al., 1981). 

After dissection, whole-mount preparations were treated with 0.5% Triton X-100 to 

permeabilize the cells for 30 min at room temperature, and then with 10% donkey or goat serum 

albumin in PBS (pH 7.4) for 1 hat room temperature. The tissues were subsequently incubated 

overnight at 4 °C with a primary antibody or two primary antibodies (goat CD45 polyclonal antibody, 

1:100, AF114, RD Inc., Minneapolis, MN, USA; rat anti -F4/80 monoclonal antibody, 1:150, ab6640, 

Abeam Inc., Cambridge, MA, USA; rabbit anti-lbal monoclonal antibody, 1:200, ab178846, Abeam Inc., 

Cambridge, MA, USA; Anti-Ly6C monoclonal antibody, 1:100, sc-271811, Santa Cruz Biotechnology Inc., 

TX, USA). After incubation with the primary antibody, the tissues were rinsed 3 times with PBS and 

incubated in the dark w ith a secondary antibody or two secondary antibodies (Alexa Fluor® 488 or 568 

donkey anti-goat, rat or rabbit lgG, 1:100 in PBS, lnvitrogen, Carlsbad, CA, USA) for 2 hat room 

temperature. 

The specificity of CD45, lbal and F4/80 primary antibodies used in this study was confirmed in 

our previous studies. Briefly, Western blotting of lysates from spleen and lymph node tissues was used 

to confirm the molecular weights of the proteins targeted by the CD45 antibody (Yang et al. , 2015). The 

lbal antibody has been used for identification of macrophages in oral tissues in Dr. Sharma's laboratory 

(unpublished observations) and for identification of macrophages/microglia reported in a recent 

publication (Wang et al., 2017) . The specificity of the Ly6C antibody was examined by immunostaining of 

bone marrow monocytes. To prevent false positive identifications due to non-specific labeling of the 

secondary antibodies, certain samples were incubated with only the secondary antibodies, and no clear 

fluorescence was observed. 
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4.2.4. lmmunolabeling of the basement membrane and the cell membrane 

To determine macrophage locations, we used the basement membrane as a landmark to 

separate the organ of Corti and mesothelial cells. The basement membrane was visualized using the 

immunoreactivity of ltga3, the alpha subunit of a transmembrane receptor for collagens. We also used 

E-cadherin to illustrate the membrane of Hensen and Claudius cells (Cai et al., 2012) . After dissection, 

whole-mount preparations were treated with 0.5% Triton X-100 for 30 min at room temperature to 

permeabilize the cells for 30 min at room temperature. The tissues were subsequently incubated 

overnight at 4°C with an anti-ltga3 primary antibody (lntegrin a3 monoclonal antibody, 1:100, sc-7019, 

Santa Cruz Biotechnology Inc. Dallas, TX, USA) or an anti-E-cadherin antibody (rat monoclonal anti-E

cadherin antibody, 1:100, sc-59778, Santa Cruz Biotechnology Inc.). After incubation with the primary 

antibody, the tissues were rinsed 3 times with PBS and incubated in the dark with a secondary antibody 

(Alexa Fluor® 568 Goat anti-rat or anti-mouse lgG, 1:100 in PBS, lnvitrogen, Carlsbad, CA, USA) for 2 hat 

room temperature. Both the ltga3-stained and the E-cadherin-stained tissues were stained again with 

CD45, as described above. 

4.2.5. lmmunolabeling of ganglion neurons and their fibers 

To determine the location of macrophages, we used spiral ganglion neurons and their peripheral 

and central processes as a landmark for identifying macrophages in neural regions. Ganglion cells and 

their fibers were observed using the immunoreactivity of tubulin, the dimeric structural protein of 

microtubules, using a method that has been described in our previous publications (Ding et al., 2011; 

Ding et al., 2013) . After dissection, whole-mount preparations were incubated overnight at 4°C with an 

anti-Tubulin antibody (Rabbit anti-Tubulin, ab59680, Abeam Inc., Cambridge, MA, USA) diluted in 1% 

Triton X-100 and 5% donkey serum in 0.1 M PBS (1:100). The tissues were counterstained with the CD45 

or F4/80 primary antibody as described above. After incubation with the primary antibodies, the tissues 

were rinsed 3 times with distilled water and incubated for 2 hours at room temperature with secondary 
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antibodies (Alexa Fluor® donkey anti-rabbit lgG and Alexa Fluor® donkey anti-goat lgG, 1:100, A10042, 

Life Technologies, Grand Island, NY, USA) in 1% Triton X-100 and 5% donkey serum in 0.1 M PBS. The 

specificity of the primary antibody was confirmed in our previous publications (Ding et al., 2011; Ding et 

al., 2013) . 

4.2.6. Nuclear staining 

Propidium iodide (Pl, P3566, ThermoFisher Scientific) or 4',6-Diamidine-2'-phenylindole 

dihydrochloride (DAPI, D1306, ThermoFisher Scientific) was used to label the nuclei of cells to illustrate 

the orientation of tissue structures and to define cell death. After immunostaining, the tissues were 

rinsed in PBS and counterstained with Pl (5 µg/ml in PBS) or DAPI (1 µg/ml in PBS) for 10 min. 

4.2.7. Assessment of caspase activity 

To confirm that developmental death of macrophages within the organ of Corti, we examined 

the activity of caspase-3, a primary executioner of apoptosis that has been used in our previous studies 

to identify apoptotic cells (Hu et al., 2002; Zhang et al. , 2017). Caspase activity was assessed with a 

caspase-3 assay kit (CaspGLOW Fluorescein Active Caspase-3, K183-25, BioVision, Milpitas, California, 

USA). The staining was performed in ex vivo. The animals (n=3; two at PlO and one at P17) were 

sacrificed and the cochleae were collected. The bony shell of the cochlea facing the middle ear cavity 

was removed to expose the sensory epithelium. The tissue was placed in the caspase-3 staining solution 

(1:300 dilution with 10 mM PBS) and was incubated at 37 °C for 40 min. After staining, the cochleae 

were fixed with 10% formalin overnight and then dissected to collect the whole-mount preparations. 

The tissues were counterstained with Pl as described above. 

4.2.8. Tissue observation and image acquisition 

The entire length of the cochlear whole-mount preparation was examined using an 

epifluorescence illumination microscope (Z6 APO apochromatic zoom system, Leica Microsystems, 
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Buffalo Grove, IL, USA) equipped with a Leica digital camera (DFC3000 G microscope camera) and 

controlled by Leica Application Suite V4 PC-based software. To visualize detailed structures, the tissues 

were further examined and photographed using a confocal microscope (LSMSlO multichannel laser 

scanning confocal image system, Zeiss, Thornwood, NY, USA) . At each site of interest, a series of 

confocal images covering the entire thickness of the tissues was collected . 

The collected images were processed using ZEN Blue 2012 image processing software (Zeiss, 

Thornwood, NY, USA) utilizing a previously reported methodology (Yang et al., 2015). Some collected 

images were further processed to improve the contrast and clarity of cells using the "Levels Adjustment" 

and "Despeckle" functions offered in Adobe Photos hop CS6 (version 13.0.1, Adobe Systems, San Jose, 

CA, USA) to correct the tonal range and reduce image noise. This image-processing step did not create 

any analytical bias, because the focus of this study was to examine macrophage morphologies, not the 

expression levels of macrophage marker proteins . 

4.2.9. Scanning electron microscopy 

Scanning electron microscopy was used to reveal the morphology of the macrophages on the 

surface of the basilar membrane in adult mice (1-4 months) . Animals were sacrificed and the cochleae 

were fixed with 2% glutaraldehyde in 0.1 M phosphate buffer first at room temperature for 1 hand then 

at 4 °C for overnight. The cochleae were decalcified with 10% Ethylenediaminetetraacetic acid at 4 °C 

for 5 days and dissected to expose the scala tympani side of the basilar membrane. The tissues were 

dehydrated through a graded series of ethanol (30%, 50%, 70%, 85%, 95%, and 100%) and then with 

100% hexamethyldisilazane. The tissues were examined and photographed using a scanning electron 

microscope (SU-70, Hitachi, Japan). 
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4.2.10. Quantitative analysis of cochlear macrophages 

We examined cells of interest that had been positively stained with known specific protein 

markers (either pan-leukocyte marker CD45 or murine macrophage marker F4/80 or lbal) . Positive cells 

were identified and distinguished from surrounding tissue by their ability to exhibit strong 

immunoreactivity in relation to adjacent cells. 

The numbers and sizes of macrophages were analyzed in the following anatomic sites of the 

cochlea: the basilar membrane, the organ of Corti, spiral ligament, and spiral limbus, as well as the 

neural region in the osseous spiral lamina, ganglion neurons and modiolus. Each subset of the neonatal 

cochlear macrophage population was distinguished from neighboring macrophages using bright-field 

illumination when observing cells under epifluorescence illumination microscopy or using differential 

interference contrast view when confocal microscopy was used. These techniques provided clear visual 

delineation between distinct cochlear partitions (i.e., spiral limbus, spiral ligament and lateral wall) . For 

the neural region, tubulin staining was used to illustrate ganglion cell bodies and their peripheral and 

central processes. Only macrophages residing within a particular cochlear partition were included in the 

macrophage distribution analysis for that delimited tissue region. Specifically, basilar membrane 

macrophages (BM-macrophages) are defined as the macrophages that reside on the scala tympani side 

of the basilar membrane. Organ of Corti macrophages (QC-macrophages) are defined as the 

macrophages that reside between the cells of the organ of Corti and the basement membrane. Osseous 

spiral lamina macrophages are defined as the macrophages that are located in the region around the 

peripheral nerve bundles of ganglion neurons. 

Macrophage number in each anatomic site was quantified. To quantify the macrophage number 

in the regions of ganglion cell bodies and modiolus, we merged confocal images covering a tissue 

thickness of 4 lllm in these anatomic sites. To compare the distribution patterns of macrophages along 

the length of the cochlear turns, we divided the whole-mount preparation into the apical, middle and 

93 



Aberrant immune states of the inner ear 

basal regions (approximately, 10-30%, 40-60%, and 80-100% from the apex, respectively). The number 

and the diameter of macrophages were quantified using images collected with confocal microscopy or 

epifluorescence microscopy. The number of macrophages at each region was counted and the mean for 

these counts was then computed to produce an average value per unit length (1 mm) or area (0.1 mm2) 

for each pre-delimited cochlear partition. 

Diameter measurements were performed for macrophage precursor cells at Pl and in adult 

mice. If a cell was not in a perfect round shape, the diameter was measured by taking the average of the 

height and width of the cell. For each region, 5-10 cells were measured and the values were averaged to 

provide a single representative number for each individual sample. The numbers were averaged within 

groups to generate the group means and standard deviations. 

4.2.11. Data analyses 

Group means were acquired by averaging measurements per unit length or area across cochleae 

for each experimental condition . Group means were statistically compared with a two-tailed Student's t 

test, one-way or two-way ANOVA (see the Results section for details) using SigmaStat (Version 3.5) (San 

Jose, CA, USA) or Graph Pad Prism (Version 5) (La Jolla, CA, USA) . An a-level of 0.05 was selected for 

significance for al I statistical tests. 

4.3. Results 

Immune cells were identified using immunolabeling of F4/80 (a macrophage marker protein), 

lbal (a macrophage marker protein), Ly6C (a monocyte marker protein) and CD45 (a pan-leukocyte 

marker) . The tissues were stained with one or two antibodies to identify immune cells. Because the 

immunoreactivity of CD45 was much stronger than that of other marker proteins, we used CD45 staining 

to illustrate macrophage morphology in the current study. 
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4.3.1. The basilar membrane and the organ of Corti contain immune cell populations 

The cochlear whole-mount sensory epithelium preparation contains CD45-positive cells in 

multiple tissue partitions (Fig. 4-lA) . We first examined the CD45-positive cells in the organ of Corti and 

the basilar membrane. To determine the precise location of CD45-positive cells, we additionally stained 

the tissues with Pl or DAPI to illustrate nuclei or with an antibody against ltga3 to illustrate the 

basement membrane. Using confocal microscopy, we found that CD45-positive cells were present in two 

locations relevant to the mesothelial cells and the basement membrane. One was on the scala tympani 

side of mesothelial cells (Figs. 4-1B and 4-lC). The other was on the organ of Corti side of the 

mesothelial cells (Figs. 4-1B and 4-lE). Some of these cells were found between the cells of the organ of 

Corti and the basement membrane (Figs. 4-lC and 4-1D) and others were found along the spiral vessels 

(Figs. 4-1B and 4-lE) . Noticeably, the cells in different locations underwent distinct developmental 

changes and had different fates that will be described in the following sections. 
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Fig. 4-1 Distribution of CD45-positive cells in the basilar membrane and the organ of Corti. 

A. Cochlear whole-mount sensory epithelium preparation at P4 illustrating CD45-positive cells in multiple 

tissue partitions, BM = basilar membrane, OSL = osseous spiral lamina, GN = ganglion neurons. 8. A side 

view of a whole-mount surface preparation . The image was projected from a series of confocal images of 

a whole-mount preparation from a cochlea at P7. Red fluorescence represents the staining of Pl, which 

binds to nuclear DNA and cytoplasm RNA for illustration of both the nuclei and cytoplasm of cells. The 

green fluorescence represents CD45 immunoreactivity. The arrows point to the CD45-positive cells that 

reside in the organ of Corti side of mesothelial cells and the double-arrow indicates a CD45-positive cell 

on the surface of mesothelial cells facing the scala tympani. C. A side view of a whole-mount preparation 

showing the immunostaining of the basement membrane from a cochlea at P17. The basement 
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membrane was illustrated using ltga3 immunoreactivity (red fluorescence pointed by the arrow). The 

double-arrow points to a CD45-positive cell that resides on the organ of Corti side of the basement 

membrane. D. A side view of the whole-mount preparation showing the spatial relationship between a 

CD45-positive cell and organ of Corti-cells in a cochlea at P17. E-cadherin immunoreactivity (red 

fluorescence) is used to illustrate cell membrane. DAPI (blue fluorescence) is used to illustrate nuclei. 

Notice that CD45 immunoreactivity (green fluorescence pointed by the double-arrow) is adjacent to 

Hensen and Claudius cells pointed by the arrow. E. Schematic drawing showing the locations of CD45-

positive cells in the basilar membrane and the organ of Corti. 

4.3.2. Differentiation of basilar membrane immune cells 

CD45-positive cells were found on the surface of the sea la tympani side of the mesothelial cells 

at Pl. These cells were distributed across the entire length of the basilar membrane. To define their 

developmental changes, we quantified the numbers at three basilar membrane sites (the apex, middle 

and base) and at multiple developmental periods. The average number per 1 mm length of the basilar 

membrane decreased from 35.4 ± 6.4 during the Pl-4 to 26.2 ± 6.5 at PlO and to 16.8 ± 2.4 during P17-

21 (Fig. 4-2A) . This reduction is statistically significant (two-way AN OVA; F = 22.3; df = 2,36; P < 0.001; 

Tukey test: Pl-4 vs. PlO, P = 0.006; PlO vs. P17-21, P = 0.005) . The analysis also revealed that the 

average number of CD45-positive cells in the apical region (31.9 ± 11.7) was slightly, but statistically, 

higher than those in the middle and basal regions (24.1 ± 8.2 and 22.4 ± 8.3; F = 6.5, df = 2,36; P = 0.004; 

Tukey test: apical region vs middle region: P = 0.005; apical region vs. basal region: P = 0.023; Fig. 4-2B) . 

To determine the identity of CD45-positive cells, we doubly stained the tissues with CD45 and F4/80 or 

with CD45 and lbal. The immunoreactivity of F4/80 and lbal was detectable at Pl, however, the 

intensity of immunoreactivity became stronger at later time points ( Fig. 4-3). The majority of CD45-

positive cells (80% ± 9) display strong F4/80 and lbal immunoreactivity, suggesting that these cells are 

macrophages. 

CD45-positive cells displayed a round shape with limited cytoplasm and a round nucleus at Pl (Fig. 4-

4A). The average diameter of these eel Is is 14.5 ± 1.5 µm2. To provide a context for assessing the size, 

we measured the size of monocyte precursor cells in mature cochleae following acoustic 
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overstimulation in our previous investigation (Yang et al., 2015). Postnatal cells are significantly larger 

than monocyte precursor cells (14.48 ± 1.54 vs. 8.71 ± 0.54 µm2; two-tailed Student's t-test, t (17) = 

15.11; P < 0.0001; Fig. 4-4B) . Noticeably, CD45-positive cells exhibited heterogeneous CD45 

immunoreactivity around the nuclei, forming a patch of immunoreactivity in one side of the cells. At P4, 

some CD45-positive cells became elongated or acquired an irregular shape (Fig. 4-4() . 
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cells with postnatal development CD45-positive cells 
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.c .c 
E E 
:::, :::, 
z 0 z 0 

P1-4 P10 P17-21 Apex Middle Base 

Postnatal age Postnatal age 

Fig. 4-2 Comparisons of the numbers of CD45-positive cells among different postnatal periods and 

anatomic sites of the basilar membrane. 

A. Comparison of the average numbers of CD45-positive cells among three postnatal periods (n = 5 

cochleae). There is a statistically significant reduction in the number of CD45-positive cells from Pl-4, to 

PlO, and to P17-21 (two-way ANOVA; F = 22.3; df = 2,36; P < 0.001; Tukey test: Pl-4 vs . PlO, P = 0.006; 

PlO vs. P17-21, P= 0.005). 8. Comparison of the average numbers of CD45-positive cells among the apical, 

middle and basal regions of the basilar membrane (n = 5 cochleae). The number of apical cells is slightly, 

but significantly, higher than those in the middle and basal regions (two-way AN OVA; F = 6.5, df = 2,36; P 

= 0.004; Tu key test: apical region vs. middle region: P = 0.005; apical region vs. basal region: P = 0.023) . 
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Fig. 4-3 Most CD45-positive cells on the surface of the basilar membrane express macrophage marker 

proteins. A, Band C. 

A, 8 and C. Double staining CD45 and F4/80 in a cochlea at P4. D, E and F. Double staining CD45 and lbal 

in a cochlea at PlO. Notice that the majority of CD45-positive cells exhibit F4/80 and lbal 

immunoreactivity. The scale bar presented in 8 is applicable to all of the following images. 
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Fig. 4-4 Differentiation of CD45-positive cells on the surface of the basilar membrane from Pl to P4. 

A. Image showing the morphology of CD45-positive cells at Pl. These cells are round with limited 

cytoplasm (arrows). The dark area within each cell is the nucleus, which is also round in shape. 8. 

Comparison of the diameters of the CD45-positive cells and macrophage precursor cells. The size of 

macrophage precursor cells was measured from the basilar membranes collected during our previous 

investigation of cochlear responses to acoustic injury (Yang et al., 2015) . Postnatal CD45-positive cells are 

larger than macrophage precursor cells (two -tailed Student's t-test, t (17) = 15.11; P < 0.0001). n = 4 

cochleae for the Pl-2 group and n = 5 cochleae for the mature cochleae group. C. Image showing the 

morphology of CD45-positive cells at P4. Some CD45-positive cells possess an irregular or elongated shape 

(arrows) . 
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Apex Base 

Fig. 4-5 Apical and basal CD45-positive cells on the surface of the basilar membrane acquire different 

morphologies from PlO to maturation. 

A and 8. Images showing the typical morphologies of CD45-positive cells at PlO. The apical and basal 

CD45-positive cells show different morphologies. In the apical portion of the basilar membrane, CD45-

positive cells show multiple projections with different lengths (arrows in panel A). In the basal portion, 

CD45-positive cells display irregular shapes (arrows in panel B). Some have projections, but these 

projections are usually short. C and D. Images showing CD45-positive cell morphologies at P17. In the 

apical portion of the basilar membrane, the cells display a dendritic shape. In the basal portion, the 

projects of the cells are short and thin. E and F. Images showing typical CD45-positive cell morphology at 

5 weeks. The apical cells retain their dendritic shape, whereas the cells in the basal extreme (80-100% 

distance from the apex) acquire an amoeboid shape. G and H. Typical morphologies of macrophages 

revealed by scanning electron microscopy. Notice that the apical macrophage displays a long and thin 

body (panel G). The macrophage from the basal region displays a bulky shape (panel H). Scale bars in A to 

F = 20 µm. Scale bars in G and H = 10 µm. 
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By PlO, the morphologies of CD45-positive cells started to diverge in a site-specific fashion . In 

the apical region, macrophages displayed multiple projections (Fig. 4-5A), whereas in the basal region, 

they showed an irregular shape with fewer projections (Fig. 4-5B) . The difference between the apical 

and basal CD45-positive cells became more distinctive at P17 (Figs. 4-5C and 4-5D) . The apical cells 

appeared dendritic in shape with multiple long processes. In contrast, the basal cells only had short, thin 

projections. In mature cochleae (5 weeks), the apical-basal distinction became even more evident. The 

long processes of the apical cells remained (Fig. 4-5E), while the processes of basal cells were shorter 

and the amoeboid shape was common in the basal extreme (approximately 80-100% distance from the 

apex; Fig. 4-5F) . These site-specific differences were also evident in the scanning electron micrographs 

of mature macrophages (7 weeks; Figs. 4-5G and 4-5H). Together, these observations suggest that apical 

and basal macrophages differentiate locally into their mature phenotypes. 

4.3.3. Developmental death of QC-macrophages 

It has been reported that the mature organ of Corti lacks tissue macrophages (Du et al., 2011; 

Hirose et al., 2005; Okano et al. , 2008; Yang et al., 2015) . Here, we present evidence that the postnatal 

organ of Corti contains macrophages. CD45-positive cells were found at Pl. However, their morphology 

was difficult to detect at this time point due to weak CD45 immunoreactivity. At P4, CD45 

immunoreactivity increased and the cell morphology became clearly visible (Fig. 4-6A) . All these cells 

displayed F4/80 and lbal immunoreactivity (Figs. 4-6B through 4-6D and 4-6E through 4-6G). In both age 

groups, their number was significantly less than that of basilar membrane macrophages (two-way 

ANOVA; F = 10.173, df = 1,63; P < 0.001; Tu key test: BM-macrophages vs . QC-macrophages at Pl-4, P 

0.001; BM-macrophages vs. QC-macrophages at P7-10, P < 0.001; Fig. 4-6H) . 
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Fig. 4-6 Developmental changes of QC-macrophages. 

A. CD45 immunostaining of a whole-mount preparation collected at P4. CD45-positive cells display an 

irregular shape and are arranged in one row parallel to the long axis of the basilar membrane (arrows) . 8, 

C and D. Double-staining of tissues for CD45 and F4/80. Notice that CD45-positive cells display strong 

F4/80 immunoreactivity. E, F and G. Double-staining for CD45 and lbal. Notice that CD45-positive cells 

also display strong lbal immunoreactivity. H. Comparison of the average numbers of BM-macrophages 

and QC-macrophages per 1 mm at two developmental periods (Pl-4 and PlO) . The numbers of QC

macrophages are significantly less than those of BM-macrophages at both developmental periods (two

way ANQVA; F = 10.17, df = 1,63; P < 0.001; Tu key test: BM-macrophages vs. QC-macrophages at Pl-4, P 

< 0.001; BM-macrophages vs. QC-macrophages at PlO, P < 0.001) . n = 5 cochleae for each bar. /. 

Comparison of the average numbers of QC-macrophages among the apical, middle and basal regions of 

the organ of Corti. There is no significant difference in the numbers among the three regions (one-way 

ANQVA on Ranks, Kruskal-Walis test, H (2) = 2.07, P = 0.356), indicating that the cells are evenly distributed 

from the apex to the base. n = 5 cochleae for each bar. J. Comparison of the average numbers of QC

macrophages between three postnatal periods (Pl-4, P7-10 and Pl7-21). There is no significant difference 

in the number of macrophages between Pl-4 and P7-10, suggesting the maintenance of QC-macrophages 

during this developmental period. However, there is a significant decrease in number of macrophages by 

P17-21 (one-way ANQVA; F = 635.23, df = 14; P < 0.001; Tukey test: QC-macrophages at Pl-4 vs. P17-21, 

P < 0.001; QC-macrophages at P7-10 vs. P17-21, P < 0.001) . n = 5 cochleae for each bar. 
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QC-macrophages were arranged in one row along the long axis of the organ of Corti. Their 

abundance was relatively homogeneous from the apex to the base as their numbers were similar among 

the apical, middle and basal regions (Fig. 4-61; one-way ANQVA on Ranks, H (2) = 2.065, P = 0.356). 

Moreover, there was no significant difference in the numbers of these cells between the Pl-4 and the 

P7-10 group, suggesting that the macrophage number remains consistent during the early phases of 

postnatal development. However, by P17-21, there is a significant decrease in number of QC

macrophages (one-way ANQVA; F = 635.23, df = 14; P < 0.001; Tu key test: QC-macrophages at Pl-4 vs. 

P17-21, P < 0.001; QC-macrophages at P7-10 vs. P17-21, P < 0.001). n = 5 cochleae for each bar. 

At the early stages of postnatal development, QC-macrophages and their nuclei are irregular in 

shape (Figs . 4-7A and 4-7B) . Starting at P7, the cell bodies began to shrink. The shrinkage was first 

observed at the basal end of the cochlea and then progressed toward the apical portion of the cochlea . 

Double-labeling of the tissues with Pl, a nuclear dye, showed that the cells with shrunken cell bodies 

also displayed fragmented or shrunken nuclei (Figs. 4-7C and 4-7D). Nuclear condensation and 

fragmentation are morphological signs of apoptotic cell death. To provide further evidence for 

occurrence of apoptosis, we stained three cochleae for the activity of caspase-3, a protease for 

degradation of apoptotic cells (Boatright et al., 2003; Springer et al., 2001) . We used sensory cell 

apoptosis as a positive control that was described in our recent publication (Zhang et al., 2017) and used 

the intact macrophages residing apical to dying macrophages as negative control. As shown in Fig. 4-7E, 

a macrophage that displays nuclear fragments exhibited strong caspase-3 fluorescence. Both nuclear 

fragmentation and caspase activation are the phenotypes of apoptosis. In contrast, cells without nuclear 

changes displayed very weak caspase florescence. At P17-21, the developmental death of QC

macrophages reached the apical region of the cochlea. At this age, the condensed nuclei of degrading 

macrophages in the basal region of the cochlea disappeared, leaving anucleated residual bodies (Fig. 4-
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7F). This basal to apical gradient of macrophage degradation is consistent with the basal to apical 

maturation of the sensory epithelium (Kraus et al., 1981; Pujol et al., 1998; Souter et al., 1997). 

4.3.4. CD45-positive cells along the spiral vessel 

The cochlea has a spiral vessel that runs parallel to the edge of the osseous spiral lamina. In the 

mouse cochlea, this vessel was observed at Pl (Fig. 4-8A), consistent with a previous report that this 

vessel is formed embryonically after gestational day 17 (lwagaki et al., 2000). We found CD45-positive 

cells along this vessel (Fig. 4-8B). These CD45-postive cells also displayed F4/80 and lbal 

immunoreactivity (Figs. 4-8C and 4-8D). They had a long, slim cell body with a long nucleus that ran 

parallel to the long axis of the vessel (Figs. 4-8E and 4-8F). Noticeably, these cells were identified in only 

a portion of examined regions and cochleae. Like QC-macrophages, these cells started to shrink several 

days after birth and this change was accompanied by nuclear fragmentation (Figs. 4-8G and 4-8H). The 

time frame of the cell degradation was similar to that seen for the degradation of QC-macrophages. At 

P21, these cells became anucleated remnants (Figs. 4-81 and 4-8J). 
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Fig. 4-7 Developmental death of QC-macrophages. 

The tissues were double stained with CD45 (green fluorescence) and Pl (red fluorescence) . A and 8. Images 

showing a normal macrophage from a cochlea at PlO. The cell displays an irregular morphology with a 

large nucleus (panel A) . An enlarged view of this nucleus is seen in B (arrow) . C and D. Images showing the 

shrinkage of an QC-macrophage in the basal region of the same cochlea . Compared to the healthy 

macrophage (panel A), the macrophage displays a shrunken cell body and a fragmented nucleus (panel 

C), which are signs of cell degradation. An enlarged view of the fragmented nucleus of the macrophage 

can be observed in panel D. E. Image showing activation of caspase-3 activity in a cochlea collected at PlO. 

The arrow points to a cell with a fragmented nucleus (see the inset for an enlarged view of the nucleus) 

in the region of QC-macrophages where macrophage death was evident. Notice that this cell displays 

strong caspase-3 fluorescence, an indication of caspase activation. F. Image showing complete loss of 

macrophage nuclei in the basal portion of the organ of Corti. However, residual CD45 immunoreactivity is 

present (arrows) . 
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Fig. 4-8 Developmental death of CD45-positive cells along the spiral vessel. 

A. Differential interference contrast view of the basilar membrane of a cochlea examined at P4. Arrows 

point to a spiral vessel containing red blood cells. 8. lmmunostaining of the same tissue fo r CD45. Arrows 

indicate CD45-positive cells with long cell bodies that are parallel to the long axis of the vessel. C. CD45-

positive cells along the spiral vessel display strong lbal immunoreactivity in a PlO cochlea . Note that CD45 

immunoreactivity is not shown. D. CD45-positive cells along the vessel also display strong F4/80 

immunoreactivity in a PlO cochlea. Again, CD45 immunoreactivity is not shown. E and F. CD45 

immunolabeling (green fluorescence) and Pl nuclear staining (red fluorescence) showing a normal CD45-

positive cell (arrow) distributed along the spiral vessel (the vessel is not shown) . The tissue was collected 
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from a cochlea at PlO. Notice that the nucleus is oval and displays a normal morphology (see the enlarged 

view of the nucleus in panel F) . G and H. CD45 immunolabeling and Pl nuclear staining showing a cell with 

a fragmented nucleus (arrow), a sign of cell degradation, from a cochlea at PlO. An enlarged view of the 

fragmented nucleus can be seen in panel H. / and J. Double-staining of CD45 and nuclei (with Pl) of a 

whole-mount preparation collected from a cochlea at P21. The arrow points to a CD45-positive residual 

body where the cell body appears degraded (panel I) . Double-staining of the tissue with Pl shows the 

absence of the nuclear fluorescence (panel J), indicating complete degradation of the nucleus. 

4.3.5. Presence of macrophage precursors in the basilar membrane 

We wanted to determine whether macrophage precursors continue to contribute to the BM-

macrophage population during postnatal development. As shown in Figure 4A, CD45-positive cells with a 

round shape were first observed at Pl. To prevent the misidentification of immune cells that infiltrated 

the region postnatally as these embryonically distributed cells, we examined cochleae at P4 or later 

when embryonically distributed cells started to transform into mature macrophages. We used Ly6C 

which marks monocytes/macrophages (n=3 cochleae) . The tissues were doubly stained with an antibody 

against F4/80 because F4/80 expression is weaker in blood monocytes compared to tissue macrophages 

(Austyn et al., 1981). We found CD45-positive cells that were round or oval with fine, short projections 

at PlO (Fig. 4-9A). These cells were about 6-8 µm, which is much smaller than macrophages. Tissues that 

were stained for Ly6C and F4/80 displayed small, round cells with Ly6C immunoreactivity, but lacked 

F4/80 immunoreactivity (Figs. 4-9B, 4-9C and 4-9D). This immunophenotype is a typical phenotype of 

blood monocytes (Austyn et al., 1981). We did not perform statistical analysis for infiltrating monocytes 

because they were low in number (approximately 2-4 per cochlea) . These observations suggest that 

macrophage precursors continue to contribute to the postnatal macrophage population in the basilar 

membrane. 
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Fig. 4-9 Immune cells with the phenotypes of macrophage precursors on the surface of the basilar 

membrane. 

A. Image showing CD45-positive cells on the surface of the basilar membrane at PlO. The arrow points to 

a CD45-positive cell that has a round shape with thin projections. Notice that the size of this cell is much 

smaller than that of neighboring cells with the macrophage morphology (arrowheads) . A, 8 and C. Double

staining for Ly6C (panel A) and F4/80 (panel B) in a cochlea at PlO. The arrow points to a Ly6C-positive cell 

that has a small round shape and lacks F4/80 immunoreactivity, which are phenotypes of the monocyte. 

Double-arrows indicate the F4/80 positive cells with the macrophage morphology that display only weak 

Ly6C immunoreactivity. 

4.3.6. CD45-positive cells in the spiral ligament 

In order to gain a more comprehensive understanding of the changes in cochlear immune cells 

during postnatal development, we examined CD45-positive cells in three additional cochlear partitions 

that display an abundance of macrophages in mature cochlea (Hirose et al., 2005; Okano et al., 2008; 

Sato et al., 2008; Shi, 2010): the spiral ligament of the lateral wall, the spiral limbus, and the neural 

regions of the cochlea at ages P4, PlO and Pl7 (n=4 cochleae for each group) . ~ 

CD45 staining revealed diverse shapes of the immune cells in the spiral ligament. At P4, most cells 

displayed an irregular, distended, globular morphology (Fig. 4-lOA). At PlO and P17, the CD45-positive 

cells became more dendritic in morphology (Figs. 4-10B and 4-lOC). 
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Most CD45-positive cells with irregular shapes had F4/80 and lbal immunoreactivity (Figs. 4-10D 

through 4-lOG). However, a few CD45-postive cells that exhibited a round-to-ovoid phenotype were 

F4/80 negative (arrows, Fig. 4-lOE) . When compared to cells with both CD45 and F4/80 colocalization, 

cells positive for only CD45 constitute 3.1% of the total spiral ligament immune cell population at age P4 

and 3.3% of the population at ages PlO and P17. Overall, a greater number of spiral ligament 

macrophages was found in the earlier stage of postnatal development compared to later developmental 

stages. A systematic survey of the number of CD45-positive cells in this tissue revealed a mean of 58.3 ± 

2.7 cells per 0.1 mm2 of spiral ligament tissue at age P4. A reduction in the average number of CD45-

positive cells in the spiral ligament was seen at PlO (50.6 ± 1.6) and P17 (50.3 ± 2.6). This reduction in 

the number of cells, while moderate, is statistically significant (Fig. 4-lOH; one-way ANOVA; F = 14.7; df 

= 11; P < 0.001; Tu key test: P4 vs. PlO, P = 0.003; P4 vs . P17, P = 0.003). 
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Fig. 4-10 Developmental changes in spiral ligament macrophages. 

A. Image showing abundant CD45-postive cells with diverse shapes in the spiral ligament at age P4. While 

most cells exhibit an irregular, distended, globular morphology, a few cells are small and round-to-ovoid. 

8 and C. Images showing CD45 immunostaining of the spiral ligament at PlO and P17. More mature 

dendritic-like cells emerge by PlO (panel B) and this phenotype is maintained at P17 (panel C). D and E. 

Double-staining of a spiral ligament tissue at PlO for CD45 and F4/80. Note that irregular-shaped cells 

possess strong F4/80 immunoreactivity indicating a macrophage phenotype. Note that a few round-to

ovoid CD45-postive cells are F4/80 negative (cells in green pointed to by arrows in panel E). F and G. 

Double-staining of a spiral ligament tissue at PlO for CD45 and lbal. Irregular-shaped cells possess strong 

lbal immunoreactivity, which is a macrophage phenotype. H. Comparison of the numbers of spiral 

ligament macrophages across three development ages. n = 4 cochleae for each bar. 

4.3.7. Spiral limbus macrophages 

In the cochlear scala media, a thickening of the periosteum on the upper plate of the spiral 

lamina forms the spiral limbus, and a substantial number of CD45-positive cells were found within this 

cochlear partition early in postnatal development as can be observed at age P4 (Fig. 4-llA) . There was 
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no significant change in the morphology of the cells from P4 to P17 (Fig. 4-11B), However, a dramatic 

decline in the number of macrophages residing in this cochlear partition was found with progressing 

postnatal age, diminishing from 51.3 ± 3.2 cells/0.lmm2 at P4 to 23.8 ± 3.2 at PlO and to 15.6 ± 1.3 at 

P17 in the cochlear middle turn. This reduction is statistically significant (Fig. 4-llC; two-way ANOVA; F = 

570.56; df = 2; P < 0.001; Tu key test: P4 vs . PlO, P < 0.001; PlO vs. P17, P < 0.001) . All CD45-pos itive cells 

in this region displayed strong F4/80 and lbal immunoreactivity (Figs . 4-110 through 4-llG). 
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Fig. 4-11 Developmental changes in spiral limbus macrophages. 

A and 8. Images show the immunolabeling of CD45 in the spiral limbus at P4 (panel A) and P17 (panel B). 

Positive cells at P17 display more branches and their number is substantially diminished. C. Comparison 

of the numbers of CD45-positive cells among three developmental stages. Each cochlear tissue is divided 

into the apical, middle and basal sections, representing the regions of approximately 10-30%, 40-60%, and 

80-100% from the apex, respectively. A significant reduction in the number of CD45-positive cells within 

spiral limbus tissue occurs with progressive postnatal development (two-way ANOVA; F = 570.56; df = 2; 

P < 0.001; Tukey test: P4 vs. PlO, P < 0.001; PlO vs. P17, P < 0.001). n = 4 cochleae for each bar. D and E. 

Double-staining of a cochlea at P4 for CD45 and F4/80. All CD45-positive cells display F4/80 

immunoreactivity as indicated by yellow in panel E. F and G. Double-staining of a cochlea at PlO for CD45 

and lbal. All CD45-positive cells display strong lbal immunoreactivity indicated by yellow in panel G. 
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4.3.8. Macrophages in cochlear neural tissues 

We examined immune cells in three neural regions of the cochlea: the ganglion cell bodies 

within the Rosenthal's canal, the peripheral processes within the osseous spiral lamina, and the central 

processes within the modiolus. In these regions, all CD45-positive cells with the macrophage 

morphology displayed lbal immunoreactivity (Fig. 4-12). 
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Fig. 4-12 CD45-positive cells in the neural region {the modiolus, osseous spiral lamina and ganglion 

neuron site) display strong lbal immunoreactivity. 

Images showing immunolabeling of CD45 and lbal in a cochlea at PlO. Notice that all CD45-positive cells 

with the macrophage morphology exhibit strong immunoreactivity of lbal, a macrophage marker protein. 

4.3.9. Osseous spiral lamina macrophages 

Changes in the macrophages residing amongst the neural tissue of the osseous spiral lamina 

were evaluated as a function of postnatal development (Figs. 4-13A and 4-13B). Tubulin staining 

confirmed that the cells that were analyzed resided along with the peripheral fibers of ganglion cells 

(Figs. 4-13C and 4-13D). Macrophages in the osseous spiral lamina ran radially toward the edge of the 

osseous spiral lamina. They began to differentiate and adopted a more mature morphological 
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phenotype earlier in development when compared to macrophages from other nearby cochlear 

partitions (e.g., BM-macrophages and spiral ligament macrophages) . Even as early as age P4, these 

immune cells are observed with a branched morphology (Fig. 4-13A) and phenotypically closely 

resemble the cells at P17 (Fig. 4-13B). 

However, when scrutinizing the number of macrophages extant in this cochlear partition, a clear 

and significant reduction in the number of the immune cells is observed with advancing age (Fig. 4-13E; 

two-way ANOVA; F = 109.72; df = 2; P < 0.001; Tu key test: P4 vs . PlO, P < 0.001; P4 vs . P17, P < 0.001). 

While the count of osseous spiral lamina macrophages was calculated for each of three anatomical 

cochlear turns (apical, middle and basal) for each cochlea, the overall the number of macrophages 

present in this tissue was found to be largely similar amongst these cochlear turns. Representatively, 

though at P4 42.8 ± 3.1 macrophages resided in 0.1 mm2 of osseous spiral lamina tissue of the middle 

cochlear turn, the number of these cells per same unit area significantly reduced to 26.2 ± 2.7 at PlO 

and 25.6 ± 1.0 at P17. 
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Fig. 4-13 Developmental changes in osseous spiral lamina macrophages. 

A and 8. lmmunolabeling of macrophages in the neural region of the osseous spiral lamina at P4 (panel A) 

and P17 (panel B). General branched macrophage morphologies are maintained from P4 to P17, though 

with a diminished number of cells observed at Pl7. C and D. The location of macrophage among the neural 

fibers is confirmed by tubulin staining. Macrophages in this cochlear region have a branched shape and 

are oriented in parallel to the peripheral fibers of ganglion neurons. E. Comparison of macrophage 

numbers among three developmental stages. Each cochlear tissue is divided into the apical, middle and 

basal sections, representing the regions of approximately 10-30%, 40-60%, and 80-100% from the apex, 

respectively. A significant reduction in the number of osseous spiral lamina macrophages occurs in later 

stages of postnatal development (two-way A NOVA; F = 109. 72; df = 2; P < 0.001; Tu key test: P4 vs. PlO, P 

< 0.001; P4 vs. P17, P < 0.001). n = 4 cochleae for each bar. 

4.3.10. Macrophages among the spiral ganglia in Rosenthal's canal 

We quantified the number of macrophages residing among the spiral ganglia in Rosenthal's 

canal at three postnatal ages (Figs. 4-14A, 4-14B and 4-14(). The macrophage location was confirmed 

with tubulin staining, which illustrated ganglion cell bodies (Fig. 4-14D). In this cochlear region, 
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macrophages appeared with an irregular morphology throughout postnatal development. Yet, when 

analyzing changes in the number of macrophages present in this cochlear partition, a reduction of cells 

was observed as age increased. While at P4 macrophages in the spiral ganglion region numbered 41.7 ± 

3.2 cells per 0.lmm2, fewer macrophages were present at age PlO (35.3 ± 3.3), and a further reduction 

in the number of these cells was measured at P17 (27.3 ± 1.2). This decrease in the number of 

macrophages in the spiral ganglion region is significant (Fig. 4-14E; two-way ANOVA; F = 19.32; df = 2; P 

= 0.001; Holm-Sidak test: P4 vs. PlO, P < 0.05; P4 vs. P17, P < 0.01; PlO vs . P17, P < 0.01) . 
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Fig. 4-14 Developmental changes in ganglion region macrophages. 

A, 8 and C. CD45-positive macrophages among ganglion neurons within Rosenthal's canal at P4, PlO and 

P17. D. Macrophages can be seen juxtaposed with spiral ganglion neurons labeled with tubulin at P4. E. 

Comparison of macrophage numbers among three developmental stages. A significant reduction in the 

number of macrophages occurs with advancing postnatal development (two-way AN OVA; F = 19.32; df = 

2; P = 0.001; Holm-Sidak test: P4 vs . PlO, P < 0.05; P4 vs. P17, P <0.01; PlO vs. P17, P < 0.01). P4 and P17, 

n = 3 cochleae; Pl0, n = 4 cochleae. 

4.3.11. Macrophages in the modiolar region 

An additional survey of macrophages within the modiolar region was conducted during 

postnatal development. Alterations in both macrophage morphology and number occurred with 

advancing postnatal age. Cochleae at P4 presented with a distended globular shape (Fig. 4-15A) and 

occurred at a rate of 56.0 ± 2.0 per 0.lmm2. By PlO, macrophage morphology became increasingly 
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branched with more abundant membrane processes observed in these cells (Fig. 4-15B). Concurrently, 

the number of macrophages reduced to 37.3 ± 5.5 per tissue survey area at this age. By P17, 

macrophages appeared with a somewhat stretched, linear shape (Fig. 4-15(), and a further decrease in 

the number of these cells was recorded (28.7 ± 2.6) . Again, tubulin staining confirmed the location of 

macrophages in the modiolus. We also performed a statistical analysis of macrophage numbers. The 

age-related reduction in macrophage number in the modiolar region is statically significant ( Fig. 4-15E; 

two-way AN OVA; F = 36.01; df = 2; P = 0.001; Hal m-Sidak test: P4 vs. PlO, P < 0.01; P4 vs . Pl7, P < 0.01; 

PlO vs. P17, P < 0.05) . 
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Fig. 4-15 Developmental changes in modiolar region macrophages. 

A, 8 and C. CD45-positive macrophages in the modiolar region at P4, PlO and P17. D. The image shown a 

superimposed image of CD45-positive cells and modiolar nerve fibers illustrated by immunolabeling of 

tubulin at age P4. E. Comparison of macrophage numbers among three developmental stages. With 

progressive postnatal development, fewer macrophages are observed in the modiolar region, and this 

reduction in macrophage number is significant (two-way ANOVA; F = 36.01; df = 2; P = 0.001; Holm-Sidak 

test: P4 vs. PlO, P < 0.0l; P4 vs . P17, P <0.01; PlO vs. P17, P < 0.05). n = 3 cochleae for each bar. 

4.4. Discussion 

We examined the postnatal development of macrophages in the whole-mount preparation of 

the mouse cochlea and found two distinct macrophage populations in the organ of Corti and the basilar 
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membrane: one on the organ of Corti side of the basilar membrane and the other on the scala tympani 

side of the basilar membrane. These two macrophage populations exhibit distinct developmental 

patterns and fates. The macrophages on the organ of Corti side of the basilar membrane are fully 

differentiated in morphology at birth. These cells are short-lived and undergo a developmental 

degradation coincident with the reported maturation of the sensory epithelium. These results provide 

evidence linking developmental macrophages with the postnatal maturation of the sensory epithelium. 

In contrast, the macrophages on the scala tympani side of the basilar membrane display a round shape 

at birth . These cells undergo site-specific differentiation into mature phenotypes with postnatal 

development. Moreover, we found macrophages in the spiral ligament, spiral limbus and the neural 

region during postnatal development. The numbers of these cells decrease during postnatal 

development. Finally, we found the presence of macrophage precursors in the basilar membrane during 

the period of postnatal development. These cells differentiate locally into mature macrophages. 

Together, this study reveals the dynamic development of postnatal macrophages in the cochlea. 

4.4.1. Origin of BM-macrophages 

The basilar membrane contains macrophages. In mature cochleae, these cells reside on the 

scala tympani side of the basilar membrane. While BM-macrophages have been observed throughout 

adulthood in mice (Frye et al., 2017), their origin is not completely clear. Tissue macrophages are known 

to originate embryonically, from adult monocytes, self- renewal or from multiple origins (Epelman et al., 

2014; Gentek et al., 2014) . Studies on cochleae exposed to acute stresses have revealed time-dependent 

monocyte infiltration (Fredelius et al., 1990; Hirose et al., 2005; Tornabene et al., 2006; Wakabayashi et 

al., 2010). These cells locally differentiate into macrophages (Yang et al., 2015) . Similarly, when tissue 

macrophages are experimentally depleted, circulating monocytes infiltrate the cochlea (Sato et al., 

2008; Shi, 2010) . These observations suggest that bone marrow-derived macrophages are a source of 

tissue macrophages in the basilar membrane. 

117 



Aberrant immune states of the inner ear 

In the cochlea, embryonic macrophages has been found near the otic vesicle at embryonic day 

10 (Hirose et al., 2017), indicating the presence of embryonic origin of cochlear macrophages. Here, we 

found immune cells with macrophage phenotypes at birth. These cells differentiate locally into mature 

macrophages. We also observed the presence of macrophage precursors in the basilar membrane after 

birth. These results indicate that tissue macrophages with different ontological origins coexist in the 

postnatal cochlea. While these results suggest the multiple sources of cochlear macrophages, it not clear 

the exact contribution of embryonic and postnatal infiltrating cells to the adult macrophage pool 

because of the dynamic nature of macrophage balance. Future fate mapping analysis could provide 

direct evidence for analyzing such contribution. 

4.4.2. Site-specific differentiation of BM-macrophages 

Our previous studies demonstrated that BM-macrophages in mature cochleae display distinct 

site-specific morphologies (Frye et al., 2017; Yang et al., 2015). In the apical portion of the basilar 

membrane, the macrophages are dendritic, whereas those in the middle and basal portions are 

branched or amoeboid in shape. These studies also revealed differences in the expression of 

macrophage proteins under both steady-state and pathological conditions. Here, we demonstrated that 

the apical-basal difference is not embryonically established, but develops during the postnatal 

development of the cochlea . We found that, at birth, both apical and basal primitive cells display a 

round shape, suggesting that these cells are derived from the same precursors. Moreover, we found 

that these macrophage precursors locally transform into their adult macrophage phenotypes along with 

the maturation of the sensory epithelium. This observation is consistent with our previous observation 

in acutely damaged cochleae, where the transformation into mature macrophages from infiltrated 

monocytes is also related to the location in which they reside (Yang et al., 2015) . This apical-basal 

difference in macrophage morphology suggest the difference in their functional state because changes 

in morphology can modulate the functional state of the macrophage (Mcwhorter et al., 2013). 
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The biological mechanism for the shape difference is not clear. Macrophages are mobile. They 

change their shapes as they migrate through tissues (Hirose et al., 2017). Therefore, it is likely that the 

shape difference is associated with the movement of the cells . However, an intriguing finding reported 

here as well as in our previous observations of mature cochleae (Frye et al., 2017; Yang et al., 2015) is 

that no amoeboid cells were found on the apical basilar membrane, nor were cells with long and thin 

processes found in the basal region of the basilar membrane. We suspect that the difference is due to 

the difference in macrophage functional states because these cells display different expression pattern 

of immune molecules that has been demonstrated in our previous publication (Yang et al., 2015). It is 

likely that local environmental signals play an essential role in controlling the differentiation of 

macrophage precursors. It would be interesting to determine how the apical and basal immune 

environments differ because such differences could affect the immune capacity of the tissue. 

4.4.3. Macrophages on the organ of Corti side of the basilar membrane are short-lived 

The mouse cochlea is immature at birth and the maturation process continues until adulthood. 

During this time, the sensory epithelium undergoes several gross structural modifications, including a 

reduction in the number of mesothelial cells, regression of the spiral vessel, formation of Corti's lymph

filled spaces within the organ of Corti, as well as fine subcellular changes in sensory cells and their 

neuronal connections (Kraus et al., 1981; Pujol et al., 1998; Souter et al., 1997). These processes start 

from the base and progress toward the apex of the cochlea, consistent with the progression of 

functional maturation from high to low frequencies of hearing. Here, we provide evidence that OC

macrophages are implicated in cochlear maturation. First, QC-macrophages are fully differentiated 

morphologically and therefore are likely functional as well at birth . Second, these cells reside in the 

immediate vicinity of the structures that undergo developmental changes. Third, these cells maintain 

their viability until sensory epithelium maturation is complete. Importantly, the degradation of these 

cells proceeds from the base to the apex, consistent with the same maturation pattern of the sensory 
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epithelium. Together, these findings implicate macrophages in the developmental maturation of the 

sensory epithelium. 

In addition to QC-macrophages, we found the presence of short-lived macrophage-like cells 

around the spiral vessel at early stages of postnatal developmental. The spiral vessel is the only vessel 

near the sensory epithelium. This vessel has branches projecting toward the external wall and the spiral 

lamina at birth (lwagaki et al., 2000), which gradually regress with the maturation of the sensory 

epithelium. Like the macrophages in the organ of Corti, the macrophage-like cells around the spiral 

vessel undergo a time-dependent degradation as the vessel regresses. This correlation suggests a role 

for these cells in vascular pruning. 

In addition to the organ of Corti, we found immune cells with condensed or fragmented nuclei in 

other cochlear partitions (the lateral wall and the surface of the basal membrane) that displayed 

developmental reorganization. This observation suggests that local death of macrophages occurs in 

these regions . Because the presence of dying cells are scarce in these regions, we did not document 

their number. Lack of detection of dying macrophages could be due to a quick removal of dying cells by 

survival macrophages in these regions. 

The contribution of macrophages to the maturation of the sensory epithelium is not clear. 

Developmental macrophages have been found to phagocytize degraded cells during tissue remodeling 

and to interact with the extracellular matrix during general organogenesis and vasculogenesis (Lang et 

al., 1994; Poche et al., 2015; Pollard, 2009). In the developing ear, molecules that modulate macrophage 

functions have been found to play a role in the development of the inner ear (Bank et al., 2012). Future 

studies are expected to define the functional role of macrophages in sensory epithelium maturation. 
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4.4.4. Macrophages in the spiral ligament, spiral limbus and the neural regions of the cochlea 

The spiral ligament, spiral limbus, and cochlear neural tissue were selected for immune cell 

analysis during postnatal development because in mature cochleae, these regions contain abundant 

macrophages (Hirose et al., 2005; Okano et al., 2008; Sato et al., 2008; Shi, 2010) . Our analysis reveals 

that postnatal development is accompanied by a reduction in the number of macrophages within each 

of these tissue regions, although there is certainly not a complete loss of these cells. This reduction is 

consistent with the general trend of macrophage reduction in the region of the basilar membrane. 

Moreover, our data clearly show that macrophages are present in each of these cochlear partitions from 

an early stage of postnatal development, though the rate of macrophage maturation was found to vary 

between these tissue regions. While a more mature, adult-like morphology was displayed by 

macrophages in the spiral limbus and amongst the neural tissue of the osseous spiral lamina as early as 

P4, macrophages in the spiral ligament still exhibited an immature, globular phenotype at this age. 

Mature morphologies of spiral ligament macrophages did not emerge until later in postnatal 

development. This difference in maturation rate for macrophages in distinct cochlear partitions may be 

associated with the difference in maturation stages of microenvironments around macrophages. 

In summary, macrophages are present in the neonatal basilar membrane and the organ of Corti, 

and these cells have distinct developmental fates. The presence of short-lived macrophages around the 

cells of the organ of Corti suggests a developmental role for the immune system in postnatal remodeling 

of the sensory epithelium. 
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Chapter 5. Lower level noise exposure that produces only TIS modulates the 

immune homeostasis of cochlear macrophages 

Abstract 

Noise exposure producing temporary threshold shifts (TTS) has been demonstrated to cause 

permanent changes to cochlear physiology and hearing function. Several explanations have been 

purported to underlie these long-term changes in cochlear function, such as damage to sensory cell 

stereocilia and synaptic connections between sensory cells and their innervation by spiral ganglion 

neurons, and demyelination of the auditory nerve. Though these structural defects have been 

implicated in hearing difficulty, cochlear responses to this stress damage remains poorly understood. 

Here, we report the activation of the cochlear immune system following exposure to lower level noise 

(LLN) that causes only TTS. Using multiple morphological, molecular and functional parameters, we 

assessed the responses of macrophages, the primary immune cell population in the cochlea, to the LLN 

exposure. This study reveals that a LLN that causes only TTS increases the macrophage population in 

cochlear regions immediately adjacent to sensory cells and their innervations. Many of these cells 

acquire an activated morphology and express the immune molecules CCL2 and ICAMl that are 

important for macrophage inflammatory activity and adhesion. However, LLN exposure reduces 

macrophage phagocytic ability. While the activated morphology of cochlear macrophages reverses, the 

complete recovery is not achieved 2 months after the LLN exposure. Taken together, these observations 

clearly implicate the cochlear immune system in the cochlear response to LLN that causes no permanent 

threshold change. 

Keywords: Macrophage; Cochlea; Lower level noise; Temporary threshold shift; Immunity, 

Inflammation. 

125 



Aberrant immune states of the inner ear 

5.1. Introduction 

It has long been established that exposure to high-intensity noise compromises sensory cell 

viability and produces permanent hearing loss (Hamernik et al., 1980; Hamernik et al., 1984; Henderson 

et al., 1998; Hu, 2012; Hu et al., 2000; Saunders et al., 1985; Sulkowski et al., 1981; Taylor et al., 1965). 

Although high-level noise has been shown to cause the loss of cochlear cells and sensory cells in 

particular, low-intensity noise is more prevalent in real world circumstances . Though many individuals 

living in an industrial society may encounter high-intensity noise only on an infrequent basis, those same 

individuals are nevertheless likely to be exposed to longer durations of a lower- level noise (LLN) that 

causes only a temporary hearing loss. Even without permanent hearing loss, individuals who sustain LLN 

exposure can display signs of auditory symptoms. Such dysfunction includes difficulty in speech 

perception in noisy conditions, tinnitus, hyperacusis and auditory processing disorders (Bharadwaj et al., 

2015; Hickox et al., 2014; Schaette et al., 2011). The underlying pathophysiological basis of these clinical 

symptoms have been attributed to damage to the synaptic connections between the inner hair cells and 

the spiral ganglion axons (Kujawa et al., 2009; Kujawa et al., 2015; Liberman et al., 2017; Liberman et al., 

2016; Lin et al., 2011), dyssynchrony of auditory afferent synapses (Roux et al., 2006; Starr et al., 2003), 

and auditory nerve demyelination (Wan et al., 2017) . While these observations suggest the role for 

neural structural pathogenesis in hearing difficulty, other factors that contribute to these changes 

following LLN exposure are not fully understood. 

Cochlear immunity is an important regulator for cochlear homeostasis and diseases, and 

macrophages are the major executor in the cochlear immune system (Frye et al., 2017; Hirose et al., 

2005; Lang et al., 2006; Okano et al., 2008; Sato et al., 2008; Tornabene et al., 2006; Yang et al., 2015). 

Numerous researchers have demonstrated that the cochlear macrophage population surrounding the 

organ of Corti and cochlear neural regions expands in response to signals from these structures 

successive to sensory cell damage (Fredelius et al., 1990; Frye et al., 2017; Hirose et al., 2005; Ladrech et 
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al., 2007; Sato et al., 2010; Tornabene et al., 2006; Wakabayashi et al., 2010; Yang et al., 2015) . These 

macrophages comprise primarily the infiltrated macrophage precursor cells that transform into mature 

macrophages in the cochlea. They display pro-inflammatory phenotypes such as increased expression of 

inflammatory molecules (Yang et al., 2015) . In addition to acute cochlear damage, our recent study 

revealed that chronic low-grade cochlear stress due to age-related and genetic sensory cell 

degeneration is capable of activating cochlear macrophages (Frye et al., 2017; Zhang et al., 2017) . Unlike 

in the event of acute damage, chronic stress provokes only mild infiltration of monocytes and the major 

macrophage activity involves mature tissue macrophages. While the precise role of macrophage 

activities is not clear, these cells have been linked to the generation of local inflammation, the clearance 

of dead sensory cells (Fredelius, 1988; Fredelius et al., 1990; Hirose et al., 2017) and antigen 

presentation (Yang et al., 2015) . Disruption of macrophage function appears to generate mixed 

outcomes. For example, interference of fractal kine signaling has been shown to reduce macrophage 

recruitment and compromise the survival of cochlear ganglion neurons (Kaur et al., 2015). In contrast, 

blockage of macrophage infiltration by systemic depletion of macrophages and monocytes alleviates 

noise-induced hearing dysfunction and sensory cell loss (Mizushima et al., 2017) . While the activities of 

mononuclear phagocytes resultant of acute high-level sensory cell damage have been well documented, 

cochlear immune cell responses to a low-level stress that does not cause sensory cell death remains 

elusive. 

The current study was designed to examine the morphological and molecular changes of 

cochlear macrophages in ears that have sustained exposure to LLN . Here, we present evidence of an 

immune activation following exposure to an intermittent noise at 95 dB SPL that produces only a 

temporary threshold shift (TTS) without the loss of sensory cells. We reveal that LLN exposure increases 

the macrophage population in cochlear regions adjacent to sensory cells and the peripheral fibers of 

spiral ganglion neurons. Moreover, LLN stress causes cochlear macrophages to adopt an activated 
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phenotype and increases the macrophage expression of ICAM-1 and CCL2 in the cochlear region that 

sustained the acoustic stress. However, macrophages display reduced phagocytic activity after LLN 

stress. Noticeably, the activated phenotype of macrophages, while recovering partially, persists for at 

least two months after noise exposure has ceased . Together, these observations clearly implicate 

cochlear macrophages in cochlear responses to LLN . 

5.2. Experimental Procedures 

5.2.1. Subjects 

Male and female CBA/CaJ mice aged 1-3 months were utilized in this investigation. Animals 

were housed at the University at Buffalo's Laboratory Animal Facility employing a 12-hour lights on and 

12-hour lights off (8 AM to 8 PM) light cycle. Procedures involving the use and care of the animal 

subjects were approved by the Institutional Animal Care and Use Committee of the State University of 

New York at Buffalo. 

5.2.2. Auditory brainstem responses {ABR) 

Auditory brainstem response (ABR) measurements were conducted to assess auditory function 

using a method previously described in detail (Hu et al., 2012) . Briefly, an animal was anesthetized with 

an intraperitoneal injection of a mixture of ketamine (87 mg/kg) and xylazine (3 mg/kg). Body 

temperature was maintained at 37.5 °C with a warming blanket (Homeothermic Blanket Control Unit; 

Harvard Apparatus) . Stainless-steel needle electrodes were placed subdermally over the vertex (non

inverting input) and posterior to the stimulated and nonstimulated ears (inverting input and ground) of 

the animal. Elicitation of the ABRs was accomplished with tone bursts at 4, 8, 16, and 32 kHz (0.5 ms 

rise/fall Blackman ramp, 1 ms duration, alternating phase) at the rate of 21/s. The tone-bursts were 

generated digitally (SigGen; TOT) using a digital-to-analog converter (100 kHz sampling rate; RP2.1; TOT) 
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and fed to a programmable attenuator (PAS; TOT), an amplifier (SAl; TOT), and a closed-field 

loudspeaker (CFl; TOT) . Electrode outputs were delivered to a preamplifier/base station (RA4LI and 

RA4PA/RA16B; TOT). Responses were filtered (100-3000 Hz), amplified, and averaged using TOT 

hardware and software. These responses were then stored and displayed on a computer. The ABR 

threshold was defined as the lowest intensity at which an ABR wave I was reliably detectable. 

5.2.3. Noise exposure 

Two noise exposure levels were employed: a lower level noise (LLN) at 95 dB SPL and a 

traumatic noise at 120 dB SPL (sound pressure level, re: 20 µPa). For both experimental conditions the 

sound intensity was calibrated using a sound level meter (LO-PCB, model 800 B, APCB Piezotronics Div., 

Larson Davis, Depew, NY, USA) with a condenser microphone (Larson and Davis, LDL 2559, Depew, NY, 

USA) that was placed at the position of the animal's head in the sound field . 

95 dB SPL LLN. The noise signal was generated using Adobe Audition PC-based software (Adobe 

Systems, San Jose, CA, USA). The signal was routed through an attenuator and power amplifier 

(L4Z4002, Technical Pro, Edison, NJ, USA) to a low-leakage loudspeaker (FT17H, Fostex, Agoura hills, CA, 

USA) positioned immediately above each animal holding cage. A continuous noise (8-16 kHz) at 95 dB 

SPL for 8 hours on and then 16 hours off each day for either 7 or 15 days was used to induce a low-level 

noise stress to the cochlea. This level of noise exposure was selected because it has been demonstrated 

to induce temporary threshold shifts and functional changes to the cochlea without resulting in 

substantial sensory cell death (Furman et al., 2013; Kujawa et al., 2009; Lin et al., 2011). Therefore, this 

noise exposure paradigm allowed us to evaluate the cochlear immune response to LLN. An additional 

reason we chose to use this LLN paradigm was to provide a TTS model of chronic noise exposure that 

correlates well with human noise exposure in an occupational work environment-8 hours of exposure 

followed by 16 hours of recovery time. During noise exposure, the mice were housed in holding cages 
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with free access to food and water. When the noise was not provided, the animals were housed in the 

same cages in the same room to prevent stress caused by the frequent change in the residential 

environment. 

120 dB SPL traumatic noise. A broadband noise (1-7 kHz) at 120 dB SPL for 1 hour was used to 

traumatize the cochlea and to provide the context of a positive control for comparison with our LLN 

exposure. This level of noise exposure was selected because it causes permanent hearing loss and a 

substantial degree of sensory cell death (Cai et al., 2014), allowing for the determination of the cochlear 

immune response to traumatic noise. The noise signal was generated using a Real-Time signal processor 

(RP2.1, Tucker Davis Technologies, TOT, Alachua, FL, USA). The signal was routed through an attenuator 

(PAS TOT, Alachua, FL, USA) and a power amplifier (Crown XLS 202, Harman International Company, 

Elkhart, IN, USA) to a loudspeaker (NSD2005-8, Eminence, Eminence, KY, USA) positioned above the 

animal's head. The mice were individually exposed to the noise in a holding cage. 

5.2.4. Cochlear tissue collection 

Cochlear tissues were harvested following different experimental paradigms. Animals were 

euthanized by CO2 asphyxiation and subsequently decapitated. The cochleae were quickly removed 

from the skull. For immunostaining of cochlear immune cells, the cochleae were fixed with either 10% 

buffered formalin or 4% paraformaldehyde for 1 day. The cochleae were decalcified with 10% 

Ethylenediaminetetraacetic acid at 4 °C for 1 day and were then dissected in 10 mM phosphate-buffered 

saline (PBS) to collect the whole-mounts of sensory epithelia containing the basilar membrane, osseous 

spiral lamina and a lower portion of the lateral wall for subsequent analyses. A portion of the bony shells 

of the cochleae were also collected for assessing macrophages on the luminal surface of the scala 

tympani. For animals in the experimental groups (i.e., those subjects that underwent noise exposure), 

cochlear tissue collection commenced at either 24 hours or 2 months post cessation of noise. 
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5.2.5. Determination of sensory cell damage 

The assessment of sensory cell damage has been previously reported by our lab (Yang et al., 

2015) . Tissue collection from animals undergoing noise exposure was completed 24 hours post noise 

cessation. The pattern of sensory cell damage was determined by quantifying the number of missing 

inner hair cells (IHC) and outer hair cells (OHC) along the sensory epithelium based on the condition of 

their cuticular plates and nuclei. For assessment of hair cell cuticular plates, the sensory epithelium 

surface preparations were incubated with a staining solution containing Alexa Fluor 488 or 568 

phalloidin (1:100; Applied Biosystems, Foster City, CA USA) in 10 mM PBS at room temperature in the 

dark for 30 minutes. For assessment of hair cell nuclei, the tissues were stained with TO-PRO®-3 (1:1,000 

1 µMin PBS) a carbocyanine monomer nucleic acid stain, for 30 minutes or 4',6-Diamidine-2'-

phenylindole dihydrochloride (DAPI) (1 µg/ml in PBS) for 10 minutes. After the staining, the tissue was 

mounted on a slide. 

5.2.6. lmmunohistochemistry for immune cell analysis 

lmmunolabeling of CD45 protein, a pan-leukocyte marker, was used to visualize immune cells. 

Macrophages were identified based on their expression of ionized calcium-binding adapter molecule 1 

(lbal), a macrophage-specific calcium binding protein that has been used in previous studies for 

identifying macrophages in the cochlea (Hirose et al., 2005; Okano et al., 2008) and the central nervous 

system (Aja mi et al., 2011). Macrophage precursor cells were identified by their strong expression of 

lymphocyte antigen 6 complex (Ly6C), a macrophage precursor/monocyte-specific marker (Rose et al., 

2012) in combination with relatively weak lbal expression. Macrophage and monocyte identity was 

enhanced by morphological analysis. The overall inflammatory and functional state of macrophage 

precursor cells and macrophages was further investigated by examining the expression pattern of C-C 

motif chemokine ligand 2 (CCL2; also known as monocyte chemoattractant protein-1) and the cell 

surface glycoprotein intercellular adhesion molecule 1 (ICAM-1). 
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After dissection, whole-mount preparations were treated with 0.5% Triton X-100 to 

permeabilize the cells for 30 min at room temperature, and then with 10% donkey or goat serum 

albumin in PBS (pH 7.4) for 1 hour at room temperature. The tissues were subsequently incubated 

overnight at 4 °C w ith one or two selected primary antibodies . After incubation with primary antibodies, 

the tissues were rinsed 3 times in PBS and incubated in the dark with one or two secondary antibodies 

for 2 hours at room temperature. A comprehensive list of surface markers for these experiments 

includes: goat anti-CD45 polyclonal antibody, 1:100, AF114, RD Inc., Minneapolis, MN, USA; rabbit anti

lbal monoclonal antibody, 1:200, ab178846, Abeam Inc., Cambridge, MA, USA; Ly6C antibody (G-3) 

mouse monoclonal lgG, 1:100, sc-271811, Santa Cruz Biotechnology Inc., Dallas, TX, USA; rabbit anti

MCP1/CCL2 polyclonal antibody, 1:100, ab25124, Abeam Inc., Cambridge, MA, USA; ICAM-1 antibody (G

S) mouse monoclonal lgG, 1:100, sc-8439, Santa Cruz Biotechnology Inc., Dallas, TX, USA; Alexa Fluor® 

488, 555, 568 or 594 donkey anti-goat, anti-rat, anti-rabbit or anti-mouse. 

The specificity of the primary antibodies used in this study was confirmed in our previous 

studies. Briefly, Western blotting of lysates from spleen and lymph node tissues was used to confirm the 

molecular weights of the proteins targeted by the CD45 antibody (Yang et al., 2015) . The lbal antibody 

has been used for identification of macrophages in our previous study examining cochlear tissue 

macrophages during postnatal development (Dong et al., 2018) and for identification of 

macrophages/microglia reported in a recent publication (Wang et al., 2017) . To prevent false positive 

identifications due to non-specific labeling of the secondary antibodies, certain samples were incubated 

with only the secondary antibodies, and no clear fluorescence was observed . 

5.2.7. Macrophage phagocytosis 

The phagocytic activity of macrophages under both naive conditions and following noise 

exposure was evaluated using pHrodo® zymosan bioparticles® conjugate (P35365, lnvitrogen, Carlsbad, 
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CA, USA). This pHrodo® dye allows for observation of the degree of phagocytic activity because the 

fluorescence of the dye is only activated upon ingestion of the zymosan bioparticles by live cells and the 

exposure of these particles to an increase in pH within the acidic phagocytic vacuoles. Due to the 

substantially lower extracellular pH, there is a complete lack of bioparticle fluorescence outside the cell 

bodies. Specifically, animals were euthanized as previously described. The cochleae were quickly 

removed from the skull and dissected in live cell imaging solution (A14291DJ, lnvitrogen, Carlsbad, CA, 

USA). After the cochlear labyrinth was opened, the sensory epithelia, the modiolus, and the lateral wall 

were removed to expose the macrophages on the lateral inner surface of the scala tympani of the first 

cochlear turn . The tissues were then incubated with the pHrodo® zymosan bioparticles® conjugate for 

90 minutes at 37 °C and then rinsed 3 times in live cell imaging solution. The tissues were then fixed in 

10% buffered formalin for 4 hours, and then decalcified with EDTA at 4 °C for 1 day. Subsequently, the 

tissues were collected and stained with the antibody against CD45 and an appropriate secondary 

antibody to visualize immune cells . The tissue was then mounted on a slide containing an antifade 

mounting medium. 

5.2.8. Tissue observation and image acquisition 

The tissues were examined using an epifluorescence illumination microscope (Z6 APO 

apochromatic zoom system) equipped with a digital camera (DFC3000 G microscope camera) controlled 

by Leica Application Suite V4 PC-based software (Leica Microsystems, Buffalo Grove, IL, USA). The entire 

length of the sensory epithelium and immediately surrounding cochlear tissues were photographed. To 

observe detailed structural changes, certain samples were further examined and photographed using a 

confocal microscope (LSMSlO multichannel laser scanning confocal image system) with associated ZEN 

Blue 2012 image processing software (Zeiss, Thornwood, NY, USA) utilizing a methodology previously 

reported (Cai et al., 2014). For macrophage quantification and morphological analysis, the collected 

images were processed to improve the clarity of cells. Specifically, we used the functions of image 
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adjustment offered in Adobe Photoshop CS6 (version 13.0.1, Adobe Systems, San Jose, CA, USA) to 

enhance image contrast. 

5.2.9. Quantitative analysis of macrophage morphology and distribution 

Macrophages and macrophage precursor cells were identified based on their differential 

expression of CD45, lbal and Ly6C in addition to their shapes and sizes. Macrophages are larger than 

other types of leukocytes and have unique shapes including dendritic, amoeboid, curvilinear shapes, or 

an irregular shape with projections. To determine the distribution, we examined cells of interest that 

had been positively stained with known specific surface markers (either pan-leukocyte marker CD45, 

macrophage-specific marker lbal, or macrophage precursor/monocyte marker Ly6C). Positive cells were 

identified and distinguished from surrounding tissue by their ability to exhibit strong staining patterns in 

relation to adjacent cells. 

Osseous spiral lamina macrophages, basilar membrane macrophages (BM-macrophages) and 

luminal surface scala tympani macrophages, each identified as a subset of the cochlear macrophage 

population, were distinguished from neighboring macrophages (e.g., lateral wall macrophages) using the 

following methods. Bright-field illumination was employed when observing cells under epifluorescence 

illumination microscopy. This provided clear visual distinction between cochlear partitions: osseous 

spiral lamina, basilar membrane and surrounding cochlear tissues (e.g., lateral wall). During confocal 

microscopy, the application of differential interference contrast (DIC) provided clear visualization of 

tissue orientation, allowing for easy identification of basilar membrane and osseous spiral lamina 

tissues. Only macrophages residing within a particular cochlear partition were included in the 

macrophage distribution analysis for that delimited tissue region. 
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5.2.10. Analyses of basilar membrane macrophages 

Macrophage phenotype and distribution was evaluated and described per the following criteria. 

General morphology: a description of immune cell morphology was conducted: e.g., dendritic, 

amoeboid, networked-curvilinear or small round to teardrop shaped cells . Cell Size: measurement of cell 

size was achieved using Adobe Photoshop to trace cell membrane boundaries . The area contained 

within each outlined cell was calculated and employed as a metric of cytoplasmic cell area. For each 

tissue specimen, the area of ten typical cells in the apical portion (0-40% distance from the apical 

extreme) and ten typical cells in the basal portion (60-100% from the apical extreme) was acquired. 

These ten cells from each anatomic site were then averaged to provide a single representative number 

for the apical and basal sections of the basilar membrane for each individual cochlea. Cell Circularity: 

The degree of circularity of individual macrophages was employed to assess gross morphological 

changes in cellular morphology both under steady-state conditions and subsequent to noise exposure. 

Specifically, this measure was utilized to reveal to degree to which individual cells demonstrated the 

following general shapes: dendritic, networked-curvilinear, or amoeboid . Calculation of cellular 

circularity was acquired in the same procedural step as the acquisition of cell size using a methodology 

previously reported (Agley et al., 2012). Adobe Photoshop was used to trace cell membrane boundaries. 

The record observations function provides a measure of circularity with 1.00 indicating a perfect circle. 

This calculation is derived from 4n:(area/perimeter2) . Distribution macrophage-grams were generated 

using a technique described in our previous publication (Frye et al., 2017) . Briefly, the number of cells 

present per 5% (300 µm) of the total length of the basilar membrane (approximating 6000 µm) was 

quantified. The mean for these counts was then computed to produce an average value per unit length 

from the apical extreme to the basal terminus. Group means were acquired by averaging cell counts per 

unit across specimens for each experimental group . 
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5.2.11. Analyses of macrophages among the neural tissue of the osseous spiral lamina 

Distribution analyses for macrophages residing among the neural tissue of the osseous spiral 

lamina was performed by quantifying the number of cells present in a sample of 0.1 mm2 in each of the 

three anatomical cochlear turns (apical, middle, basal) per specimen. The mean for these counts was 

then computed to produce an average value per unit area in each cochlea . Group means were acquired 

by averaging cell counts per unit area across specimens for each group . 

5.2.12. Real-time quantitative polymerase chain reaction (RT-qPCR) 

RT-qPCR was performed to determine the transcriptional expression of the following genes: 

CD14, CCL2, SODl, TNF-a, IL-lfs, 116, CD86, CCL7, H2A-a, and IL-10. Tissue from the organ of Corti and the 

lateral wall/basilar membrane were used for analysis. The organ of Corti tissue contains sensory cells 

(inner hair cells and outer hair cells) and adjacent supporting cells (Deiters cells, pillar cells, Hensen cells, 

inner phalangeal cells and inner border cells). The lateral wall/basilar membrane tissue contains the 

mesothelial cells, the basement membrane, immune cells associated with the basilar membrane, cells of 

Claudius, cells of Boettcher, and all the cells in the stria vascularis and the spiral ligament. 

After the animals were euthanized, the cochlea was quickly removed and placed in ice-co ld 

Dulbecco's phosphate buffered saline (PBS, GIBCO, Life Technologies, Grand Island, NY, USA) . The bony 

shell facing the middle ear cavity was quickly removed to expose the cochlear structure. The modiolus of 

the cochlea was removed, but the lateral wall and the sensory epithelia remained intact. Then, the 

tissue was placed in RNAlater solution (Qiagen, Valencia, CA, USA) to collect target tissues using 

techniques described in our previous publications (Cai et al., 2014; Yang et al., 2015). The isolated 

tissues were transferred to a small dish containing fresh RNAlater solution to wash out tissue debris 

from the surface of the samples. Then, the tissues were transferred to an RNase-free PCR tube and 

stored at -80 °C until the analysis of gene expression. The organ of Corti and the lateral wall/basilar 
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membrane tissue from one cochlea was used to generate one sample. There were four biological 

replicates for each experimental condition (naive control and LLN). 

Total RNAs were extracted from the collected tissues using the RNeasy Plus Micro Kit (Qiagen 

GmbH, Hilden, Germany) and were reverse transcribed using a high capacity cDNA reverse transcription 

kit (Superscript™ VILO™ MasterMix, lnvitrogen, Carlsbad, CA, USA). RT-qPCR was performed on a 

CFXConnect Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA). The transcriptional 

expression levels of target genes were examined using pre-developed TaqMan gene expression 

primer/probe assays (Applied Biosystems, Foster City, CA, USA). Pre-developed GABA and Rpl13a gene 

expression assays (Applied Biosystems) were used as endogenous controls. Analysis of relative gene 

expression data between sample groups was completed with a standard 2-b.b.Ct method previously 

reported (Livak et al., 2001). 

5.2.13. Data analyses 

Statistical analyses were performed using OriginPro 2017 (Originlab, Northampton, MA, USA) or 

SigmaPlot (version 10.0.1.25, San Jose, CA, USA). Group means were statistically compared with either a 

one- or two-tailed Student's t test or a one-way or two-way ANOVA (see Results section for details). An 

a-level of 0.05 was chosen to denote significance for all statistical tests . 

5.3. Results 

5.3.1. Exposure to an intermittent noise at 95 dB SPL for 2 weeks causes a temporary threshold shift 

without sensory cell loss 

A fundamental aspect of our experiment was to create an experimental condition that exerts a 

temporal impact on cochlear function, but does not cause sensory cell death. To examine LLN-induced 

cochlear macrophage activity in the context of changes in hearing sensitivity, we measured ABR 
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thresholds before and at various time points after noise exposure. As compared with the pre-noise 

thresholds, subjects demonstrated significantly elevated thresholds of 11 ± 3 dB at 4 kHz, 14 ± 3 dB at 8 

kHz, 16 ± 4 dB at 16 KHz and 16 ± 3 at 32 kHz following 7 days of LLN exposure. Further elevation of 

thresholds was observed in subjects exposed to 15 days of LLN with a mean shift of 16 ± 4 dB at 4 kHz, 

25 ± 3 dB at 8 kHz, 26 ± 3 dB at 16 kHz and 24 ± 4 dB at 32 kHz. These changes in thresholds are 

statistically significant (Fig. 5-lA; Two-way ANOVA, F (3, 9) = 152, P < 0.001; Holm-Sidak post-hoc 

method comparisons, Naive vs. 7d LLN, P < 0.001; Naive vs. 15d LLN, P < 0.001; 7d LLN vs. 15d LLN, P < 

0.001). Thus, with the prolongation of exposure to LLN (from 7 to 15 days), the degree of threshold 

shifts further increased suggesting accumulation of functional impacts. 

In order to elucidate whether the increase in thresholds was temporary or permanent, ABR 

measurement was repeated 20 days following noise cessation. By this time point ABR thresholds had 

returned to the pre-noise level (Fig. 5-lA; Two-way ANOVA, F (3, 9) = 152, P > 0.05) indicating that the 

elevated thresholds measured immediately after the 15-day exposure were TTS. Though previous 

studies using noises with a similar intensity level, but shorter duration, showed the recovery of 

thresholds (Furman et al., 2013; Lin et al., 2011), to the best of our knowledge, this is the first study to 

provide functional assessment data using an extended (7 to 15 day) intermittent 95 dB SPL noise 

exposure. Together, these functional analyses reveal that our noise exposure paradigm results in only a 

TTS. 

Next, we determined whether the LLN was able to cause sensory cell death using either Alexa 

Fluor™ 488 phalloidin for f-actin in the cuticular plates of hair cells or DAPI or TO-PRO®-3 for hair cell 

nuclei. Loss of Alexa 488 fluorescence in cuticular plates or DAPI/TO-Pro3 fluorescence in nuclei is 

indicative of sensory cell loss. We found no significant increase in the number of missing sensory cells in 

animals exposed to LLN for either 7 days (0.47% ± 0.14 missing or damaged cells) or 15 days (0.68% ± 

0.17) compared to naive controls (0.33% ± 0.21) (Fig. 5-1; One-way ANOVA, F (3, 17) = 339.671, P > 0.05; 
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Tukey post-hoc: LLN 15d vs. Naive, q = 0.961, P = 0.904; LLN 15d vs. LLN 7d, q = 0.552, P = 0.979; LLN 7d 

vs. Naive, q = 0.379, P = 0.993) . Together, these functional analyses reveal that the LLN used in the 

current investigation is safe for sensory cell viability. 
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Fig. 5-1 ABR thresholds and sensory cells in naive and LLN exposed animals. 

A. ABR functional assessment in naive animals (n=lO), animals exposed to LLN for 7 days (n=5) and 15 

days (n=lO), and animals tested 20 days following noise cessation (n=8) . Compared to baseline measures 

under naive conditions, significant threshold shifts are observed at all tested frequencies at both 7 and 15 

days with thresholds returning to baseline levels 20 days after noise cessation (*** P < 0.001) . 8. TO

PRO®-3 labeling of sensory cell nuclei in the basal turn of a naive CBA/CaJ mouse cochlea . C. Typical 

nuclear morphology in a cochlea examined following 15-day LLN exposure. Sensory cell nuclear integrity 

is maintained. The nuclei above the outer hair cells at the top of panels Band Care cells of Claudius. Many 

of these cells in panel C were not included when the OHC image was projected from a series of confocal 

images. OHC: outer hair cells. IHC: Inner hair cells . 

5.3.2. Macrophages in the cochlear regions adjacent to sensory cells and neural tissues 

We sought to focus on macrophages because these cells are the primary immune cell 

population in the cochlea (Hirose et al., 2005; Okano et al., 2008) comprising approximately 80% of 

hematopoietic cells in cochlear tissues (Matern et al., 2017). Moreover, these cells have been 
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demonstrated to be the principal immune cell type activated in the event of cochlear stress and 

pathogenesis (Frye et al., 2017; Hirose et al., 2005; Lang et al., 2006; Okano et al., 2008; Sato et al., 

2008; Tornabene et al., 2006; Yang et al., 2015) . In the current study, macrophage identity was defined 

by their expression of lbal, a known macrophage-specific protein marker (Ajami et al., 2011) that has 

been used in cochlear macrophage identification (Hirose et al., 2005; Okano et al., 2008) . Our pilot 

observation showed that lbal immunoreactivity correlated well with the immunoreactivity of F4/80, 

another macrophage marker that has been used in our previous studies (Frye et al., 2017; Yang et al., 

2015) . lbal was selected for macrophage identification in the current study because its 

immunoreactivity is much stronger than the immunoreactivity of F4/80 in macrophages of cochlear 

neural regions . 

Macrophages have been identified in several cochlear partitions (Hirose et al., 2005; Lang et al., 

2006; Sato et al., 2008; Shi, 2010) . Here, we focused on two anatomic sites. The first is the neural region 

within the osseous spiral lamina where macrophages reside among the peripheral bundles of ganglion 

neurons (Fig. 5-2). We selected this region because LLN is known to exert adverse effects on spiral 

ganglion homeostasis (Furman et al., 2013; Kujawa et al., 2009; Lin et al., 2011). Under steady-state 

conditions, osseous spiral lamina macrophages present with a branched, dendritic morphology as 

revealed by CD45 and lbal immunolabeling (Fig. 5-3A through C) . They are oriented radially toward the 

lateral edge of the osseous spiral lamina. Moreover, osseous spiral lamina macrophages presented with 

similar morphology across the apical, middle and basal cochlear portions. 

We also observed macrophages in the scala tympani cavity immediately beneath the basilar 

membrane, and these cells are termed BM-macrophages (Fig. 5-2) . We chose to examine these 

macrophages because 1) they are in closest anatomic proximity to outer hair cells, the most vulnerable 

cells to acoustic injury in the cochlea, and 2) these macrophages are readily able to respond and adapt 

to chronic low-grade cochlear stresses exerted on sensory cells (Frye et al., 2017) . Under resting 
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conditions, an apical-to-basal gradient in BM-macrophage morphology was observed. Highly ramified, 

dendritic-shaped macrophages dominated apical regions (approximately 0-40% from the apex), and this 

finding is consistent with our previous observations in C57BL/6BL/6J mice (Frye et al., 2017; Yang et al., 

2015) . However, BM-macrophage morphology in the middle and basal turns of the basilar membrane is 

notably peculiar. They appeared as a long, thin curvilinear network of cells that stretch along the natural 

curve of the basilar membrane (Fig. 5-3D though F). 

Spira l lamina macrophages 

Fig. 5-2 Schematic drawing of a cochlear cross-section indicating the location of cochlear 

macrophages in three anatomic sites. 

The osseous spiral lamina macrophages reside closely among the peripheral fibers of the spiral ganglia 

and are color-coded green in this schematic. BM-macrophages inhabit the scala tympani cavity and are 

found immediately beneath the basilar membrane in close proximity to the sensory cells and their 

innervations by spiral ganglia (color-coded yellow) . Cochlear macrophages on the luminal surface of the 

scala tympani cavity were also examined and are color-coded blue. 

Macrophages extant on the luminal surface of the scala tympani cavity were also identified and 

described (Fig. 5-2). Under resting conditions, these cells are sporadically located and vary in 
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morphology from more highly ramified dendritic-like shapes to more rounded amoeboid phenotypes 

(Fig. 5-3G through I). 

To further confirm our identity of macrophages, we used immunohistochemistry to stain the 

bone marrow in the bony shell of the cochlea. Many small, less-differentiated leukocytes expressed 

strong CD45 immunoreactivity (Fig. 5-3J). However, lbal immunoreactivity was expressed only in well-

differentiated macrophages and not in small, round CD45-positive cells (Fig. 5-3K through L). The finding 

of strong lbal expression in mature mononuclear phagocytes is consistent with previous findings (Ajami 

et al., 2011) . Together, these observations revealed site-dependent morphologies of cochlear 

macrophages under resting conditions . 

Fig. 5-3 Tissue macrophages display different morphologies in distinct cochlear partitions. 

A-C. Osseous spiral lamina macrophages residing among the peripheral nerve bundles of ganglion 

neurons. Under steady-state conditions, osseous spiral lamina macrophages present with a branched, 
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dendritic morphology as revealed by CD45 (A) and lbal (B) immunolabeling. They are oriented radially 

toward the lateral edge of the osseous spiral lamina. To provide further context for immune cell analysis, 

tissues were counter-stained with TO-PRO®-3 (C) . D-F. Steady-state BM-macrophages in the middle and 

basal cochlear region present as a network of long and thin curvilinear cells that follow the natural 

anatomic curve of the basilar membrane. BM-macrophages strongly express CD45 (D) and lbal (E) 

immunoreactivity. G-1. Macrophages on the luminal surface of the scala tympani in the basal turn of a 

naive cochlea. Under resting conditions, these cells present with a variety of morphologies (amoeboid to 

branched), are sporadically located among non-immune cells on the surface of the scala tympani, and 

possess both CD45 (G) and lbal (H) immunoreactivity. A merged image with CD45 and lbal colocalization 

can be seen in DIC view (I). J-L. CD45 (J) and lbal (K) immunohistochemistry performed on bone marrow 

harvested from the cochlear bony shell shows many small, rounded and undifferentiated leukocytes with 

very strong CD45 immunoreactivity (J) . These small less-differentiated cells do not express the 

macrophage-specific protein lbal. However, among the undifferentiated bone marrow leukocytes reside 

globular, branched, fully differentiated macrophages that express strong lbal immunoreactivity (K) 

indicating that only mature macrophages, but not less-differentiated leukocytes, express lbal. CD45 and 

lbal colocalization with TO-PRO®-3 nuclear labeling can be seen in panel L. 

5.3.3. Lower-level noise increases the number of macrophages in the cochlear regions adjacent to 

sensory cells and neural tissues 

Exposure to a high-level noise is known to cause accumulation of inflammatory cells in the 

cochlea, and these inflammatory cells are thought to come from circulating monocytes in response to 

sensory cell damage (Hirose et al., 2005; Tornabene et al., 2006; Wakabayashi et al., 2010; Yang et al., 

2015) . Here, we wanted to know whether exposure to a LLN that does not cause sensory cell death is 

able to increase the macrophage number in the cochlea . We first examined macrophages in the neural 

tissue in the osseous spiral lamina. These immune cells are located inside the bony shell of the spiral 

lamina and are distributed among the neural fibers of ganglion neurons. This cochlear region was 

selected because macrophages are abundant in this tissue under resting conditions and because 

pathological changes in the synaptic region of the spiral ganglia have been found following LLN exposure 

(Kujawa et al., 2009; Kujawa et al., 2015). Changes in the macrophages residing amongst the neural 

tissue of the osseous spiral lamina were evaluated as a function of the duration of LLN stress. A tissue 

area of 0.1 mm2 was used to survey the number of neural tissue macrophages of each sampled cochlea. 
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Following noise exposure, the number of macrophages in the osseous spiral lamina increased (Fig. 5-4) . 

While the number of total osseous spiral lamina macrophages increased in cochleae exposed to LLN for 

7 days (35 ± 5) compared to naive cochleae (30 ± 5), this increase did not reach significance until 15 days 

of LLN stress (38 ± 6) (Fig. 5-4C; One-way AN OVA; F = 24.95; df = 2; P < 0.001; Tukey test: Naive vs. 7d, P 

> 0.05; Naive vs. 15d, P < 0.01; 7d vs . 15d, P > 0.05) . This observation suggests that a prolonged 

exposure is able to increase the macrophage number in the neural region of the cochlea. 
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Fig. 5-4 LLN increases the number of osseous spiral lamina macrophages. 

A. Macrophages in the apical turn of a 2-month old cochlea under steady-state conditions. Note that 

immune cells run radially from the region of the modiolus toward the contact point between the osseous 

spiral lamina and the basement membrane of the basilar membrane. 8. Apical turn of an age-matched 

cochlea exposed to LLN for 15 days. Following LLN, macrophages continue to be radially aligned along the 

spiral ganglion bundles, and the branched macrophage morphologies are maintained. However, their 

number is increased. C. Comparison of the macrophage numbers among naive cochleae (n=5) and those 

exposed to LLN for 7 days (n=5) and 15 days (n=5) . A statistically significant increase in the number of 

osseous spiral lamina macrophages occurs following 15 days of LLN stress(** P > 0.01) . 

Next, we examined BM-macrophages because these cells are the closest immune cells to 

cochlear outer hair cells. We first quantified the total number of BM-macrophages and compared the 

numbers between the naive and LLN -exposed animals . As compared with the number of BM-

macrophages in naive cochleae (114 ± 11), the number of BM-macrophages increased in ears stressed 

with LLN for both 7 days (151 ± 6) and 15 days (145 ± 4), and these changes are statistically significant 
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(Fig. 5-5A; One-way ANOVA, F (2, 10) = 28.434, P < 0.001; Tukey post-~hoc all pairwise multiple 

comparison, 7d vs. Naive, q = 9.768, P < 0.001; 15d vs. Naive, q = 8.175, P < 0.001; 7d vs. 15d, q = 1.511, 

P > 0.05.) However, no significant difference was observed between the 7-day and the 15-day group, 

suggesting no further increase in macrophage number as the noise exposure prolonged from 7 days to 

15 days. 

Further spatial analysis revealed a site-dependent increase in BM-macrophage numbers (Fig. 5-

5B) . Scrutiny of the apical section of the basilar membrane (approximately 0-40% from the apex) 

revealed no significant difference among groups (Fig. 5-5C; One-way ANOVA, F (2, 10) = 25.615, P > 

0.05). In contrast, the middle and basal portions of the basilar membrane (40-90% from the apex; see 

the gray shaded area in Fig. 5-5B) exhibited an increase in the total number of macrophages after LLN 

stress. Specifically, the average number of BM-macrophages increased from 74 ± 10 cells observed for 

the naive group to 108 ± 5 for the 7-day group, and then maintained this increased level (104 ± 5) for the 

15 day group (Fig. 5-5D; One-way ANOVA, F (2, 10) = 28.434, P < 0.001; Tu key post-hoc all pairwise 

multiple comparison, 7d vs. Naive, q = 9.654, P <0.001; 15d vs. Naive, q = 8.512, P <0.001; 7d vs. 15d, q = 

1.084, P > 0.05). This region of macrophage augmentation is consistent with the site of the sensory 

epithelium corresponding to the frequency of the LLN (8-16 kHz) (Spongr et al., 1997; Willott et al., 

2004; Willott et al., 2005). Taken together, these data suggest that LLN stress increases the macrophage 

population in the cochlear regions adjacent to sensory cells and their neural innervation . 
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Fig. 5-5 Changes in BM-macrophage numbers following LLN exposure. 

Pre-noise: n=5, right after the noise: n=4, and 2 months after the noise: n=4. A. Comparison of the total 

number of macrophages across the entire length of the basilar membrane for naive cochleae and cochleae 

exposed to LLN for 7 days and 15 days. A statistically significant increase in the number of macrophages 

is observed for the 7- and 15-day groups as compared with the number of the control group (*** P < 

0.001). 8. BM-macrophage-gram showing the distribution of macrophages spanning the full length of the 

basilar membrane. Note the heterogeneous change in macrophage number in different regions of the 

sensory epithelium as a result of LLN exposure. C. Comparison of the total number of BM-macrophages in 

the apical section (0-40% distance from the apex) of the basilar membrane in naive (n=5) and LLN-stressed 

cochleae at 7 days (n=4) and 15 days (n=4). D. Comparison of the total number of BM-macrophages in the 

basal portion (40-100% distance from the apex). A substantial increase in the number of individual cells 

occurs subsequent to LLN stress, and this increase is statistically significant(*** P < 0.001). 
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5.3.4. Infiltrated macrophages in the cochlea after LLN 

The finding of the increase in the number of cochlear macrophages suggests the infiltration of 

circulating monocyte-lineage cells into the cochlea, an immune stress response that has been reported 

following traumatic noise insult (Hirose et al., 2005; Tornabene et al., 2006; Wakabayashi et al., 2010; 

Yang et al., 2015). We wanted to know how monocyte-lineage macrophage precursor cells transform 

during prolongation of LLN. We selected macrophages on the surface of the basilar membrane for this 

analysis not only because of their close proximity to sensory cells, but also because of the aqueous 

environment that the cells face, which allows them to adopt a natural shape without significant physical 

constraints imposed by surrounding cells. This stands in contrast with the macrophages that are 

embedded within tissues. We identified monocyte-lineage macrophage precursors that were infiltrated 

as the result of LLN based on their expression of Ly6C (Fig. 5-6A through B), a protein marker for blood

derived monocytes (Rose et al., 2012) that is associated with inflammatory activity (Rose et al., 2012; 

Swirski et al., 2009) as well as their morphology-a small and round shape, which differs substantially 

from tissue macrophages that had a larger body size. We first examined the number of small round 

Ly6Chigh cells in the 7-day LLN group. While very few of these cells were present (2 ± 2 cells), a 

significant increase in the number of these Ly6Chigh cells was found in cochleae exposed to LLN for 7 

days (32 ± 2) (Fig. 5-6C; One-way ANOVA, F (2, 10) = 187.409, P < 0.001; Tukey post-hoc all pairwise 

multiple comparison, 7d vs. Naive, q = 24.855, P < 0.001). Noticeably, the number of these cells closely 

matches the number of increased cells along the middle and basal portion of the basilar membrane 

described in the previous section. Specifically, the total number of macrophages beneath the basilar 

membrane increased from 74 ± 9 cells in the naive ears to 108 ± 5 cells in the LLN-stressed ears-an 

average increase of 34 total cells. This number corresponds to the increase in the number of Ly6Chigh 

cells identified at this time point (an average of 30). Further analysis revealed that the Ly6Chigh cells 

were confined primarily to the middle and the basal portions of the basilar membrane (see the gray 

147 



Aberrant immune states of the inner ear 

shaded area in Fig. 5-6D) . Again, this distribution is consistent with the distribution of total macrophages 

observed at this time point (see Fig. 5-5B) . These observations provide further evidence that small round 

Ly6Chigh cells are infiltrated monocyte- lineage macrophage precursors. 
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Fig. 5-6 Analysis of macrophages with a small round shape beneath the basilar membrane following 

LLN. 

A. A typical image of Ly6C-positive cells (pointed to by arrows) beneath the basilar membrane in the 

middle turn of a cochlea following LLN for 15 days. 8. DIC view of the same cochlear site. C. The total 

number of small round Ly6C-positive cells increases following exposure to LLN (n=S cochleae for each time 

point)(*** indicates P < 0.001). D. Distribution of Ly6C-positive cells along the basilar membrane. Note 

that the increase in the number of Ly6C-positive cells is specifically found within the middle to basal 

portion (40-100% from apex) of the basilar membrane of cochleae stressed by LLN. This cell type was 

comparatively scant in all basilar membrane portions of naive cochleae (data not shown) . 

We then examined the small round Ly6Chigh cells in the 15-day LLN group and found a 

significant increase in the number of these cells (29 ± 4) (Fig. 5-6C; One-way ANOVA, F (2, 10) = 187.409, 

P < 0.001; Tukey post-hoc all pairwise multiple comparison, 15d vs. Naive, q = 21.334, P < 0.001). Again, 

148 



Aberrant immune states of the inner ear 

this increase was confined to the middle and basal portions of the basilar membrane (Fig. 5-6D) and the 

level of the increase (average of 27) closely matches the total number of increased macrophages 

(average of 32) described in the previous section. Noticeably, there was no significant difference in the 

number of Ly6Chigh cells between the 7-day group and the 15-day group (Fig. 5-6C; One-way ANOVA, F 

(2, 10) = 187.409, P < 0.001; Tukey post-hoc all pairwise multiple comparison, 7d vs. 15d, q = 3.340, P > 

0.05). These observations suggest that macrophages that infiltrated during the 7-day noise exposure 

maintained their undifferentiated or less-differentiated phenotypes during the period of additional 8 

days of noise exposure. 

5.3.5. Tissue macrophages acquire an activated morphology after exposure to LLN 

After analysis of small round Ly6Chigh cells, we sought to determine the functional state of the 

macrophages that displayed mature macrophage phenotypes, that is, lbal-positive cells with a large 

body size. These cells are likely to be tissue macrophages that already reside in the cochlea under 

resting conditions. We examined their shape and size because these morphological indexes are an 

indicator of macrophage activation (Davis et al., 1994; Frye et al., 2017; Raivich et al., 1999; Stence et al., 

2001; Young et al., 1969). ~ 

For the shape analysis, we measured the circularity of individual macrophages, an indicator of 

the extent to which a cell shape resembles a circle (with 1.0 representing a perfect circle). As previously 

stated, macrophages in the apical portion of the basilar membrane displayed a dendritic shape under 

resting conditions. These cells maintained their ramified morphology after exposure to LLN. Circularity 

analysis confirms this finding (Fig. 5-7A; One-way ANOVA, F (2, 10) = 1.034, P > 0.05). 
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Fig. 5-7 LLN causes morphological transformation of BM-macrophages to activated phenotypes. 

A-8. Comparison of the circularity index of BM-macrophages between the naive cochleae (n=5) and the 

cochleae stressed with LLN for 7d (n=4) and 15 days (n=4) . A. Analysis of apical macrophages reveals the 

maintenance of the gross morphology subsequent to LLN. 8. Morphological analysis of basal BM

macrophages reveals significantly more circular cell bodies in cochleae stressed with LLN for both 7 days 

and 15 days (*** P < 0.001). This change reflects the macrophage shape alterations from curvilinear 

networked cells in naive cochleae to rounded globular amoeboid macrophages dominant in cochleae 

stressed by LLN. C. Typical morphology of BM-Macrophages in the middle turn of a normal control 

cochlea. Note that under naive conditions, BM-macrophages in the middle turn appear as a network of 

long, thin curvilinear cells that are aligned with the natural curve of the basilar membrane (arrows). D. 

Morphology of macrophages in the same location of an age-matched cochlea exposed to LLN for 15 days. 

Macrophages transformed from a curvilinear networked shape seen under steady-state conditions to an 

amoeboid shape (large single arrows), a morphology associated with an activated immune status. In 
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addition to large amoeboid cells, several small, round and teardrop shaped cells can be seen on the basilar 

membrane (small double arrows). E-F. Cell size comparison of BM-macrophages in naive cochleae (n=5) 

and cochleae exposed to LLN for 7 days (n=4) and 15 days (n=4) . E. Analysis of apical macrophages 

indicates no changes in cell size following LLN stress. F. Size analysis of basal BM-macrophages reveals a 

slight decrease in the mean cell size subsequent to LLN stress, but the change is not statistically significant. 

BM-macrophages in the middle and basal turns of steady-state naive cochleae appear as a 

network of long, thin curvilinear cells that are aligned with the natural curve of the basilar membrane 

(arrows, Fig. 5-7() . However, following LLN stress, cochleae showed few of the curvilinear networked 

cells typically seen in this cochlear region under steady-state naive conditions. Instead, macrophages 

acquired a rounded and globular amoeboid shape (single arrows, Fig. 5-7D)-a morphology associated 

with an activated immune status (Davis et al., 1994; Frye et al., 2017; Raivich et al., 1999; Stence et al., 

2001; Young et al., 1969). In naive cochleae, middle and basal turn macrophages with networked 

curvilinear morphology presented with a mean circularity of just 0.08 ± 0.02. However, the globular 

amoeboid macrophages from this same anatomic site in cochleae stressed for 7 days presented with a 

circularity of 0.60 ± 0.07 and those stressed for 15 days presented with a circularity of 0.60 ± 0.04. 

Examination of the degree of circularity of these amoeboid cells revealed a very significant change in 

their circularity index when compared to naive specimens (Fig. 5-7B; One-way ANOVA, F (2, 10) = 

188.183, P < 0.001; Tukey post-hoc: 7d vs. Naive, q = 23.323, P < 0.001; 15d vs . Naive, q = 23.309, P < 

0.001; 7d vs. 15d, q = 0.014, P > 0.05). This morphological change suggests the activation of tissue 

macrophages after exposure to LLN. 

Next, we measured the cell size. No significant changes in size were observed in apical 

macrophages after the noise exposure (Fig. 5-7E; One-way ANOVA, F (2, 10) = 1.39, P > 0.05) . Similarly, 

no significant changes in the body size were detected for the macrophages in the middle and basal 

portions of the basilar membrane (Fig. 5-7F; One-way AN OVA, F (2, 10) = 1.39, P > 0.05). The finding of 
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the change in the morphology without the change in body size suggests that activated tissue 

macrophages retract their processes without the change in their body volumes after LLN stress. 

5.3.6. LLN stress induces the expression of ICAM-1 in cochlear macrophages 

To determine the functional activation of cochlear macrophages, we examined macrophage 

expression of the intercellular adhesion molecule 1 (ICAM-1) that has roles in cell differentiation and 

motility. Expression of ICAM-1 has been experimentally demonstrated to increase in cochleae following 

acoustic trauma (Tornabene et al., 2006), and previous researchers have shown upregulation of ICAM-1 

associated genes following chronic LLN stresses (Tan et al., 2016). Here, we examined the expression of 

ICAM-1 in cochlear macrophages following 15 days of our LLN paradigm. lmmunoreactivity of ICAM-1 

under naive steady-state conditions is weak (Fig. 5-8A through C). In contrast, the immunoreactivity of 

ICAM-1 was markedly increased on cochlear macrophages chronically stressed with LLN (Fig. 5-8D 

through F). Noticeably, small round cells display a higher immunoreactivity than large branched cells. 

Taken together these data show that the expression of ICAM-1, an important molecule associated with 

changes in both inner ear immune status (Suzuki et al., 1995; Tan et al., 2016; Tornabene et al., 2006) 

and the migration of leukocytes to the ear (Shi et al., 2007), is up regulated in cochlear macrophages 

following LLN stress. 
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Fig. 5-8 LLN enhances the ICAM-1 expression in BM-macrophages. 

A-C. ICAM-1 immunoreactivity is scant in naive BM-macrophages. D-F. ICAM-1 immunoreactivity is 

enhanced following LLN stress. Arrows point to ICAM-1 positive cells that display strong lbal 

immunoreactivity. 

5.3.7. LLN stress inhibits macrophage phagocytic function 

Observed changes in the cochlear macrophage morphology following LLN stress suggests 

changes in macrophage function . To provide further evidence for changes in macrophage function, we 

examined macrophage phagocytic activity because this function has been implicated in removing 

unwanted or damaged tissues from the cochlea under normal and pathological conditions (Fredelius et 

al., 1990; Hirose et al., 2017; Hu et al., 2018) . We used pHrodo ® zymosan bioparticles® for assessing 

phagocytosis of macrophages. This assay allows for determining the level of phagocytic activity because 

the fluorescence intensity of zymosan bioparticles is correlated to the level of ingested zymosan 

bioparticles. Macrophages located on the luminal surface of the scala tympani cavity were selected for 

observation because these cells were able to access the pHrodo ® bioparticles during the in vitro staining 

process. 

Naive ears and those stressed with LLN for 15 days were examined using a confocal microscope 

with identical parameter settings (Fig. 5-9A through F). We first counted the number of macrophages on 

the luminal surface of the scala tympani and found no significant difference in the number of 
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macrophages between the naive and LLN-exposed ears (27 ± 6 for the control ears vs. 23 ± 3 for the LLN

stressed ears; Student's t-test, t(6) = 1.12, P > 0.05; Fig. 5-9G) . Next, we counted the number of 

macrophages that displayed pHrodo® fluorescent bioparticles within their bodies and then calculated 

the percentage of pHrodo fluorescence-positive cells over the total macrophages in the examined area. 

In control cochleae, a larger of proportion of cells displayed the bioparticles (68.3% ± 3.2) when 

compared to the relatively smaller proportion of macrophages displaying the bioparticles in ears 

stressed by LLN for 15 days (45 .0% ± 7.4), and this difference is statistically significant (Fig. 5-9H; 

Student's t-test, t(6) = 5.79, P < 0.001). We further scrutinized the number of ingested particles by 

measuring the intensity of pHrodo® fluorescence in all macrophages that presented with bioparticles 

within their cell bodies. Though some proportion of macrophages in both naive and LLN-stressed ears 

participated in phagocytosis of pHrodo® bioparticles, those macrophages in naive ears showed far 

greater pHrodo® fluorescence levels (average gray level of 33.9 ± 7.6) compared to ears that had been 

exposed to LLN for 15 days (average gray level of 14.5 ± 3.9) . This difference is significant (Fig. 5-91; 

Student's t-test, t(6) = 4.55, P < 0.004), Collectively, these findings suggest that the phagocytic capacity 

of cochlear macrophages is reduced following LLN stress, which provides another piece of evidence that 

LLN stress is able to alter cochlear macrophage function. 
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Fig. 5-9 Reduction of macrophage phagocytic ability after LLN exposure. 

A. Robust zymosan bioparticle fluorescence within the cell bodies on the luminal surface of the scala 

tympani cavity in a naive cochlea. 8. Cells that contain zymosan bioparticles display strong CD45 

immunoreactivity and have a rounded morphology with an uneven texture due to the large number of 

bioparticles phagocytized by these cells . C. Enlarged DIC view of inset (from panel B) reveals the bulging, 

bumpy surface of these cells with many small, granulated bioparticles visible within the cell bodies. D. 

Very weak and limited bioparticle fluorescence within the cell bodies of scala tympani macrophages in a 

cochlea stressed with LLN for 15 days. Substantially reduced fluorescence can be observed compared to 

the fluorescence observed in the control ear (A). E. Double-staining of the same tissue for CD45 showing 

the lack of rough texture as seen in the control ear (B). F. DIC view of inset (enlarged from panel E) reveals 

that LLN-stressed macrophages have ingested far fewer bioparticles compared to the resting cells in naive 

ears (C). G-1. Analyses of macrophages on the luminal surface of the scala tympani in naive cochleae (n=4) 

and cochleae stressed with LLN for 15 days (n=4) . G. Quantification of the number of macrophages 

revealed a slight, but not significant reduction in cell number following LLN stress compared to naive 

controls. H. Comparison of the proportion of macrophages containing bioparticle fluorescence to the 
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macrophages that lack the bioparticle fluorescence reveals a significantly reduced number of cells 

engaging in phagocytosis in ears stressed with LLN compared to naive ears( * ** P <0.001). /. Comparison 

of the bioparticle fluorescence intensity as measured in macrophages participating in any degree of 

phagocytosis reveals significantly reduced fluorescence in LLN-stressed ears compared to naive controls 

(** P < 0.01). 

5.3.8. Cochlear inflammatory activity following LLN 

To determine whether LLN provokes cochlear inflammatory activity, we investigated the 

transcriptional expression of a group of genes that have been implicated in proinflammatory activity 

(CCL2, TNF-a, IL-lfs, IL6, CCL7), anti-inflammatory activity (SOD1), antigen presentation (CD86, H2-Aa), 

and other immune functions in the cochlea (CD14) (Cai et al., 2014; Tan et al., 2016; Vethanayagam et 

al., 2016) . Cochlear tissues containing sensory and non-sensory cells were collected from experimental 

animals exposed to LLN for 15 days (n=4 biological replicates) and naive controls (n=4 biological 

replicates) . In LLN-stressed cochleae, we found downregulation of five immune-related genes (CCL2, 

TNF-a, IL-lfs, SOD1, CD14,) and upregulation of four others (CCL7, IL6, CD86, H2-Aa) as compared to 

naive controls. However, only the downregulation of the chemokine-chemokine (C-C motif) ligand 2 

(CCL2) reached statistical significance (Fig. 5-10; Student's t-test, t(6) = 2.90, P = 0.027) . 

Change in relative gene expression 
in LLN exposed cochleae 

,....._ 1.0 
O') 
0 

§ 0.5 
"iii 
II) 

~ 
0. 0.0 
X 
Q) 

Q)

:G -0.5 
m 

"ii> 
0::: * 

Fig. 5-10 Analysis of transcriptional expression of immune associated genes in the cochlear tissues 

collected from control cochleae and cochleae that sustained LLN for 15 days. 
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No significant changes are present for all examined genes except for CCL2, which displays a slight 

reduction after LLN (* P < 0.05) (n=4 biological replicates for both the control and the LLN group) . 

To determine whether the decrease in CCL2 expression occurs in macrophages, we employed 

immunohistochemistry to define its expression level. We first examined the networked curvilinear BM-

macrophages in the control cochleae, and no detectable CCL2 immunoreactivity was detected (Fig. 5-

llA through C). To provide a context for assessing the level of CCL2 up regulation in LLN-stressed 

macrophages we next surveyed CCL2 immunoreactivity in cochlear macrophages after exposure to a 

high level of acoustic overstimulation (120 dB SPL for 1 hour), a paradigm that has been used in our 

previous study to provoke the inflammatory response to sensory cell degeneration in the cochlea (Yang 

et al., 2015). In high-level noise traumatized cochleae, the macrophages located immediately beneath 

the basilar membrane are small and round to teardrop shaped with strong CD45 and CCL2 expression 

(Fig. 5-110). These morphological changes are similar to our previous finding in C57BL/6BL/6J mice that 

sustained the same level of acoustic overstimulation. In these cochleae, strong CCL2 expression was 

observed in BM-macrophages, particularly in small round macrophages (Fig. 5-llE through F). We then 

examined the CCL2 immunoreactivity following LLN stress for 15 days. The macrophages, which 

possessed a rounded amoeboid shape (Fig. 5-llG), demonstrated weak CCL2 immunoreactivity (Fig. 5-

llH through I). Further quantitative analysis of CCL2 fluorescence intensity revealed that CCL2 

immunoreactivity in the LLN-stressed ears (12.22 ± 1.5) was slightly higher than that in the control ears 

(1.69 ± 0.5) . However, this increased level is significantly lower than that observed in the ears that 

sustained exposure to high-intensity noise (45.75 ± 11.7) (Fig. 5-llJ; One-way ANOVA, F (2, 18) = 79.147, 

P < 0.001; Tu key post-~hoc all pairwise multiple comparison, Naive vs. 120 dB, q = 44.056, P < 0.001; 

Naive vs. LLN, q = 4.071, P < 0.05; 120 dB vs. LLN, q = 12.965, P < 0.001). This observation suggests that 
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activated macrophages following LLN do express the proinflammatory cytokine CCL2, but the expression 

level is much less than that observed in high-level noise traumatized cochleae . 
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Fig. 5-11 . CCL2 immunoreactivity in BM-macrophages at resting conditions, after exposure to a 

traumatic noise at 120 dB SPL, and subsequent to LLN for 15 days. 

A-C. CCL2 immunoreactivity in basal BM-macrophages of a naive control ear. Panel A shows CD45 

immunoreactivity, panel B shows CCL2 immunoreactivity and panel C shows the merged view of panels A 

and B. Note that CCL2 immunoreactivity is very weak in steady-state macrophages (B). D-F. CCL2 

immunoreactivity after a 120-dB noise exposure for 1 hour. A large number of smaller round to teardrop 

shaped cells are present and these cells display very strong CCL2 immunoreactivity, suggesting that 

exposure to traumatic noise increases the expression of CCL2. G-1. CCL2 immunoreactivity in basal BM

macrophages of a cochlea that sustained LLN for 15 days. Panel G shows CD45 immunoreactivity, panel H 

shows CCL2 immunoreactivity and panel I shows the merged view of panels G and H. Following LLN stress, 

basal BM-macrophages exhibit amoeboid morphologies and a weak CCL2 immunoreactivity. J. 

Comparison of the CCL2 fluorescence levels in BM-macrophages among the naive group, the 120-dB noise 

group and the LLN group. The 120-dB noise group displays a marked increase in CCL2 immunoreactivity 

as compared to the naive control group. The LLN group also displays an increase, but the level of the 

increase is significantly less that that seen in the 120-dB noise group(*** P < 0.001; * P < 0.05). 

5.3.9. Macrophages two months after LLN cessation. 

Because BM-macrophages beneath the middle and basal portion of the sensory epithelia 

underwent substantial changes in number and cell shape during LLN stress, we wanted to know whether 

these changes were reversible after a recovery period . Animals that had first been stressed with LLN for 

15 days were subsequently removed from noise and the cochleae were collected 2 months after noise 

exposure. At this time, hearing sensitivity had recovered (See Fig. 5-lA). Enumeration of middle and 

158 



Aberrant immune states of the inner ear 

basal BM-macrophages revealed not only a complete recovery, but also a reduction in the number of 

these cells (58 ± 5) to below the pre-noise level (74 ± 10) despite an initial increase in the number of 

these cells observed right after the noise (105 ± 5) (Fig. 5-12D; One-way ANOVA, F (2, 10) = 28.434, P < 

0.001; Tukey post-~hoc all pairwise multiple comparison, Right after noise vs . 2 months after noise, q = 

12.682, P < 0.001; Right after noise vs . Pre-noise, q = 8.854, P < 0.001; Pre-noise vs . 2 months after 

noise, q = 4.513, P < 0.05) . This suggests a biphasic BM-macrophage response where the early response 

is an increase in the population of BM-macrophages followed by a reduction of these cells 2 months 

after noise cessation. Consistent with this finding is that the number of Ly6Chigh cells returned to the 

pre-noise level (an average of 2 ± 2 cells) . 

Further morphological analysis revealed that BM-macrophages no longer possessed the highly 

amoeboid morphologies observed right after the noise (see Fig. 5-7D) . Though these cells were 

morphologically distinguishable from the curvilinear networked cells typical of naive pre-noise ears (see 

Fig. 5-3D through F), the BM-macrophages in cochleae 2 months after noise began to return to a more 

branched morphology but with generally shorter processes. Empirical analysis employing the previously 

described circularity index revealed a much reduced cell circularity 2 months after the noise (0.27 ± 

0.08) compared to the circularity of BM-macrophages right after the noise (0.60 ± 0.04). Yet, these cells 

were still significantly more amoeboid in shape compared to pre-noise conditions (0.08 ± 0.02) (Fig. 5-

12E; One-way ANOVA, F (2, 10) = 115.616, P < 0.001; Tukey post-hoc: Right after noise vs . Pre-noise, q = 

21.412, P < 0.001; Right after noise vs . 2 months after noise, q = 12.983, P < 0.001; 2 months after noise 

vs. Pre-noise, q = 7.727, P < 0.001). This observation revealed that the morphological change in BM

macrophages recovers only partially at 2 months after LLN . 
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Fig. 5-12 Partial return of activated macrophage morphology 2 months after 15-day LLN. 

A-C. Typical morphology of BM-macrophages 2 months after noise exposure cessation . Panel A shows 

CD45 immunoreactivity, panel B shows lbal immunoreactivity and panel C displays a merged view of 

panels A and B together with DIC view of the same region . At this time point, basal BM-macrophages have 

begun to return to a more branched morphology with shorter processes, distinct from the very amoeboid 

morphologies observed immediately after LLN. D. Comparison of the number of basal BM-macrophages 

at three time points. A biphasic change in the number of basal BM-macrophages is observed with an initial 

increase from the starting level of 74 ± 10 cells to 105 ± 5 cells immediately after the noise exposure and 

then a subsequent decrease to 58 ± 5 cells observed 2 months after noise cessation(*** P < 0.001; * P < 

0.05). n=4 for each time point. E. Morphology of basal BM-macrophages at three time points using a cell 

circularity index. Notice that by 2 months after noise cessation, basal BM-macrophages have reduced 

circularity compared to the degree of circularity right after the noise. However, the value of the circularity 

has not returned to the pre-noise level(*** P <0.001) . n=4 for each time po int. 

5.4. Discussion 

We investigated the effects of LLN on cochlear immune homeostasis, with particular attention 

paid to changes to the primary immune executor in the inner ear: cochlear macrophages. Specifically, 

we examined the number, distribution, morphology and functional state of macrophages in addition to 

molecular changes within the cochlea following extended exposure to LLN . Critically, in this 
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investigation, we employed a noise paradigm that mirrors typical human occupational noise with 

repeated exposures to 8 hours of LLN that results in a TTS followed by a 16-hour resting time. We reveal 

five major findings. First, an intermittent LLN that causes only TTS is able to increase the macrophage 

population in the regions adjacent to sensory cells and the peripheral axons of the spiral ganglia. 

Second, LLN induces a morphological transition of BM-macrophages (the closest macrophages to 

sensory cells) to activated phenotypes in the middle and basal portions of the basilar membrane 

corresponding to the region of the sensory epithelium receiving the maximum mechanical force of the 

noise (8-16 kHz) . Third, exposure to LLN causes a reduction in macrophage phagocytic capacity, an 

essential function of macrophages for tissue homeostasis . Fourth, protein expression of ICAM-1 and 

CCL2 is upregulated in cochlear macrophages although changes in transcriptional expression of major 

proinflammatory genes are not detected in the cochlea . Finally, while the increased number of cochlear 

macrophages has returned to the pre-noise level, their active morphology only partially recovers 2 

months after noise cessation, long after hearing sensitivity has returned to the baseline. Together, these 

observations suggest that a "hearing sensitivity safe" noise is able to alter the cochlear immune system 

for an extended period of time. 

Previous studies have documented the immune cell responses to cochlear damage induced by 

exposure to high levels of cochlear stresses including acoustic overstimulation that cause sensory cell 

degeneration. Here, we investigated the immune impact of a LLN exposure that caused only TTS. Our 

study documented both similarity and difference in macrophage responses as compared with those 

induced by exposure to a high-level noise observed in the current study as well as reported in our 

previous study (Yang et al., 2015). Both high-level noise and LLN result in a rise in the cochlear 

macrophage population, but as expected the conditions demonstrate a different level of the increase 

with a greater number of cells observed following high-level noise trauma compared to the relatively 

fewer number observed subsequent to chronic LLN stress. In both instances, macrophages display an 
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activated morphology, but with different characteristics. LLN-stressed macrophages largely adopt an 

amoeboid phenotype, while macrophages appear in an irregular shape with many long or short 

processes in the event of traumatic overstimulation. Additionally, both types of acoustic stress instigate 

increased expression of inflammatory molecules, but again have different levels of enhancement. While 

CCL2 expression in both macrophages and other cochlear tissue is upregulated following traumatic 

acoustic injury, LLN stress produces only mild CCL2 expression in macrophages. Moreover, in cochleae 

that sustained a high-level noise exposure, infiltrated cells appear to dominate the inflammatory 

response. In contrast, cochleae that sustained chronic LLN demonstrate tissue macrophages as the 

major player of inflammatory activity. These differences are likely to be caused by the difference in the 

level of inflammatory activities. As shown in several previous studies (Cai et al., 2014; Fujioka et al., 

2006; Tornabene et al., 2006; Yang et al., 2016), a high-level noise can cause significant upregulation of 

inflammatory molecules in the cochlea. Although these studies were performed in a different mouse 

strain (C57BL/6BL/6 or Harlan Sprague-Dawley), high-level noise exposures are likely to produce similar 

results in our experimental mice (CBA/CaJ) because our study showed a significant increase in 

macrophage expression of CCL2 after exposure to a high-level noise. In contrast, our current study 

reveals no detectable upregulation of inflammatory mediators in the cochlear tissue following LLN 

exposure. Together, these observations suggest that LLN-induced macrophage responses bear many 

characteristics of high-level noise-induced macrophage responses, but to a lesser extent. 

Chronic cochlear stresses such as insidious age-related sensory cell degeneration are capable of 

activating cochlear macrophages (Frye et al., 2017) . The major difference between aging stress and LLN 

stress is the presence of considerable hair cell death in the former and the absence of substantial hair 

cell death in the latter. Despite minimal or negligible sensory cell loss in the event of LLN stress, any 

proinflammatory cochlear response precipitated by the LLN exposure is likely to affect cochlear 

homeostasis. In some ways, the LLN-induced macrophage response is similar to that caused by chronic 
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cochlear pathogenesis due to aging (Frye et al., 2017) and certain genetic mutations (Zhang et al., 2017) . 

The immune response in both LLN-stressed ears and aging ears involves primarily mature tissue 

macrophages, and macrophages undergo amoeboid transformation . However, the location and timing 

of this transformation is distinct in each event. In aging ears, these dynamic changes in morphology are 

spatially correlated to the stages of sensory cell degeneration (Frye et al., 2017) . In contrast, BM

macrophage amoeboid transformation occurs concurrently across a broad length of the sensory 

epithelium (40-100% from the apex) during LLN-stress. Moreover, in the event of chronic sensory cell 

degeneration, the amoeboid cells increase in size in regions of the sensory epithelia undergoing active 

sensory cell pathogenesis (Frye et al., 2017) . However, no overall change in cell size occurred in LLN

stressed ears despite a conspicuous transformation of macrophages in the middle and basal regions . 

This differential pattern of amoeboid activation suggests that a unique immune response is mounted in 

the event of LLN stress compared to chronic age-related sensory cell degeneration because changes in 

morphology can modulate the functional state of the macrophage (Mcwhorter et al., 2013). It should be 

noted that the difference observed in the current study as compared with those observed in our 

previous study could also be associated with an animal strain difference (CBA/CaJ used in the current 

study vs. C57BL/6BL/6J used in our previous studies) because macrophages display different 

morphologies under resting conditions in these two strains. 

A compelling finding of the current study is a reduction in macrophage phagocytic capacity 

following 15 days of our intermittent LLN paradigm. As reported in the results section, we observed a 

decrease in the phagocytic activity of cochlear macrophages following LLN stress . It is likely that this 

reduced phagocytic ability is related to the increase in pro-inflammatory activity in cochlear 

macrophages because these cells display an increase in CCL2 expression and because an upsurge of pro

inflammatory cytokines has been shown to inhibit macrophage phagocytosis in the central nervous 

system (Koenigsknecht-Talboo et al., 2005). This local effect of LLN on the cochlear macrophages is 
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consistent with a systemic effect of low-level noise stress on circulating phagocytes. As demonstrated in 

a previous study, exposure to a chronic intermittent noise (85 dB SPL, 2-20 kHz) caused a reduction in 

the phagocytic capacity of circulating blood monocytes (Van Raaij et al., 1996). Phagocytosis is an 

essential function performed by cochlear macrophages for clearance of cellular debris after stress as 

well as under resting conditions (Fredelius, 1988; Hirose et al., 2017; Hu et al., 2018), and diminished 

macrophage phagocytic ability may have far-reaching implications for cochlear homeostasis. 

Cumulatively, these findings suggest chronic LLN stresses alter macrophage functional capacity, and the 

reduced ability of cochlear macrophages to perform essential functions has the potential to influence 

damage resolution and the healing process-an important future biological target for remediating inner 

ear damage (Kalinec et al., 2017). Whether such changes could affect macrophage phagocytic function 

in future encounters with dead cells due to exposure to subsequent traumatic noise warrants further 

investigations. 

To determine the inflammatory state of the cochlea after LLN, we investigated the 

transcriptional expression of a group of genes implicated in immune activity. This analysis did not detect 

augmentation of the overall inflammatory state in the cochlea. This negative finding could be caused by 

our sample composition that contains both immune cells and non-immune cells . This mixed cellular 

composition can diminish the test sensitivity for detecting minor changes that occurred in specific cell 

populations. This could also be the cause of the conflicting finding that a decrease in CCL2 expression 

was detected in cochlear tissues even though a CCL2 expression increase was found in cochlear 

macrophages following LLN stress. Nevertheless, our data suggest the overall inflammatory activities of 

the cochlea are mild as compared with that seen after traumatic noise exposure. Yet, macrophages 

display activated morphologies following LLN stress. This finding clearly indicates that the cochlear 

macrophage is a more sensitive internal sensor for changes to cochlear homeostasis than can be 
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provided by a gross assessment of cochlear expression of immune related genes. What is more, it 

suggests macrophages may be involved in a low level of inflammatory activity following LLN exposure. 

Changes in cochlear macrophage activities could affect synapse homeostasis. A lower level of 

acoustic overstimulation is known to affect cochlear homeostasis and hearing function, including a long

term effect on the amplitude of ABR wave I (Kujawa et al., 2009) . Changes to hearing function have been 

linked to the loss of synapses connecting inner hair cells and their innervations (Kujawa et al., 2006; 

Kujawa et al., 2009), and macrophages have been found to play an important role in synapse 

pathophysiology (Amit et al., 2016; Paolicelli et al., 2011; Takano et al., 2014). While our current 

observation did not find macrophages in the immediate vicinity of inner hair cells, we did notice an 

increase in the number of macrophages in the osseous spiral lamina following chronic LLN stress. Where 

these macrophages reside inside in the bony tunnel of the osseous spiral lamina, their processes extend 

via the habenulae perforata toward the region of inner hair cells. Previous researchers found that 

dysfunction of macrophage activity potentiates damage to neural components (Kaur et al., 2015) . It is 

likely that these cells could participate in the immune response to the increased activity in the synapse 

due to noise overexposures. Though we did not examine ABR amplitudes and synapse conditions in this 

study, the LLN exposure paradigm we employed is likely to produce a comparable effect on the summed 

activity of the auditory nerve fibers, and this phenomenon should be investigated in future studies. 

Further future investigations are warranted in delineating the precise interplay between macrophages 

and neuronal components of the cochlea. Such undertakings could help shed light on functional 

modifications within the cochlea and how these changes may relate to hearing difficulties in patients 

with normal hearing sensitivity. 
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Chapter 6. Conclusion and Future Directions 

6.1. Summary 

The cochlea has a rich immune environment. Over the past two decades, changes in the 

cochlear microenvironment as it relates to cochlear immune status have been investigated by numerous 

researchers. While historically hearing scientists have largely focused on alterations within cochlear 

sensory cells and surrounding supporting cells to explain the degenerative effects of insults such as 

noise overexposure and ototoxicity (among others) these recent studies into cochlear immune capacity 

have helped shed light on previously overlooked microenvironmental regulators within the inner ear: 

cochlear immune cells . Yet, most of the research to-date has concentrated on acute cochlear 

pathogeneses, and while these investigations are certainly worthwhile, studies aimed at revealing the 

cochlear immune response to low-grade stress such as age-related sensory cell degeneration and 

chronic LLN exposure enrich our understanding of cochlear immunology. This is precisely the data 

disseminated in this thesis, which has the express intent of deepening the knowledge base of the 

hearing science community. The findings presented here provide a new understanding of cochlear 

biological mechanisms and problems arising therein. Moreover, these findings are expected to inspire 

future studies targeting cures, prevention, and remediation of inner ear diseases. 

6.2. Publications 

In this thesis I have disseminated evidence of cochlear immune activation in response to age

related chronic sensory cell degeneration and intermittent LLN exposure. Both of these research topics 

have culminated in scientific manuscripts. Additionally, other scientific investigations completed during 

the course of my Ph.D. studies have in part contributed to the following co-authored publications. 
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Immune cells and non-immune cells with immune function in mammalian cochleae (Hu et al., 

2018). This review provides an overview of the cellular components of cochlear immune capacity with a 

focus on macrophages in mammalian cochleae. The composition and distribution of immune cells in the 

cochlea is presented. Additionally, we 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. 

Loss of sestrin 2 potentiates the early onset of age-related sensory cell degeneration in the 

cochlea (Zhang et al., 2017). Sestrin 2 (SESN2) is a stress-inducible protein that protects tissues from 

oxidative stress and delays the aging process. In this publication, we report the expression of SESN2 

protein in the sensory epithelium, particularly in hair cells. Compared to wild-type C57BL/6control mice, 

Sesn2 KO mice displayed enhanced expression of proinflammatory genes and activation of basilar 

membrane macrophages, suggesting that loss of SESN2 function provokes the immune response. 

Differential fates of tissue macrophages in the cochlea during postnatal development (Dong et 

al., 2018). This study elucidates how and when macrophages populate the cochlea during postnatal 

development-with the focus on macrophage development in the organ of Corti and the basilar 

membrane. This publication provides evidence for a dynamic rearrangement of the macrophage 

population during postnatal cochlear development. 

6.3. Future investigations into inner ear immune activity associated with age-related chronic 

sensory cell degeneration 

In Chapter 3: Dynamic Activation of Basilar Membrane Macrophages in Response to Chronic 

Sensory Cell Degeneration in Aging Mouse Cochleae, the activation of basilar membrane macrophages 

in a mouse model of age-related cochlear hair cell loss was investigated. This study revealed the 

following major findings: 1) chronic cochlear degeneration activates basilar membrane macrophages, 2) 
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the activation pattern is affected by the phases of hair cell pathogenesis, 3) macrophage activation 

precedes sensory cell pathogenesis, 4) apical versus basal macrophages exhibit different immune 

response patterns, and 5) mature tissue macrophages are an immune sensor for chronic hair cell 

degeneration. 

Age-related hearing loss is a common problem in the industrialized world. As the biomedical 

paradigm continues to shift away from compartmentalizing organ and tissue networks into distinct 

"systems" (e.g., circulatory, musculoskeletal, nervous, etc.) and toward an intricate interconnectedness 

amongst all biological processes, traditionally defined systems, such as those involved in the immune 

response will continue to warrant scientific investigation. The immune system is fundamental to nearly 

all aspects of health and is pervasive throughout nearly all bodily tissues. Because the study of cochlear 

immunity is in its infancy, I have concentrated my research efforts in this area. 

As the average age of our population increases, and as medical advances allow us to lead longer 

and healthier lives, continued investigations into basic biological phenomena which ensue throughout 

the aging process will become particularly salient to advances aimed at improving quality of life as we 

reached advanced age. Principally, future investigations should be aimed at revealing the molecular 

mechanisms behind the aging process observed in the inner ear. With these objectives in mind, future 

studies aimed at determining the degree of immune activation to both intense and moderate noise 

exposure in cochleae already undergoing chronic age-related sensory cell degeneration may provide 

additional insights into the dangers of noise overexposure in the presence of this common underlying 

cochlear pathogenesis. The information presented in Chapter 3 provides both promising preliminary 

data and a prime launching pad for future research focused on uncovering physiological changes in 

aging cochleae. 
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6.4. Future directions investigating cochlear immune activation to chronic LLN 

In Chapter 4: Lower Level Noise Exposure Modulates the Immune Homeostasis of Cochlear 

Macrophages, the consequences of LLN stress on cochlear homeostasis was presented. Particular 

attention was paid to changes in cochlear macrophages-the primary immune executor in the inner ear. 

Five major findings were revealed: 1) a TTS induced by an intermittent LLN causes an increase in the 

macrophage population in the region of sensory cells and the peripheral fibers of the spiral ganglia, 2) 

LLN induces gross morphological changes in BM-macrophages (the closest macrophages to sensory 

cells), 3) exposure to LLN causes a reduction in macrophage phagocytic capacity, indicating LLN stress is 

able to alter cochlear macrophage function, 4) following LLN stress a dynamic change in transcriptional 

gene expression occurs in cochlear tissue, and importantly, both ICAM-1 and CCL2 expression is 

upregulated in cochlear macrophages, and 5) while the increased number of cochlear macrophages has 

returned to the pre-noise level, the active morphology persists to at least 2 months after noise 

cessation. 

An important topic of the LLN study is the concept of sensory-cell-safe noise. Because our noise 

exposure paradigm resulted in a TTS without sensory cell loss, it indicates that the observed changes in 

cochlear macrophage numbers, morphology and function are not caused by substantial hair cell 

degeneration in the sensory epithelia. Our findings suggest a substantial cochlear immune response is 

mounted despite the absence of detectable sensory cell degeneration. Moreover, it is interesting that 

after hearing sensitivity has returned to normal, this cochlear inflammation has begun to resolve. This 

seems to indicate that LLN exposures capable of producing even temporary thresholds shifts provoke a 

cochlear immune response and this immune activity is temporally associated with changes in hearing 

sensitivity. These findings hint at a biological connection between TTS and cochlear inflammation, and 

this in turn opens the door for future studies to more closely evaluate this potential connection . 
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Marked alterations in cochlear macrophage numbers and morphology were observed in LLN

stressed ears. The increased number of macrophages among the peripheral fibers of the spiral ganglia 

suggests that new macrophages may be recruited to this tissue following chronic LLN stresses. 

Alternatively, the increase in the local population of these cells may be due to proliferation of native 

tissue macrophages, and future studies aimed at uncovering the source of these new cells is certainly 

warranted. 

Molecular changes within the cochlea were observed following LLN stress. In light of the 

increase in CCL2 expression in cochlear macrophages following 15 days of LLN stress (as revealed by 

immunohistochemistry), the statistically significant downregulation of CCL2 (as revealed by RT-qPCR) in 

cochlear tissue as a whole was unforeseen. This particular cytokine has been implicated in cochlear 

proinflammatory activity, and thus its high level of expression in immune and non-immune cochlear 

tissues following trauma (e.g., noise overexposure, pharmacological ototoxicity, cochlear implantation) 

is not surprising. However, the chronic cochlear stress induced by our intermittent LLN paradigm 

appears to produce a unique cochlear immune capacity that stands out as readily distinguishable from 

the type of immune response encountered after traumatic injury. One explanation for this difference 

may be that the immune activity provoked by a LLN paradigm that does not result in sensory cell death 

may be a protective reaction instead of a degenerative response. In this way, LLN may result in reduced 

off-target immune activity compared to a high level of noise exposure, and this perhaps helps protect 

the delicate cochlear microenvironment. Future investigations aimed at uncovering whether the 

cochlear immune response to chronic LLN is either protective or degenerative would certainly be 

worthwhile. Additionally, six of the eight other immune-related genes (TNF-a, IL6, S0D1, CD86, H2-Aa 

and CD14) investigated in the course of the LLN study presented in Chapter 4 showed either a 

considerable upregulation or downregulation compared to naive controls. So, while no statistically 

significant difference was detected in the upregulation or downregulation of these six immune-related 
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genes in LLN-stressed cochleae, this may have been due to the small sample size (n=4 biological 

replicates) . If feasible, a repetition of RT-qPCR with a larger sample size would seem justified. Moreover, 

there are numerous other immune-related genes (too many to list here) which could be investigated for 

changes in expression following chronic LLN exposure. 
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