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Abstract 

Title of Thesis: Elucidating the Localization of Estrogen and Estrogen-related Receptors 

in the Inner Ear 

Erika L. Lipford, Master of Science, 2020 

Thesis Directed by: Ronna Hertzano, MD, PhD., Associate Professor, Department of 

Otorhinolaryngology - Head & Neck Surgery; Department of Anatomy and 

Neurobiology; and affiliate member Institute for Genome Sciences. University of 

Maryland School of Medicine, Baltimore, MD 

Hearing loss is the most common sensory impairment, affecting hundreds of millions of 

people worldwide. Although both men and women are impacted by hearing loss, the 

incidence rate differs between the two sexes, with the prevalence of bilateral high-

frequency hearing loss reported to be 2.7 times higher in males. Recent studies have 

implicated estrogen as having a protective effect against hearing loss in females. While 

the localization of the estrogen receptors within the cochlea is known, the roles of 

estrogen-related receptors in auditory function require further investigation. The aim of 

this study is to elucidate the localization of estrogen receptors 1 and 2 and estrogen-

related receptors α, β, and γ within the inner ear of adult mice using RNAscope. Our 

results give insight into the molecular mechanism through which estrogen receptors and 

estrogen-related receptors may grant protection against hearing loss and contribute to the 

functionality of the inner ear. 
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INTRODUCTION 

From the sharp staccato of fingers dancing across ivory keys, to the cacophonous 

wailing of ambulance sirens, our perception of the world is colored and shaped by the 

sounds around us. These sounds have the potential to influence our emotions, direct our 

actions, and aid in the communication of complex thoughts, ultimately enriching our lives. 

The perception of sound is reliant on the tightly coordinated interactions between the 

peripheral and central auditory systems. As sound enters the ear, the peripheral auditory 

system translates incoming sound waves which are a mechanical stimulus, into chemical 

and electrical signals through the process through mechanoelectrical transduction, to 

rapidly transduce information that can be further processed by the central auditory system 

(Reichenbach and Hudspeth, 2014).  

The elaborate relay of auditory information begins when sound waves travel from 

the outer and middle ears to the inner ear, where the cochlea is located. The cochlea is a 

spiral-shaped tube which consists of three compartments. The tympani and vestibuli are 

interconnected towards the apex of the spiral and can be thought of a relatively simple 

extracellular fluid-filled cavities. Between them is the scala media, that along its walls 

contains three major components responsible for the initial detection, amplification, and 

transmission of sound: the organ of Corti, the stria vascularis, and the axons of the spiral 

ganglion neurons (the neuronal bodies of the auditory nerve). The organ of Corti is 

comprised of a complex array of sensory and supporting cells. The sensory cells, also 

named hair cells (HCs), are organized in one row of inner hair cells (IHCs) that transmit 

sound to the central nervous system, and three rows of outer hair cells (OHCs) which 

primarily function to amplify and fine tune the signals (Schwander et al., 2010). Vibrations 
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from incoming sound waves cause displacement and deflection of apical projections called 

stereocilia (actin filled modified microvilli) that project from the apical cell surface of the 

HCs, opening mechanically gated potassium channels at their tips and allowing potassium 

to enter the hair cells. The stria vascularis plays a supporting role by generating the high 

extracellular potassium content in the extracellular fluid of the scala media, which is 

required for signal transmission. The influx of positively charged ions into the hair cells 

causes depolarization, and while no action potential is fired, the increase in membrane 

potential opens voltage-gated calcium channels. The flow of calcium ions into the 

cytoplasm allows for the release of glutamate neurotransmitters at the basal surface of the 

hair cell via the ribbon synapse. Diffusion of neurotransmitters and subsequent binding to 

a nerve terminal on the spiral ganglion neurons stimulate an action potential and converts 

the mechanical vibrations of the sound wave into an electrical signal. This signal passes 

from the spiral ganglion neurons to the nerves in the central auditory system, where it can 

be decoded by the brain (Evans and Kros, 2006). The afferent neurons that reach the IHCs, 

normally 10-17 in number, are divided into three subtypes named Ia, Ib, and Ic, which 

differ in their spontaneous rate and threshold (Kujawa and Liberman, 2009). The three 

neuronal subtypes form synapses at different positions along the basolateral surface of 

IHCs, allowing us to process a wide range of sound intensities and maintain hearing in the 

presence of competing noise (Shrestha et al., 2018). Depending on the location along the 

cochlea, the signal from the hair cells represents different frequencies, where the base is 

stimulated by high frequencies and the apex is responsible for the transmission of lower 

frequencies. This method of organization is called tonotopy (Mann and Kelley, 2011). 
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Given the intricate and highly important nature of each structure, it comes as no 

surprise that damage or dysregulation at any point in this process results in hearing 

dysfunction. Hearing loss is the most common sensory impairment worldwide, affecting 

approximately 466 million people (Olusanya et al., 2019). It can arise from a variety of 

sources, including genetic abnormalities, aging, traumatic noise exposure, or ototoxic drug 

administration. As of March 1st 2020, the World Health Organization (WHO) projects the 

number of people living with some form of disabling hearing loss will increase to 900 

million by 2050 (WHO, 2020). Furthermore, there are approximately 1.1 billion young 

people believed to be at risk for hearing loss due to excessive recreational noise exposure. 

This predicted exponential increase poses a significant burden on our healthcare system, 

as unaddressed global hearing loss is estimated to cost $750 billion dollars annually. 

Countless studies have shown that hearing difficulties can impair communication, enhance 

social isolation, precipitate depression and cognitive decline, and drastically lower quality 

of life (Lin and Albert, 2014; Nordvik et al., 2018). Taken together, these data indicate that 

significant changes in the healthcare system are needed to prepare for the impending 

increase in hearing impaired individuals, including the development of effective 

therapeutics. 

While there are treatments designed to restore some degree of normal hearing to 

the user, such as hearing aids and cochlear implants, there is no true “cure” to completely 

alleviate hearing loss. In the case of sensorineural hearing loss, the death of the sensory 

cells within the organ of Corti is either the cause of or the final pathway for most forms of 

auditory dysfunction (Wong and Ryan, 2015). However, as mammalian hair cells and 

supporting cells arise from postmitotic pro-sensory progenitor cells during embryonic 
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development, the hair cells are incapable of regenerating once dead (Atkinson et al., 2015). 

Thus, the only complete cure for hearing loss would be genetic therapies aimed at inducing 

cell division and hair cell differentiation to replace missing sensory cells. While extensive 

research is being done to elucidate the signaling pathways and master transcriptional 

regulators involved in hair cell differentiation, our understanding is far from 

comprehensive. At this point, attempts to redirect stem cells towards a hair cell fate result 

in immature hair cell-like cells that more closely resemble vestibular hair cells. Future 

research is required before genetic therapies are a viable treatment option, but for now, 

equal focus should be placed on the development of otoprotective compounds that can 

reduce the risk of hearing loss before it occurs. To that end, we must explore the extrinsic 

and intrinsic factors that influence the incidence rate of hearing loss, particularly in the case 

of noise-induced hearing loss (NIHL). 

NIHL can be divided into three subcategories based on the presence of 

synaptopathy, hair cell death, and the recovery of threshold shifts following traumatic noise 

exposure. These three categories include: temporary threshold shift (TTS), hidden hearing 

loss (HHL), and permanent threshold shift (PTS). Following a TTS-inducing noise 

exposure, a person will have a transient elevation in threshold shifts (also referred to as 

compound threshold shifts), but hearing will fully recover within two weeks of the 

exposure without damage to the synapses or hair cells. This transient hearing loss is thought 

to begin shortly after a sufficiently strong sound exposure, and while mechanistically is not 

completely understood, is thought to possibly arise from a temporary break of the hair cell 

tip links, which can recover (Indzhykulian et al., 2013). Similarly, following an HHL-

inducing noise exposure, a person will experience the same transient elevation in threshold 
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shifts with no hair cell loss, however, there is disruption of the synapse connections to the 

IHCs. This synaptic disconnection is termed synaptopathy and is not detected by a standard 

audiogram, which only measures thresholds, making it challenging to identify in patients. 

In fact, to date, while the HHL/synaptopathy type of auditory damage has been extensively 

documented in several rodent and non-human primate species (Shi et al., 2015; Lobarinas 

et al., 2017; Valero et al., 2017), the presence of this phenomenon in human is still under 

debate (Liberman et al., 2016; Grinn et al., 2017) – though we anticipate it to be fully 

validated as appropriate diagnostic tools are developed. The final type of NIHL, PTS, is 

the most severe of the three subcategories, resulting in a permanent hearing loss as seen by 

permanently elevated thresholds that do not recover, synaptopathy, and hair cell loss.  

The type of NIHL sustained is largely dependent upon extrinsic factors such as the 

duration and intensity of the noise (Le et al., 2017). Recent studies have shown that intrinsic 

factors may also influence the risk of developing hearing loss following traumatic noise 

exposure, though the magnitude of their influence is unknown. These intrinsic factors 

include circadian changes to gene expression, cortisol levels, genetic factors, and sex 

(Tahera et al., 2006; Meltser et al., 2014; Shuster et al., 2019). As a result, fluctuating 

estrogen levels, time of day, and long-term stress levels may impact the severity of damage 

following noise exposure within the same person. While this presents the unique 

opportunity to manipulate factors outside of the length and level of noise exposure to 

reduce the risk of developing sensorineural hearing loss, it also adds an additional layer of 

complexity when attempting to predict the type of NIHL a patient will sustain following 

acoustic trauma. 
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Sex as an influencing factor is apparent when comparing the incidence rate of 

hearing loss between men and women, which differs considerably between the two sexes 

(Agrawal et al., 2008). Cross-sectional studies have reported the prevalence of bilateral 

high frequency hearing loss to be 2.7 times higher in males compared to females (Hoffman 

et al., 2017). Historically, the observed sex differences in susceptibility to NIHL were 

attributed to a disparity in occupational noise exposure. It was believed that industries with 

regular exposure to hazardous levels of noise, such as construction and military jobs, were 

predominately comprised of a male workforce. Thus, as males were exposed to greater 

levels of acoustic trauma, they would report higher incidence rates of high frequency NIHL 

compared to females. However, this widely held belief was challenged by experiments 

conducted on animal models, which allowed for precise control of the frequency, intensity, 

and duration of noise exposure. Studies comparing age-matched male and female mice 

demonstrated that after noise exposure, females exhibited a statistically significant 

decrease in hearing dysfunction and damage at the basal turns of the cochlea, which 

corresponds to higher frequencies (Milon et al., 2018). 

In addition to exhibiting protection against high frequency NIHL, females display 

superior basal hearing as measured by an auditory brainstem response (ABR), a test 

commonly used to evaluate hearing physiology. ABRs measure the electrical potentials of 

neurons that are evoked in response to auditory stimuli. ABRs can be used to measure the 

threshold (lowest intensity to result in a typical reproducible waveform), latency (duration 

between the sound stimulus and the waveform), and amplitude (in particular, wave I 

amplitude is a representation of the synchronous activity in the spiral ganglion), amongst 

other things (Burkard et al., 2007). When ABRs were performed on age-matched males 
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and females, women consistently presented with increased amplitudes and decreased 

latencies compared to their male counterparts, indicating a higher sensitivity to noise and 

increased transmission speed (Sturzebecher and Werbs, 1987; Watson, 1996). This was 

originally attributed to females having smaller heads and thus a shorter brainstem pathway, 

resulting in a shorter time of transmission from the spiral ganglion neurons to the central 

auditory system and thus, increased hearing sensitivity. However, this misconception was 

refuted in 1990, when Dehan and Jerger published a study exploring the effects of head 

size, oral temperature, and hormonal status on the amplitudes and latencies of sound 

transmission in young males and females, as well as postmenopausal women. While the 

results showed that head size affects both the amplitude and latency of wave V, it was not 

primarily responsible for the sex differences seen (Dehan and Jerger, 1990). This 

conclusion was supported by an earlier study which compared the ABRs of men and 

women with similarly sized heads and found that females still exhibited shorter latencies 

(Trune et al., 1988). Dehan and Jerger concluded that hormones were the missing factor 

responsible for the sex differences in amplitude and latency. However, while they correctly 

acknowledged the influence of hormonal status on ABRs, the reduced latencies and 

increased amplitudes seen in females were inappropriately attributed to progesterone. It 

wasn’t until 1994 when data from ovariectomized rats implicated estrogen, not 

progesterone, as the primary hormone responsible for the increased speed of neural 

transmission in females (Coleman et al., 1994).  

Over the past two decades, dozens of studies have been published in an attempt to 

understand how estrogen influences audition, both in humans and across species. ABRs 

and audiometric analyses in pre- and postmenopausal women have shown that 
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postmenopausal women display longer auditory brainstem response latencies and 

decreased hearing sensitivity, which is attributed to the sharp decline in circulating estrogen 

levels that occurs following menopause (Kim et al., 2002; Hederstierna et al., 2007). 

Additionally, research on patients suffering from Turner’s syndrome (TS), a genetic 

condition characterized by the partial or complete absence of one X chromosome in 

females, has been particularly important to understanding how loss of estrogen production 

affects hearing. Many TS patients report auditory dysfunction in the form of progressive 

high frequency hearing loss, similar to the hearing dysfunction reported in postmenopausal 

women (Hultcrantz, 2003; Hederstierna et al., 2009; Bonnard et al., 2017).  

More recently, there has been a focus on the potential role of estrogen as an 

otoprotective agent. In 2008, researchers from the Karolinska Institutet in Stockholm, 

Sweden utilized aromatase knockout (KO) mice to explore how the absence of estrogen 

would impact mice following noise exposure. Without a functional aromatase enzyme, 

male and female mutant mice were incapable of converting steroid precursors into 

estrogen, eliminating all circulating endogenous estrogen (Meltser et al., 2008). Noise 

exposure and subsequent ABR testing showed that both male and female mutants displayed 

elevated compound threshold shifts (CTS, the shifts measured 24 hours after the exposure) 

compared to the WT controls, indicating reduced protection from the absence of estrogen. 

Another study published more recently examined the impact of acoustic trauma in 

ovariectomized rats compared to gonadally intact rats. Between the two groups, the 

ovariectomized rats displayed significantly elevated ABR thresholds following noise 

exposure, indicating that estrogen deficiency increases susceptibility to damage from 

acoustic trauma (Hu et al., 2016). The role of estrogen as an otoprotective compound has 



9 

 

been corroborated and further expanded upon by experiments conducted in our own lab. 

Results from our publication in 2018 indicate that female mice are significantly more 

protected from NIHL compared to males, possibly stemming from differences in the 

estrogenic signaling pathway (Milon et al., 2018).  

While the otoprotective nature of estrogen is novel and not well understood, 

estrogen as a protective agent against trauma is not an entirely new concept. In fact, 

research shows that estrogen plays a protective role against diverse forms of trauma in 

multiple organ systems. One notable example of estrogenic protection can be seen in the 

cardiovascular system. Epidemiologic studies have shown that “premenopausal women 

have reduced incidence of cardiovascular disease (CVD) when compared to age-matched 

males, and the incidence and severity of CVD increases postmenopause” (Iorga et al., 

2017). Furthermore, there is an increased prevalence of coronary artery disease in young 

women who have undergone an oophorectomy compared to those with intact ovaries. This 

protection likely stems from estrogenic signaling which modulates pro-survival and anti-

apoptotic mitochondrial pathways, reduces reactive oxygen species (ROS) production, 

increases angiogenesis, and enhances the heart’s capacity to handle oxidative stress (Iorga 

et al., 2017). 

Other studies have explored protective estrogenic signaling in the central nervous 

system (CNS), reporting sex differences in the response to traumatic injury that are 

attributed to differences in circulating estrogen (Raghava et al., 2017). In an experiment 

that induced spinal cord injury to male and female rats, female rats were reported to have 

less tissue damage and greater improvement in motor functions (Farooque et al., 2006). 

Interestingly, another group demonstrated that estrogen administration to male rats caused 
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a statistically significant improvement in the transmission of neural signals following 

spinal cord injury, while control male rats without estrogen supplementation had a 

decreased number of neurons (Letaif et al., 2015). Similar neuroprotective effects have 

been observed with estrogen administration in traumatic brain injury and ischemic brain 

injury models. Given its remarkable ability to protect against trauma in the cardiovascular 

system and the nervous system, it comes as no surprise that estrogen may serve a similar 

role as an otoprotective agent against acoustic trauma.  

ESTROGEN AND ESTROGENIC SIGNALING  

Within the general public, there is a widely held misconception that estrogen is 

strictly a “female hormone” and its biological relevance is limited to the functionality of 

female sexual organs. In females, it facilitates the formation of secondary sex 

characteristics such as breasts, controls the menstrual cycle and ovulation, and plays a part 

in the maintenance of the vagina, uterus, and ovaries (Horstman et al., 2012). Despite 

circulating in lower concentrations, estrogen generated by the aromatization of testosterone 

also plays critical roles in male reproductive function and, together with testosterone, is 

responsible for modulating erectile function, libido, and spermatogenesis (Hess, 2003; 

Schulster et al., 2016). However, to only consider estrogen as a sex hormone would 

discount its importance in non-reproductive systems. Research from the past two decades 

has repeatedly demonstrated the critical role of estrogen in a variety of processes, such as 

bone growth and maintenance, immunity, regulation of energy homeostasis, and the 

previously mentioned roles in protection against cardiovascular disease and 

neuroprotection in the central nervous system (Vaananen and Harkonen, 1996; Mauvais-

Jarvis et al., 2013; Iorga et al., 2017; Taneja, 2018).  
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There are four major forms of estrogens in females, each with a distinct role and 

unique steps for biosynthesis (Fig. 1). The first type is estrone (E1), which is most 

biologically significant after menopause when synthesized primarily in adipose tissue (Cui 

et al., 2013). It is also found circulating in low levels in males (Rubinow, 2017). The second 

is estradiol (E2, or 17β-estradiol), which is the most potent and abundant form of estrogen 

produced in females and males (Cui et al., 2013). The third type is estriol (E3), the least 

potent form that is largely relevant during pregnancy when it is synthesized by the placenta. 

Finally, there is estetrol (E4), which is closely related to E3 and only found during 

pregnancy when it is produced by the fetal liver (Thomas and Potter, 2013). Of these four 

distinct groups, E2 is believed to be the form responsible for the protective effects observed 

in the cardiovascular, nervous, and auditory systems (Meltser et al., 2008; Iorga et al., 

2017; Raghava et al., 2017).  

 

 

 

 

 

 

 

 

Figure 1. Estrogen metabolism pathways. Testosterone is converted to 17-β estradiol (E2) by 

aromatase, the same enzyme used to convert androstenedione to estrone (E1). Testosterone and 

androstenedione can be interconverted by 17β-hydroxysteroid dehydrogenases (17β-HSDs), as can 17β-

estradiol and estrone. Estriol (E3) is generated from estrone by cytochrome P450 and 17β-HSD1. Several 

possible biosynthesis mechanisms have been proposed for estetrol (E4), but the exact pathways remain 

unclear. Adapted from Thomas and Potter, 2013. 
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Depending on the hormonal status of a woman, the primary site of estrogen 

synthesis differs. Premenopausal post-pubescent women mainly rely on ovarian-

synthesized estrogen that is released into the bloodstream acting as an endocrine hormone, 

while in young pre-pubescent girls and older postmenopausal women, the main location of 

estrogen production is extragonadal sites such as adipose tissue, the kidneys, skin, and 

brain (Cui et al., 2013). In contrast to premenopausal women, the estrogens produced by 

nonreproductive women in extragonadal compartments primarily act as a paracrine 

hormone to maintain tissue functions locally around the site of synthesis, rather than being 

released into the bloodstream like ovarian-synthesized estrogen. In males, the primary sites 

of estrogen synthesis are the testes, brain, and adipose tissue (Cui et al., 2013; Schulster et 

al., 2016). 

Whether the estrogen is produced and secreted locally, or released into the 

bloodstream to act distally, its ability to cause changes in cellular processes and regulate 

gene expression depends upon the presence of estrogen receptors. To date, there are four 

known estrogen receptors: estrogen receptor 1 (ESR1, formerly ERα) and estrogen receptor 

2 (ESR2, formerly ERβ), which are both nuclear receptors, and G protein-coupled estrogen 

receptor 1 (GPER1, also called GPR30) and estrogen receptor X (ER-X), which are plasma 

membrane-bound receptors (Levin, 2009). This thesis will focus primarily on the two 

nuclear receptors ESR1 and ESR2, as there is little to no information on the membrane-

bound receptors in the inner ear. 

In humans, the Esr1 gene is located at q24-q27 of chromosome 6 and includes eight 

exons that encode a 66 kDa protein with 595 amino acids. In contrast, the Esr2 gene is 

located at q22-24 on chromosome 14, and while it also possesses eight coding exons, it 
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forms a slightly smaller protein of 530 amino acids and a molecular mass of 60 kDa 

(Enmark et al., 1997; Yasar et al., 2017). As members of the nuclear receptor family, both 

ESR1 and ESR2 are comprised of six highly conserved, functionally distinct domains (Fig. 

2). The amino terminus contains the A/B domains, encoded by exon 1 in both ESR1 and 

ESR2, and like many nuclear hormone receptors, the amino terminus of ESR1 and ESR2 

is able to quickly fold and unfold, an intrinsic property which allows for rapid conversion 

between receptor confirmations in response to protein interactions and post-translational 

modifications (Warnmark et al., 2001; Yasar et al., 2017). Of all six domains, the amino 

terminus region is the least homologous between the two receptors. The high divergence 

of this domain is partially due to the transcriptional activation function-1 site (AF-1 site), 

which is believed to be present only in ESR1. In mammalian cells expressing ESR1, the 

interaction between AF-1 and another domain, the carboxyl region, is required for robust 

transcriptional activity. In contrast, human ESR2 does not contain a strong AF-1 site, 

instead containing a repressor domain, and the amino terminus does not interact with the 

carboxyl terminus (Lindberg et al., 2003; Yasar et al., 2017). Furthermore, while the amino 

terminus is critical for full transcriptional activity in ESR1, it is believed to impair 

interactions between ESR2 and target genes (Huang et al., 2005). 

Following the A/B domains is the C domain, which contains the DNA binding 

domain (DBD) and is encoded by exons 2, 3, and part of exon 4. The DBD is almost 

identical between the two nuclear receptors, sharing 97% amino acid identity (Yasar et al., 

2017). Connected to the C domain is the D domain, a flexible hinge region encoded by 

exon 4. The region contains a nuclear localization signal to facilitate translocation to the 

nucleus upon receptor activation. The hinge domain links the C domain to the E domain, 
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also called the ligand binding domain (LBD). It is encoded by exons 4 to 8. Estrogen 

binding induces a conformational change in the LBD, which converts the inactive receptor 

to an active state by enhancing dimer stability and promoting coregulatory protein 

interactions. The E domain also possesses an activation function-2 site (AF-2), which 

interacts with the AF-1 site of ESR1 to enhance transcriptional activity, but as ESR2 does 

not have a strong AF-1 domain, it relies primarily on its AF-2 site for transcriptional 

activation. Finally, there is the F domain which forms the carboxyl terminal in conjunction 

with the E domain, and is encoded by the remainder of exon 8 (Yasar et al., 2017). 

 

 

 

 

 

 

 

 

 

 

While there is considerable colocalization and crosstalk between these receptors 

due to the high degree of homology in their DBDs, ESR1 and ESR2 have exclusive 

Figure 2. Schematic of the six protein domains present in human ESR1 and ESR2, and their 

corresponding encoding exons. ESR1 is composed of 595 amino acids, encoded from 1788 nucleotides 

within 8 exon regions. ESR2 is composed of 530 amino acids, which are encoded from 1593 nucleotides. 

Though ESR2 has a total of 9 exons, only 8 of the exons are used for translation of the protein. The 

numbers above the exons indicate base pairs, while the numbers below the protein structures indicate 

amino acids. 
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biological roles and expression patterns. ESR1 is predominant in gonadal organs, such as 

the uterus, mammary glands, testes, prostate, and ovaries, but is also found in other tissues 

such as bone, the liver, adipose tissue, and skeletal muscle. ESR2 is expressed in non-

gonadal tissues such as the colon, bone marrow, lungs, and bladder, but is still present and 

active in reproductive tissues (Cui et al., 2013; Yasar et al., 2017). Although there is 

overlapping expression of both receptors in the brain, distinct spatiotemporal distribution 

patterns have been observed, with high expression of ESR1 in the hypothalamus and 

amygdala, and high ESR2 levels in the hippocampus and cerebral cortex (Cui et al., 2013). 

Even within each organ, the expression of ESR1 and ESR2 is often specific to particular 

cell types, as seen in the ovaries where ESR1 is present in theca and interstitial cells, while 

ESR2 is found in the granulosa cells (Yasar et al., 2017). 

Estrogen’s effects are mediated through two main pathways: genomic and non-

genomic. The genomic pathway utilizes ESR1 and ESR2, which reside in the cytoplasm 

when unbound by a ligand. As a steroid hormone with hydrophobic characteristics, 

estrogen is capable of diffusing through the plasma membrane and binding to its receptors 

in the cytoplasm, which causes ESR1 and ESR2 to homo- or heterodimerize, allowing 

translocation to the nucleus. There, the DBD of the receptors can interact with estrogen 

response elements (EREs, a 13bp palindromic inverted repeat with the basic sequence 5′-

GGTCAnnnTGACC-3′) in the DNA, thereby recruiting co-regulatory proteins to 

transactive their target genes and generate a transcriptional response (Klinge, 2001). 

Alternatively, estrogen-bound nuclear receptors can interact with transcription factors and 

regulate their transcriptional activity independent of EREs (Yasar et al., 2017). However, 

it is important to note that estrogen is not the sole mechanism for activation of ESR1 and 
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ESR2, which can signal in a ligand independent manner. In the absence of estrogen, 

cytoplasmic ERs can be activated through phosphorylation by tyrosine kinase or G protein-

coupled receptors, which cause a conformational change in the ERs that allows for 

translocation and subsequent binding to EREs in target genes (Bennesch and Picard, 2015). 

The non-genomic pathway, also known as membrane-initiated steroid signaling, 

allows for more rapid cellular changes in response to estrogen binding, as it impacts protein 

activity rather than transcriptional activity. Estrogen binding to membrane-bound ESR1, 

ESR2, or GPER1 activates numerous kinase signaling cascades which alter enzymatic 

activity and modulate calcium fluxes within the cell. While the rapid molecular changes 

that result from this form of estrogenic signaling are initially caused by the regulation of 

proteins, these pathways do ultimately lead to changes in downstream transcriptional 

activity, producing a delayed secondary effect (Vrtacnik et al., 2014; Levin and Hammes, 

2016).  

Although ESR1 is present in the cochlea, ESR2 is believed to be the primary 

receptor through which otoprotection is mediated. In the previously mentioned 2008 study 

that utilized aromatase mutant mice, the researchers also assessed auditory function in male 

and female mice with targeted deletions of either ESR1 or ESR2 (Meltser et al., 2008). 

ABRs on all three groups showed no differences in basal hearing thresholds or inner ear 

morphology between the ESR1 and ESR2 mutants. However, when subjected to acoustic 

trauma, both male and female ESR2 KO mice demonstrated elevated threshold shifts 24 

hours after the noise exposure compared to the WT mice. In contrast, the measured CTS 

did not differ between ESR1 KO and WT mice, indicating that ESR1 is not necessary for 

recovery from noise exposure (Meltser et al., 2008). A later study found that while there 
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were no morphological differences observed in the 3 month old cochlea between ESR2 KO 

and WT mice, at 12 months of age, the mutant mice showed hair cell loss in a basal to 

apical gradient, complemented by the loss of spiral ganglion neurons in the basal turn 

(corresponding to the high frequency HCs), thus establishing a role for ESR2 in preventing 

age related hearing loss (ARHL) (Simonoska et al., 2009). Taken together, these data 

suggest that ESR2, but not ESR1, plays a significant role in otoprotection from noise 

induced hearing loss (NIHL) and ARHL, particularly at the higher frequencies.  

Due to the plethora of estrogenic targets and pathways, there are a number of 

proposed mechanisms in the HCs, spiral ganglion neurons, and stria vascularis that could 

contribute to otoprotection. One possible mechanism is through ESR2 acting as a 

transcriptional regulator of brain-derived neurotrophic factor (BDNF) within the HCs to 

promote SGN survival following traumatic noise exposure. BDNF expression within the 

adult cochlea is maintained in a basal-to-apical tonotopic gradient and is believed to be 

confined primarily to IHCs and SGNs (Zuccotti et al., 2012). BDNF is known to have a 

high affinity for tropomysin related kinase B (TrkB), a receptor that is present within the 

SGNs. In the normal organ of Corti, mature BDNF is thought to activate TrkB on SGNs, 

causing CREB phosphorylation and promoting SGN survival (Tan and Shepherd, 2006). 

A study in 2006 examined the protective effects of BDNF and TrkB signaling in 

aminoglycoside-induced degeneration of adult SGNs in rats (Tan and Shepherd, 2006). 

Aminoglycoside antibiotics are a commonly prescribed ototoxic drug that induce 

sensorineural hearing loss through hair cell death and neural degeneration (Jiang et al., 

2017). The researchers found that aminoglycoside-induced SGN degeneration was 

associated with an increase in the truncated form of BDNF called pro-BDNF, an 
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upregulation of the p75 neurotrophin receptor (p75NTR)- a member of the tumor necrosis 

factor family which is activated by pro-BDNF, and a subsequent downregulation of mature 

BDNF and TrkB. As a result, there is a physiological shift from pro-survival pathways to 

apoptotic pathways.  

In a later study, Meltser et al. evaluated BDNF expression in the cochlea of ESR2 

and aromatase KO mice and found decreased expression compared with WT controls, 

which suggests that both estrogen and a functional ESR2 are required for BDNF expression 

in HCs (Meltser et al., 2008). Promoter studies identified the presence of an ERE upstream 

of the Bdnf transcriptional site, indicating that it is a transcriptional target of ESR2 

(Sohrabji et al., 1995). Furthermore, treatment with DPN, a selective ESR2 agonist, caused 

an increase in BDNF protein levels in aromatase mutants and increased mRNA levels in 

the WT mice (Meltser et al., 2008). Thus, it is possible that estrogen binding to ESR2 

within the hair cells could upregulate BDNF expression, allowing mature BDNF to bind to 

TrkB in the SGNs and prevent apoptosis following traumatic noise exposure by activating 

pro-survival pathways (Fig. 3).  

It has also been suggested that high levels of BDNF could partially protect against 

synapse loss that occurs in HHL and PTS through TrkB activation (Delhez et al., 2019). A 

follow-up study by Meltser et al. in 2014 examined the protective effects of a selective 

TrkB agonist, DHF, on synaptic integrity following noise exposure. ABR testing and 

synaptic counts showed that mice treated with DHF had lower CTS and PTS measurements 

and retained a greater number of synaptic ribbons per cell 2 weeks after acoustic trauma 

compared to vehicle controls (Meltser et al., 2014). It is possible that synaptic protection 

through TrkB signaling occurs either by modulating glutamate release to prevent 
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excitotoxicity from excessive noise exposure or by facilitating synaptogenic repair after 

noise, though the exact mechanism is unknown. These data are further supported by 

experiments showing that conditional deletion of Bdnf in mice resulted in decreased ribbon 

synapse counts, bolstering the theory that BDNF is integral for IHC synapse integrity, 

likely through TrkB signaling (Zuccotti et al., 2012). Therefore, reductions in BDNF 

expression and TrkB activation could account for the decreased synapses observed in noise 

exposed ovariectomized female mice compared to intact controls, particularly in the high 

frequency cochlear regions where its postnatal expression is maintained in a tonotopic 

gradient towards the basal turns (Schimmang et al., 2003). 

In addition to the SGNs, OHCs are a particularly sensitive population to damage 

from acoustic trauma, and in the absence of ESR2, show premature degeneration 

(Simonoska et al., 2009). This suggests a protective role for estrogenic signaling in the hair 

cells, though like the SGNs, the exact mechanism is speculative. It is known that acoustic 

trauma causes the production and accumulation of ROS, and the resulting oxidative stress 

contributes to hair cell death (Dinh et al., 2015). It is therefore possible that estrogenic 

signaling enhances the expression of antioxidant genes like Superoxide Dismutases 

(SODs) to prevent ROS-induced apoptosis from increased ROS production (Fig. 3), as seen 

in the heart and brain (Rao et al., 2011; Zhu et al., 2013). While this mechanism has 

precedence in the cardiovascular and the neuronal systems, the estrogenic protection is 

mediated through ESR1, not ESR2, suggesting the signaling cascade may not be perfectly 

translatable to the inner ear (Iorga et al., 2017; Raghava et al., 2017). An alternative theory 

is that estrogen upregulates anti-apoptotic factors like Bcl-2 and Bcl-xL in the OHCs and 

SGNs. Both Bcl-2 and Bcl-xL are predicted to be direct targets of estrogen receptors due 
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to the ERE sequences present upstream of their transcriptional start sites (Pike, 1999; 

Perillo et al., 2000).  

One final theory is that estrogen protects against the inflammation that occurs after 

noise exposure, when there is a robust upregulation of the immune response. RNA-

sequencing of noise exposed mouse and rat cochleae found a large number of differentially 

expressed genes were associated with the activation and regulation of the immune and 

inflammatory responses (Yang et al., 2016). Furthermore, despite differences in the 

differentially expressed genes between the mouse and rat, the major biological processes 

were remarkably similar, indicating that the immune response is critical following acoustic 

injury. After noise exposure, there is a significant influx of inflammatory cells that enter 

the cochlea through the blood vessels of the lateral wall and congregate in the spiral 

ligament (Hirose et al., 2005). The inflammatory cells, predominantly comprised of 

circulating macrophages, are recruited by cytokines, chemokines, and cell adhesion 

molecules that are upregulated after traumatic noise (Fujioka et al., 2006; Tornabene et al., 

2006). The role of cochlear inflammation is speculative, and some believe it may 

exacerbate the cellular damage resulting from excessive noise exposure (He et al., 2020). 

If this is true, estrogen may protect against cochlear damage by dampening the 

inflammatory response. In the brain, estrogen was found to reduce inflammation by 

inhibiting NLRP3, an inflammasome that activates Caspase 1, which in turn releases pro-

inflammatory cytokines (Fig. 3). Importantly, this anti-inflammatory mechanism is 

mediated by ESR2 in the neuronal system (Thakkar et al., 2016). In the cochlea, NLRP3 

was found to be present in macrophages along the auditory nerve, spiral ganglion, and stria 

vascularis (Nakanishi et al., 2017). Indeed, gain of function mutations in NLRP3 underlie 
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autosomal dominant hearing loss DFNA34 and were suggested to be the culprit of the 

hearing loss in atypical manifestations of cryopyrin-associated periodic syndromes 

(Nakanishi et al., 2017). Similarly, new in vitro data in mice suggest a role for NLRP3 in 

the pathogenesis of hearing loss as a result of CMV infection, a common cause of 

congenital acquired hearing loss (Zhuang et al., 2018).   

Unfortunately, the role of macrophages in cochlear inflammation is not well 

understood, and it is possible that the upregulation in cytokines and inflammation actually 

augments repair, such that estrogenic inhibition would be detrimental. There is prior 

evidence suggesting peripheral macrophage recruitment aids in the repair of cochlear 

vasculature and the cochlear blood labyrinth barrier (Dai et al., 2010). To date, no studies 

have examined the effects of estrogen supplementation on cochlear inflammation in 

ovariectomized and intact female mice immediately following noise exposure, making it 

difficult to gauge whether estrogen modulates the immune response as part of its protective 

effects. 

Despite the large number of promising theories, the exact pathway is still unknown. 

However, it is likely that a combination of these antioxidant, anti-apoptotic, and anti-

inflammatory mechanisms are responsible for the otoprotection observed, rather than a 

single mechanism alone. Even more important, the exact spatiotemporal expression of 

these estrogen receptors in the mammalian inner ear are only partially understood, further 

impeding efforts to understand its involvement in protection from acoustic injury. 
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THE ESTROGEN-RELATED RECEPTORS IN AUDITION 

 While likely not involved in the otoprotection granted through estrogenic signaling, 

it is important to consider how closely related cousins of ESR1 and ESR2, the estrogen-

related receptors (ERRs), contribute to hearing. The ERRs belong to the NR3B or type IV 

nuclear receptor family. The first two members, estrogen-related receptors α (ERRα, 

encoded by Esrrα) and estrogen-related receptor β (ERRβ, encoded by Esrrβ), were 

Figure 3. Schematic of potential estrogenic protective mechanisms. In hair cells, ESR2 may induce 

expression of BDNF, which targets the TrkB receptor in SGNs to reduce neuronal death and synaptic 

dysfunction. ESR2 may also transcribe SOD to reduce harmful ROS production to prevent excessive 

cellular damage. In both SGNs and HCs, Bcl-xL and Bcl-2 are known target genes of ESR2 and may be 

activated to inhibit apoptosis through estrogenic signaling. In the macrophages present along the auditory 

nerve, SGNs, and stria vascularis, estrogen may inhibit the inflammasome NLRP3 to prevent cytokine 

release and reduce inflammation. Adapted from Delhez et al. 2019. 
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discovered in 1988 by Vincent Giguere, followed by the introduction of estrogen-related 

receptor γ (ERRγ, encoded by Esrrγ) 11 years later (Giguere et al., 1988; Chen et al., 1999). 

As their name would suggest, the ERRs share a high degree of structural homology 

with the classical ERs and are comprised of the same six highly conserved domains, 

similarly labeled A through F (Tremblay and Giguere, 2007). The A/B domain contains 

the transcriptional activation function-1 site (AF-1), also present in ESR1. The C domain 

holds the DNA binding domain (DBD), which interacts with highly conserved sequences 

in the promoter region of target genes, called estrogen-related response elements (ERREs, 

5′-TnAAGGTCA-3’) to cause transcriptional activation, while the D domain corresponds 

to the hinge region. The E domain is believed to contain the ligand-binding domain (LBD). 

Also located at the E domain is the ligand-regulated activation function-2 site (AF-2). 

Finally, the F domain contains the C-terminal region. It is thought that the interactions 

between AF-1 and AF-2 on the A/B and E domains, respectively, and binding of 

coregulatory proteins modulate gene expression (Misra et al., 2017). 

 Despite their highly homologous structures, ERRs are incapable of binding 

endogenous estrogens and are classified as orphan nuclear receptors. Rather than relying 

on ligand binding, the transcriptional activation of ERRs depends on their interactions with 

coactivators like PGC-1α, while inhibition is regulated through competing physical 

interactions with corepressors such as RIP140 (Misawa and Inoue, 2015). This method of 

transcriptional activation is only possible due to the exposed structure of the LBD, which 

allows for coregulatory interactions in the absence of ligand binding. Once activated, ERRs 

translocate to the nucleus and bind to the ERREs upstream of the transcriptional start sites 

of target genes. Interestingly, these receptors can also bind to EREs in a select number of 
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genes and are therefore capable of transcribing targets of ESR1 and ESR2 (Misra et al., 

2017). It is important to note that the crosstalk between ERs and ERRs does not necessarily 

occur in the reverse direction. While ESR1 can recognize and transcribe a small number of 

genes containing ERREs, ESR2 lacks this ability, limiting the shared transcriptional 

network to ERRs and ESR1 (Vanacker et al., 1999). 

Given the limited crosstalk between ERRs and ESR2, and the inability of the ERRs 

to bind endogenous estrogens, it is unlikely that ERRα, ERRβ, or ERRγ is responsible for 

the estrogenic otoprotection observed. However, prior genetic studies have identified 

ERRβ and ERRγ as critical factors underlying different forms of hearing loss and balance 

disorders (Collin et al., 2008; Nolan et al., 2013). 

ERRβ, along with ERRα, shares the unique distinct of being the first orphan nuclear 

receptor ever identified. Since its nascence in 1988, extensive research has been performed 

to elucidate its involvement in a variety of tissues and processes, including placental and 

retinal development, the CNS, and the auditory system (Divekar et al., 2016). In placental 

development, ERRβ is believed to be critical for chorion formation and the terminal 

differentiation of the diploid trophoblast; lack of functional ERRβ is embryonically lethal 

due to placental abnormalities (Luo et al., 1997; Divekar et al., 2016).  In the developing 

retina, ERRβ induces rhodopsin expression, activates rod cell-specific genes, and 

transcribes ion exchangers in the rod photoreceptor cells (Onishi et al., 2010). Interestingly, 

its expression in the retina is very low during prenatal stages and is largely limited to the 

first postnatal week, ultimately declining by P7-P10. ERRβ is also present in the CNS, 

namely in regions targeting retinal projections, such as the superior colliculus, and in retinal 

ganglion cells and axons in the retinorecipient nuclei (Real et al., 2008). Finally, ERRβ 
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modulates cortisone levels in the hypothalamic axis through regulation of corticotrophin 

releasing hormone (Byerly et al., 2013).  

ERRβ also plays significant role in inner ear development and hearing. In 2008, 

Collin et al. reported a novel form of autosomal recessive non-syndromic hearing 

impairment on chromosome 14q24.3-q34.12 through genome-wide homozygosity 

mapping of a large consanguineous Turkish family with autosomal recessive hearing loss 

(Collin et al., 2008). Using microsatellite markers and mutation analysis, they were able to 

identify a duplication in exon 8 of the DFNB35 locus which corresponded to Esrrβ, the 

gene encoding ERRβ. Individuals affected by this missense mutation have severe bilateral 

sensorineural hearing loss (SNHL), stemming from the disrupted structure and decreased 

stability of the ERRβ protein. RNA in situ hybridization in cochlear sections of the E18.5 

mouse revealed expression of Esrrβ during inner ear development, with staining present in 

the developing stria vascularis, nonsensory epithelial cells in the utricle and ampulla, and 

in the vestibular ganglion. Immunohistochemical analysis of the P4 rat inner ear shows 

ERRβ is more widely expressed in the cochlea, with staining present in the stria vascularis, 

spiral ligament, spiral ganglion cell, and supporting cells, though it is absent in the HCs. 

Similarly, localization studies in the P3 mouse inner ear show expression in the marginal 

cells of the stria vascularis, epithelial cells flanking the crista ampullaris, and within the 

utricle (Chen and Nathans, 2007). While these data provide insight into expression of 

ERRβ in the developing inner ear, little is known about how this expression is maintained 

into adulthood and its functional role in the adult inner ear.  

Recent single cell RNA-sequencing (scRNA-seq) studies, validated by fluorescent 

in situ hybridization, indicate Esrrβ expression can be detected in the marginal cells of the 
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adult stria vascularis, where it is co-expressed with downstream targets such as Abcg1, 

Atp13a5, and HeyI (Korrapati et al., 2019). Its highly specific localization within the 

marginal cells suggests a potential role as a key regulator of ion transportation and 

endolymphatic potential. This is further supported by findings from Chen and Nathans, 

which demonstrated that ERRβ is critical for the development and function of marginal 

cells. Mice with a conditional deletion of Esrrβ exhibited dysfunctional endolymph 

production, hearing loss at 5 weeks of age, and vestibular defects such as head bobbing and 

spinning. Furthermore, significant downregulation of multiple ion channels and 

transporters were observed in the marginal cells (Chen and Nathans, 2007; Collin et al., 

2008). 

Missense variants of Esrrβ have also been implicated in a sporadic form of 

Meniere’s disease (MD), which is characterized by vertigo, SNHL, and tinnitus in the low-

to-mid frequencies (Gallego-Martinez et al., 2019). Patients diagnosed with MD suffer 

from an accumulation of endolymph in the membranous labyrinth, indicating that a 

functional ERRβ is critical for endolymph production and maintenance. Further research 

is required to determine whether ERRβ expression is maintained in the spiral ganglion 

neurons throughout adulthood, which may account for the tinnitus. Furthermore, it is 

unknown whether this disease specifically impacts the low-to-mid frequencies due to a 

tonotopic gradient of Esrrβ expression in the upper and middle cochlear turns.  

The second ERR identified for its role in hearing loss is ERRγ, and while it was the 

last estrogen related-receptor to be discovered, countless studies have explored its role in 

normal physiology. The pleotropic nature of ERRγ stems from its extensive interactions 

with a variety of signaling pathways which allow for widespread and diverse biological 
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effects in the heart, brain, skeletal muscles, liver, and auditory system. ERRγ acts as a 

master transcriptional regulator in these tissues and the physiologic outcome of its 

transcriptional targets differ depending on the cell type and tissue of expression. In the 

heart, it modulates ATP production, ion homeostasis, and is critical for the transition to 

oxidative metabolism postnatally (Alaynick et al., 2007). Deleterious mutations in ERRγ 

are highly fatal from cardiac dysfunction, as ERRγ is required for the transition from 

prenatal carbohydrate-dependent metabolism to postnatal oxidative metabolism in the 

heart. (Alaynick et al., 2007). In the brain, ERRγ is highly expressed in the developing 

nervous system of mice, beginning at E10.5 and continuing throughout embryonic 

development, which establishes distinct expression patterns that are conserved into 

adulthood (Hermans-Borgmeyer et al., 2000). Additionally, it contributes to the 

maintenance of normal neuronal function, and aids in learning and memory through 

mitochondrial oxidative phosphorylation (Pei et al., 2015). When expressed in the skeletal 

muscles, it fuels energy metabolism and contractile function, and promotes angiogenesis 

and growth (Fan et al., 2018). ERRγ is also believed to play an active role in the liver 

through regulation of gluconeogenesis and bile acid synthesis (Kim et al., 2012). Finally, 

ERRγ is implicated in the development of the cochlear and vestibular ganglion of the 

auditory system (Hermans-Borgmeyer et al., 2000) 

In 2013, a comprehensive study encapsulating genetic, immunohistochemical, and 

physiological analyses revealed the critical role of ERRγ in adult hearing (Nolan et al., 

2013). Through genetic screening of three independent cohorts, researchers discovered a 

strong association between hearing status and the presence of a single nucleotide 

polymorphism (SNP), rs2818964 SNP, located in the last intron of the long isoform of 
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Esrrγ, the gene encoding ERRγ. Interestingly, in two of the three cohorts, this SNP caused 

a female-specific predisposition to age-related hearing loss (ARHL) in the low-to-mid 

frequencies, but the association was not seen in the third cohort. The authors hypothesized 

that the absence of this association in the third cohort was because the minor allele of the 

rs2818964 SNP was a risk factor for ARHL that only surfaced after menopause when 

estrogen declines, and was therefore undetectable in the third cohort, which was comprised 

of premenopausal individuals 44 to 45 years old (Nolan et al., 2013).  

To further study the role of ERRγ in the adult cochlea, the researchers generated 

Esrrγ KO mice. However, only a fraction of the mice survived to adulthood for auditory 

evaluation due to fatal cardiac abnormalities in the first week of life, limiting the number 

of KO mice that could be analyzed, and potentially affecting statistical significance from 

the small sample size (Alaynick et al., 2007). Auditory evaluations were conducted through 

click stimuli ABRs at 5 and 12 weeks of age, revealing elevated thresholds and lower 

amplitudes in the KO mice compared to the WT controls (Nolan et al., 2013). Furthermore, 

12 week old females exhibited greater hearing loss than their mutant male counterparts, 

which is consistent with the sexual dimorphism observed in the two older human cohorts. 

Together, these data implicate ERRγ as a critical factor in the maintenance of hearing for 

postmenopausal women. In addition to physiological testing, the researchers performed 

localization studies on ERRγ in the adult mouse cochlea (P36) to gain insight into its 

molecular mechanisms in audition (Nolan et al., 2013). Immunofluorescence revealed 

strong immunoreactivity in the Reisner’s membrane, Hensen’s cells, inner and outer pillar 

cells, and Dieter’s cells. Faint expression was also detected in the inner hair cells and SGNs, 

but not in the outer hair cells.  
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Much like ERRβ, the function of ERRγ in the inner ear is largely inconclusive and 

relies on previously discovered gene regulatory networks from other organ systems. One 

known role of ERRγ is the regulation of potassium ion homeostasis in the cardiac, gastric, 

and renal systems (Alaynick et al., 2010). Interestingly, KO of Esrrγ results in a 

downregulation of Kcne1, a gene involved in potassium ion transport which causes 

significant hearing loss when mutated (Warth and Barhanin, 2002; Alaynick et al., 2010).  

Therefore, it is possible that mutations in ERRγ may cause downregulations in potassium 

transport genes such as Kcne1, resulting in ARHL from impaired potassium ion 

homeostasis (Nolan et al., 2013). Additionally, the hearing loss seen specifically in the 

low-to-mid frequencies may be explained by tonotopic differences in expression. 

Microarray analysis was used to compare the expression profiles of 24,547 genes in the 

base, middle, and apex of the mouse cochlea, finding gradient expression in approximately 

783 annotated genes (Yoshimura et al., 2014). The results indicated tonotopic expression 

in many potassium voltage-gated channels, with higher expression in the apex compared 

to the base, as well as an apical-to-basal expression gradient of Esrrγ, further supporting 

the proposed mechanism. However, it is still unknown why variations in Esrrγ result in a 

sex-specific hearing loss that disproportionately affects postmenopausal females. Future 

research is required to elucidate whether there are sex differences in the expression of Esrrγ 

that could account for the female-specific ARHL, and whether there is tonotopic expression 

in the entire cochlea, or if expression differs in particular cell types, such as the SGNs.  

 While much is known about the roles of ERs and ERRs in the development and 

maintenance of the inner ear, there are several outstanding questions that remain, 

particularly on sex differences in hearing loss. Unpublished data from our lab indicate that 
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estrogen supplementation in male mice does not grant the same otoprotection seen in 

female mice, suggesting there are key molecular differences between the sexes that account 

for the disparity in protection (Shuster, manuscript in progress). I hypothesize that this lack 

of response in males compared to females, and the underlying sex differences in 

otoprotection, could be due in part to differential expression of the classical estrogen 

receptors in the inner ear. 

 Multiple studies have attempted to localize and compare estrogen receptor 

expression levels between male and female mice through a variety of experimental 

techniques. In the 2008 study that first identified ESR2 as the receptor responsible for 

otoprotection, researchers used both immunocytochemistry and western blotting to localize 

and compare the protein levels of ESR2 between young male and female mice (Meltser et 

al., 2008). Immunolabeling of ESR2 was revealed in the nuclei of a select population of 

SGNs, and in the nuclei of inner and outer hair cells, with more intense staining seen in the 

inner compared to the outer hair cells. However, no immunoreactivity was seen in the stria 

vascularis. Sex differences in ESR2 protein levels were evaluated through western blotting, 

which reported the summation of the protein levels in the SGNs, IHCs, and OHCs, and 

found no significant difference in protein levels between males and females. Unfortunately, 

as the tissue was homogenized to include the organ of Corti and the SGNs together, the 

study was not able to evaluate whether there are sex differences in protein expression 

between the IHCs, OHCs, and SGNs individually, and did not include the stria vascularis 

in the assessment. 

 Another study attempted to compare the fluorescent intensities of ESR1 and ESR2 

as a way to evaluate potential sex differences in expression in young (8 weeks) and old (2 
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years old) mice (Motohashi et al., 2010).  While the authors found no sex differences in 

localization and no change in ESR2 intensity in young male and female mice, they did 

observe a stronger fluorescent intensity of ESR1 in young females compared to young 

males. While the fluorescent intensities of both ESR1 and ESR2 decreased with age, there 

was slight but significant difference in ESR2 intensity, where old female mice showed 

stronger ESR2 fluorescence in the SGNs and vestibular system compared to old male mice. 

Importantly, Motohashi et al. reported the presence of ESR2 in the IHCs, OHCs, SGNs, 

and stria vascularis, which conflicts the with the earlier localization results of Meltser et 

al., who saw no expression in the stria vascularis. The conflicting localization data are 

likely the result of unreliable ESR2 antibodies, many of which have been found to be 

insufficiently validated (Andersson et al., 2017; Nelson et al., 2017). This calls into 

question the specificity and validity of the data from prior localization experiments and 

indicates a need for an alternative method for localization that does not rely on ESR2 

antibodies.  

 In addition to the classical estrogen receptors, several studies have been performed 

to evaluate the expression of ERRβ and ERRγ in the inner ear, but as described earlier, 

more work is needed to develop a comprehensive understanding of their individual 

functions. To date, the majority of localization studies for ERRβ have been performed at 

embryonic and early postnatal timepoints in mice and rats while the auditory system is still 

developing (Chen and Nathans, 2007; Collin et al., 2008). Only one study has examined 

Esrrβ mRNA expression in the adult inner ear, but it was primarily used for validation in 

the stria vascularis (Korrapati et al., 2019). Both mouse models and human studies 

implicate ERRβ mutations in the development of SNHL, vestibular dysfunction, and 
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tinnitus in the low-to-mid frequencies, making it imperative to evaluate its expression in 

the adult cochlear and vestibular systems (Gallego-Martinez et al., 2019).  

 In contrast to ERRβ, work has been done to evaluate the expression of ERRγ in 

both the embryonic and adult inner ear. In embryonic development, Esrrγ mRNA is found 

in the cochlear and vestibular ganglion, while in adults, protein expression can be seen in 

the Reisner’s membrane, Hensen’s cells, inner and outer pillar cells, Deiter’s cells, IHCs, 

and SGNs (Nolan et al., 2013). However, genetic studies from two independent cohorts 

and auditory testing in mice suggest mutations in Esrrγ are responsible for a low-to-mid 

frequency hearing loss that disproportionately affects females (Nolan et al., 2013). To 

elucidate whether there are sex differences in ERRγ localization or expression that would 

account for this sex-specific hearing loss, additional experiments must be performed in 

both males and females to compare ERRγ expression throughout the cochlea.  

To better characterize the role of estrogen- and estrogen-related receptors in 

audition, my thesis focuses on comparing the expression and localization of ERs and ERRs 

using RNAscope, a method of fluorescence in situ hybridization. By using this technique, 

I accomplish several things: First, I am able to accurately assess ESR2 localization and 

expression differences in each cochlear structure between male and female mice. This 

comparison will allow me to determine whether differential expression accounts for the 

sex differences in otoprotection. Additionally, I can definitively confirm whether ESR2 is 

expressed in the stria vascularis without the use of antibodies. Second, I will, for the first 

time, evaluate Esrrα expression in the mouse inner ear, which will provide insight on 

potential roles in audition. Third, I will assess Esrrβ expression in the adult cochlea to 

determine whether its expression is maintained in the SGNs and in the organ of Corti, 
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ultimately providing information on how ERRβ mutations may cause SNHL and tinnitus 

outside of the strial marginal cells. Finally, I will investigate the expression pattern of 

ERRγ in males and females to determine if differential receptor expression is the cause of 

the sexual dimorphism in hearing loss that disproportionately affects females. 

METHODOLOGY 

 In order to localize and compare the expression of ERs and ERRs between male 

and female adult mice, several methods were considered, such as immunohistochemistry, 

quantitative real-time PCR (RT-qPCR), and RNAscope. Though immunohistochemistry is 

by far the most accessible and widely used method for localizing expression, it presented 

two significant challenges that limited its viability. As previously mentioned, past ESR2 

localization attempts with immunohistochemistry reported conflicting results on its 

expression within the stria vascularis, likely due to insufficiently validated antibodies. 

Thus, to minimize variability and ensure reproducibility, we required a technique that 

eliminated antibody use for localization. Another drawback to immunohistochemistry was 

the quantifiability of the results. While immunofluorescence can be quantified based on the 

intensity of the fluorescence, there are more accurate methods available for comparing 

expression, including RT-qPCR, which measures mRNA levels rather than protein levels. 

RT-qPCR is a cost effective experimental technique that can accurately compare the 

relative or absolute mRNA expression levels of a target gene by measuring the fluorescence 

emitted during DNA amplification. However, while it is ideal for comparing overall 

expression in the cochlea between males and females, RT-qPCR doesn’t allow us to 

localize the receptors to specific structures within the inner ear. As such, it has minimal 
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utility for comparing the relative expression of each receptor within the HCs, SGNs, and 

SV separately.  

The third method considered, RNAscope, was the most suitable for evaluating 

localization and relative receptor expression between sexes, as it combines the 

advantageous qualities of immunohistochemistry and RT-qPCR without suffering the same 

limitations as either method alone. Like immunohistochemistry, RNAscope allows for 

precise localization of receptor expression within each cell type of the cochlea. However, 

unlike immunohistochemistry, RNAscope detects mRNA transcripts rather than protein 

expression, eliminating the risk of using insufficiently validated antibodies. RNAscope 

also possesses semi-quantitative properties similar to RT-qPCR, as mRNA expression is 

displayed in the form of punctate dots that can be counted and compared to determine 

relative expression between samples. As a result, RNAscope can be used to localize each 

receptor to specific cell types within the cochlea and evaluate its relative expression in the 

organ of Corti, SGNs, and SV between males and females based on the number of punctate 

dots in each structure.  

The RNAscope workflow can be broken down into five primary steps, which 

include: pretreatment, probe hybridization, amplification, labeling, and detection. 

Following tissue preparation, pretreatment of the sample with hydrogen peroxide and 

protease solutions is required to quench endogenous peroxidase activity, unmask the target 

RNA transcripts, and permeabilize the cells. Once the tissue is sufficiently permeabilized, 

probe hybridization can begin. All RNAscope kits utilize a unique double ‘ZZ’ probe 

design to minimize off target binding and reduce background. This specificity is achieved 

when two single ‘Z’ probes hybridize to their target sequence on the gene, forming one 
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‘ZZ’ probe. Together, the ‘ZZ’ probe creates a 28 nucleotide binding site on the surface 

for the preamplifier scaffold to bind. A single ‘Z’ probe hybridizing to an off target 

sequence will not produce the required 28 nucleotide binding site for the preamplifier, thus 

limiting nonspecific signal amplification.  

While the probe design reduces nonspecific signals, it also allows for massive 

signal amplification to produce strong signals, even when expression is weak. During the 

amplification steps, the preamplifier binds to the hybridized ZZ probes and forms a scaffold 

for amplifiers to sequentially build upon. Finally, the chromogenic or fluorescent labeling 

molecules are added, binding to the amplifiers and producing a signal that can be observed 

with a standard brightfield or fluorescent/confocal microscope at 20-40X magnification.  

While the RNAscope assay has both chromogenic and fluorescent labeling options, 

the Multiplex Fluorescent v2 assay was ideal for detecting low expressing genes. Several 

rounds of optimization were required to minimize background, limit off target labeling, 

and obtain the sensitivity required for detecting the ERs and ERRs. In total, multiple assays 

were performed over the span of ten months, during which time we tested two fixation 

solutions, varying lengths of fixation and decalcification, three different methods of tissue 

embedding, both chromogenic and fluorescent labeling, and multiple baking times and 

temperatures. As a result, we have successfully optimized the protocol for precise detection 

of low expressing targets within the cochlea. The methodology section is divided into three 

sections.  

Initial testing of the fluorescent multiplex assay was performed on formalin-fixed 

paraffin embedded (FFPE) cochlear tissue. Male and female 10 week old B6CBAF1/J mice 

from Jackson Laboratories underwent transcardial perfusion with 4% paraformaldehyde 
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(4% PFA) in 1X PBS and the inner ears were dissected out into premade 10% neutral 

buffered formalin (NBF), with the round window and apex pierced to allow for greater 

fixation. The inner ears were then incubated in 10% NBF overnight (O/N) at room 

temperature (RT) on a paddle rotator before they were transferred to 500mM 

ethylenediaminetetraacetic acid (EDTA) for three days at 4oC on a paddle rotator to 

thoroughly decalcify the samples. Once fixed, samples were dehydrated using a standard 

ethanol series followed by xylene and embedded in paraffin blocks for sectioning. 

Sectioning was performed on a Leica 2135 microtome at 10-12 micron thickness. Paraffin 

ribbons were placed in a 45oC water bath, mounted onto SuperFrost Plus slides, then dried 

O/N at RT. Sections were then baked for 1 hour at 60oC in the HybEZ oven (Advanced 

Cell Diagnostics). Deparaffinization was performed on all baked sections, with two 5 

minute incubations in fresh xylene, followed by two 2 minute incubations in 100% ethanol, 

as recommended by the RNAscope sample preparation guide. Once deparaffinized, 

sections were left to dry for 5 minutes in a 60oC oven while reagents were prepared for 

pretreatment steps.  

The RNAscope assay was performed over two days, with pretreatment and probe 

hybridization occurring on the first day. During the pretreatment phase, deparaffinized 

slides were incubated with 5-8 drops of RNAscope Hydrogen Peroxide for 10 minutes at 

RT. The hydrogen peroxide solution was removed, and sections were placed in a TissueTek 

slide rack and washed twice in fresh distilled water by dipping the slide rack into the water 

5 times. Importantly, the recommended target retrieval using the steamer was omitted, as 

exposing the slides to 100oC steam for an extended period of time results in tissue distortion 

and suboptimal results. Instead, the hydrogen peroxide step was followed immediately by 
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creation of a hydrophobic barrier. The barrier was created by circling the tissue with an 

ImmEdge hydrophobic barrier pen (Vector Laboratories), and slides were left to dry at RT 

for 5 minutes, or until the barrier was completely dry. Once dry, slides were placed in the 

HybEZ slide holder and 5 drops of RNAscope Protease Plus were added to each slide. The 

slide rack and sections were subsequently placed in the HybEZ humidity control tray 

(Advanced Cell Diagnostics), which contained a damp paper towel on the bottom of the 

tray, and the tray was inserted into the HybEZ oven at 40oC for approximately 30 minutes.  

During the 30 minute protease incubation period, the probe solution was prepared. 

The probe solution contained three individual probes obtained from Advanced Cell 

Diagnostics (ACD Bio), as the Fluorescent Multiplex assay allows for up to three probes 

to be visualized simultaneously in a single sample. The probe solution contained the 

channel 1 (C1) probe Myosin VI (Myo6) (Cat No. 313381), a positive control marker that 

identifies inner and outer hair cells in the organ of Corti, the channel 2 (C2) probe ESR2 

(Cat No. 316121-C2), and the channel 3 (C3) probe ESR1 (Cat No. 478201-C3). To create 

the probe solution, 1 volume of C2 ESR2 probe and 1 volume of C3 ESR1 probe were 

added to 50 volumes of C1 Myo6 probe for a total of 200µL probe solution per slide. 

Individual probes were warmed to 40oC and cooled to RT before mixing.  

After 30 minutes of incubation in the RNAscope Protease Plus solution, slides were 

removed and placed back into the TissueTek slide rack and washed twice with fresh 

distilled water. The water was gently blotted off the slides and 200µL of the mixed probe 

solution was added to each section. Slides were once again placed in the HybEZ humidity 

control tray and inserted into the HybEZ oven for 2 hours at 40oC for probe hybridization. 

Completion of probe incubation was followed by two washes in 1X RNAscope wash buffer 
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for 2 minutes at RT per wash. Sections were stored in 5X SSC O/N at RT to conclude the 

first day of the assay.  

Before continuing with the assay of the second day, slides were washed twice with 

1X RNAscope wash buffer for 2 minutes at RT per wash. Immediately following the wash, 

the sections were covered with 4-6 drops of RNAscope Multiplex FL v2 Amp 1, placed 

into the HybEZ Humidity Control tray, then inserted into the HybEZ oven for a 30 minute 

incubation at 40oC. After amplification step 1, the slides were placed in the TissueTek slide 

rack and washed twice in the 1X RNAscope wash buffer for 2 minutes per wash. This 

amplification step was then repeated with 4-6 drops of RNAscope Multiplex FL v2 Amp 

2, incubated for 30 minutes in the HybEZ oven at 40oC, and washed twice in the 1X 

RNAscope wash buffer for 2 minutes per wash. The final amplification step was performed 

by adding 4-6 drops of RNAscope Multiplex FL v2 Amp 3 to each section and incubating 

the slides for 15 minutes in the HybEZ oven at 40oC. During the 15 minute incubation of 

Multiplex FL v2 Amp 3, the TSA Plus fluorophores were prepared.  

Three Opal fluorophores- Opal 520, Opal 570, and Opal 690- were purchased from 

Akoya Biosciences as recommended by the RNAscope protocol. The Opal fluorophores 

were diluted in tyramide signal amplification (TSA) buffer provided by the RNAscope 

Multiplex Fluorescent v2 kit at a ratio of 1:1500 and stored in the dark at RT until use. 

After the 15 minute incubation of RNAscope Multiplex FL v2 Amp3, the slides were 

washed twice in 1X wash buffer for 2 minutes per wash.  

Once amplification was complete, fluorescent labeling of the slides began. Each 

probe channel was assigned a different fluorophore to allow for detection of the three 

receptors simultaneously. The C1 probe Myo6 was labeled with Opal 520, the C2 probe 
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ESR2 was labeled with Opal 570, and the C3 probe ESR1 was labeled with Opal 690. Each 

channel was labeled sequentially, following the same steps and incubation times. To 

develop the C1 signal, slides were placed into the HybEZ humidity control tray and 

incubated with 4-6 drops of RNAscope Multiplex HRP-C1 for 15 minutes at 40oC in the 

HybEZ oven. Incubation was followed by two 2 minute washes with 1X wash buffer, then 

200µL of the diluted Opal 520 fluorophore was added to each slide. The fluorophore was 

incubated in the HybEZ humidity control tray for 30 minutes at 40oC inside the HybEZ 

oven, then washed twice for 2 minutes in 1X wash buffer. Finally, slides were covered with 

4-6 drops of HRP Blocker, placed into the HybEZ humidity control tray, incubated for 30 

minutes at 40oC in the HybEZ oven, and again washed in 1X wash buffer twice. The same 

steps and incubation times were repeated for the remaining two channels, but instead, the 

C2 probe was developed using Multiplex HRP-C2 and Opal 570, and the C3 probe was 

developed using Multiplex HRP-C3 and Opal 690. The same HRP blocking solution was 

used for the C1, C2, and C3 probes. 

After the fluorescent labeling steps were complete, all slides were counterstained 

using 4 drops of RNAscope DAPI solution. The slides were incubated with DAPI for 30 

seconds at RT, then two drops of ProLong Gold Antifade Mounting solution were added 

to each slide and a coverslip was carefully placed to cover the tissue section. To avoid 

overexposure to DAPI, only four slides underwent the DAPI incubation at a time. Sections 

were dried overnight at RT in the dark, then sealed with clear nail polish around the edges 

and stored in the dark at 4oC until ready for imaging. Imaging was performed at 40X 

magnification on a Nikon W1 spinning disk confocal microscope at the University of 

Maryland Baltimore Confocal Microscopy Core. 
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 Unfortunately, imaging of the first assay revealed poor quality, high background, 

and off target staining, indicating several issues with the above protocol. Furthermore, 

significant tissue detachment occurred during the first day of the experiment. Both the C1 

Myo6 probe and the C3 ESR1 probe displayed high levels of background and widespread, 

nonspecific staining that covered the entire cochlea (Fig. 4B and 4D), while the C2 ESR2 

probe had little to no signal at all (Fig. 4C). Additionally, the size of the punctate dots 

varied wildly between probes, with ESR1 appearing as splotchy patches and Myo6 as small 

dots. 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 4. Results of first RNAscope fluorescent assay. All images were taken at 40X magnification. 

(A) DAPI staining of the organ of Corti in blue; (B) Myo6 staining is seen in green, with high background 

and nonspecific punctate dots scattered throughout the organ of Corti. Larger patches of green are 

fluorescing blood cells; (C) Almost no ESR2 staining is seen in orange, while the larger orange spots are 

fluorescing blood cells; (D) ESR1 is seen in pink, with nonspecific staining and high background.  
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As a result, several modifications were made to the protocol to correct the observed 

issues. First, while the original RNAscope tissue preparation guide highly recommends 

sample fixation in 10% NBF at RT for 16-32 hours, we found this to be detrimental to 

tissue quality. Instead, following transcardial perfusion with 4% PFA in 1X PBS, the next 

round of the assay fixed inner ear samples with premade 4% PFA at 4oC O/N on a paddle 

rotator. Decalcification remained the same, occurring in 500mM EDTA for 3 days at 4oC 

on a paddle rotator. In addition to changes in fixation solution and temperature, longer 

baking times were implemented to combat the widespread tissue detachment that occurred 

throughout the assay. Specifically, after sectioning and mounting the paraffin ribbons onto 

a SuperFrost Plus slide, the tissue was dried O/N at RT, then baked the following day O/N 

at 60oC to ensure tissue adherence. It is likely that, because of poor adherence, the 

fluorophores became trapped under the tissue, resulting in the nonspecific staining seen. 

No additional changes to the original RNAscope protocol were made, with all incubation 

times, baking temperatures, and solution concentrations remaining the same as previously 

written.  

After performing the described changes to tissue preparation and repeating the 

assay with both the ERs and the ERRs, the images appeared more promising, with specific 

Myo6 staining in the hair cells and the negative control showing no staining or background. 

However, the signals were so faint that they were almost undetectable, even when enhanced 

for clarity. Furthermore, when staining for the ERRs, the expression pattern of Esrrβ did 

not match previously published localization within the marginal cells of the stria vascularis. 

Concurrent with the optimization attempts of the fluorescent protocol, we also 

attempted a heavily modified version of the chromogenic RNAscope assay protocol, 
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provided by the laboratory of Dr. Brad Walters (University of Mississippi). However, the 

provided protocol was designed for whole mount tissue and cryostat sections, and therefore 

required minor modifications for use in paraffin sections. For the chromogenic assay, the 

following changes were made: adult mice were euthanized by CO2 asphyxiation rather than 

transcardial perfusion with 4% PFA, and the inner ears were dissected out into freshly 

made RNase free 4% PFA, rather than premade 4% PFA. The inner ears were fixed in fresh 

RNase free 4% PFA for 4 hours instead of O/N, then incubated for 1 day in a solution of 

50% 0.5 M EDTA and 50% RNAlater (Invitrogen) at RT, then washed and stored in 

RNAlater for 3 days at 4oC. Hydrogen peroxide incubation was extended from 10 minutes 

to 30 minutes. Before incubating in RNAscope Protease Plus, two incubation steps were 

added with low pH antigen unmasking solution at 65oC, and the slides were stored in MQ 

water instead of 1X RNAscope wash buffer. The chromogenic assay used the same steps 

for probe hybridization, but only the Myo6 probe was initially tested. The amplification 

steps used chromogenic amplification reagents instead of fluorescent amplification 

reagents, and three additional amplification steps were added. Washes between 

amplification were done with low pH antigen unmasking solution, rather than 1X 

RNAscope wash buffer. Labeling used chromogenic ImmPACT Vector Red solution 

(Vector Laboratories), prepared from equal amounts of ImmPACT Vector Red Reagents 1 

and 2 diluted in ImmPACT Vector Red Diluent. Incubation in the chromogenic solution 

occurred for 45 minutes and no DAPI was added before mounting.   

With the modified chromogenic assay, we were able to successfully visualize Myo6 

staining on the paraffin slides (Fig. 5). The red chromogen that was used to visualize the 

mRNA transcripts has the unique property of being both chromogenic and fluorescent. As 
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such, we were able to localize the expression of Myo6 to the hair cells with brightfield and 

fluorescent microscopy.  

 

 

Unfortunately, when the chromogenic assay was repeated with the ESR1 and ESR2 

probes, no signal appeared. It is possible that, while the chromogenic method is suitable 

for medium-to-high expressing targets like Myo6, it is not sensitive enough to detect the 

low levels of expression of the ERs within the cochlea.   

Given the mixed success of both the chromogenic and fluorescent assay, we 

returned to the fluorescent assay, as it was the only method sensitive enough for detection 

of the estrogen and estrogen-related receptors. We believed that the initial failure of the 

fluorescent RNAscope assay was due, in part, to the harsh method of tissue processing 

required for paraffin embedding. After considering alternative embedding mediums, we 

tested low melt agarose as a replacement for paraffin embedding, as the tissue does not 

undergo any chemical treatments or sustained exposure to heat.  

Figure 5. Results of chromogenic RNAscope assay. Images were taken at 40X magnification. (A) 

Using brightfield microscopy, Myo6 staining can be viewed within the hair cells (HCs) of the organ of 

Corti; (B) The same Myo6 stain, imaged with fluorescent microscopy. 
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 The methods of tissue fixation and decalcification for vibratome sectioning were 

identical to those used in the chromogenic assay. The inner ears were fixed in freshly made 

RNase free 4% PFA for 3 to 4 hours at RT, then decalcified in RNAlater and EDTA 

(1.25mL of 500mM EDTA to 5mL of RNAlater) O/N at RT. The tissue was washed three 

times daily in RNAlater and stored in fresh RNAlater for three days at 4oC. Finally, the 

inner ears were washed thoroughly with 1X PBS and embedded in 4% AquaPor low melt 

agarose (National Diagnostics). Sectioning was performed on a Leica VT1000S with a 

sectioning speed of 8 and sectioning frequency of 8 at 100µm.  

 Using the described fixation and decalcification methods, the inner ears were 

unable to be sectioned on the vibratome. When attempting to section the agarose block, the 

tissue was immediately shredded or dislodged from the agarose. Troubleshooting revealed 

two problems with the embedding method. First, the tissue was likely being dislodged 

because, when pouring the low melt agarose over the cochlea, the remaining PBS coating 

the inner ear prevented the agarose from properly adhering to the tissue. Thus, when the 

blade came into contact with the tissue while sectioning, it was not firmly embedded 

enough to withstand the force of the blade and was easily dislocated during sectioning. 

This issue was corrected by removing the remaining liquid on the tissue and gently swirling 

the inner ear in the agarose before positioning it for sectioning to ensure maximum 

adherence. Additionally, the shredding of the tissue while sectioning was due to differences 

in density between the cochlea and the agarose. For vibratome sectioning to be successful, 

the agarose must be a similar density to the tissue being sectioned. Typically, adult inner 

ears are decalcified for several days in 500mM EDTA, but the decalcification steps 
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described above only allowed for a 12 hour decalcification in EDTA diluted with 

RNAlater. Thus, the contrasting densities between materials impeded smooth sectioning.  

 To combat these issues, tissue fixation increased to an O/N incubation at 4oC, rather 

than a 4 hour incubation at RT. Furthermore, to increase the concentration of the EDTA, 

the RNAlater was removed from the decalcification process entirely, and the inner ears 

were incubated in 500mM EDTA for 3 days at 4oC. It was determined that, by increasing 

the fixation time in 4% PFA to 12 hours, RNA integrity was sufficiently preserved and no 

RNAlater was needed.  After decalcification, the inner ears were washed with 1X PBS and 

embedded into 4% low melt agarose. Before pouring the agarose into the mold, any 

remaining PBS surrounding the cochlea was pipetted off and, after the agarose was added, 

the inner ear was gently swirled before it was positioned.  

 Even with a higher EDTA concentration and the decalcification step increased to 3 

days, vibratome sectioning for RNAscope was unsuccessful. Although removal of the 

remaining liquid allowed for increased tissue adherence, only 3 days of decalcification in 

EDTA was still not enough to equilibrate the difference in densities between the agarose 

and cochlea, and the tissue was shredded when sectioned. While our lab has great success 

with vibratome sectioning on adult cochleae that have been thoroughly decalcified, tissue 

intended for RNAscope cannot undergo extensive decalcification, as increasing the 

decalcification time past 3 days negatively impacts the quality of the assay, making it 

difficult to detect low expressing targets such as the ERs and ERRs. As a result, we needed 

to consider alternative embedding methods that could easily section the bony exterior of 

the adult inner ear with minimal decalcification and did not require exposure to heat and 

chemical treatments like paraffin embedding.  
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 As our attempts to optimize paraffin and vibratome cochlear sections for RNAscope 

were unsuccessful, we next evaluated whether cryostat sectioning would be a viable 

alternative. Much like low melt agarose, cryo-embedding does not include exposure to high 

temperatures or chemical treatments, but it was initially eliminated as a possibility because 

traditional cryostat embedding uses Optimal Cutting Temperature (OCT) freezing medium 

(TissueTek), which is too soft to section adult cochleae. A solution emerged when 

discussing potential alternatives with Dr. Michael Hoa, the principle investigator of a 

collaborating lab at the NIH which had successfully performed fluorescent RNAscope on 

adult inner ears. Instead of OCT, their lab utilized a special embedding medium designed 

and produced by Section Lab Ltd. in Hiroshima, Japan. This new embedding medium, 

called Super Cryoembedding Medium (SCEM), was designed for sectioning notoriously 

tough material, such as bone and teeth, while still maintaining the delicate tissue 

architecture. Ultimately, it was the use of this new cryoembedding medium, along with 

helpful advice provided by the Hoa laboratory, that allowed us to successfully perform the 

fluorescent Multiplex RNAscope assay.  

 While the fluorescent protocol remained largely the same as first described, a 

number of additional modifications were implemented. Mice were euthanized via CO2 

asphyxiation rather than transcardial perfusion, and the dissected inner ears were fixed in 

freshly made RNase free 4% PFA at 4oC O/N, not on a paddle rotator, before they were 

transferred to 150mM EDTA at 4oC for three days on a paddle rotator. Following 

decalcification, ears were placed in 30% sucrose until the tissue sank and remained in the 

sucrose for an additional hour after sinking. The sample was equilibrated in a 1:1 mix of 

30% sucrose and SCEM for a minimum of 3 hours.  Finally, the tissue was transferred to 
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100% freezing medium and frozen in liquid nitrogen, then stored at -80oC until ready for 

sectioning. Sectioning was performed at -21oC at 12 micron thickness and stored in -80oC 

until ready for use. Before beginning, all slides were defrosted on a hot plate set to 40oC 

for 15 to 30 minutes. After the hydrogen peroxide incubation step, the slides were washed 

twice in MQ water and placed to dry on a 60oC hot plate for 15 minutes. An ImmEdge 

hydrophobic barrier pen was used to circle the tissue, then the slides were placed back on 

the hot plate for an additional 10 to 15 minutes of drying. For all subsequent washes in 1X 

RNAscope buffer, the slides were clamped in the RNAscope EZ-Batch slide holder and 

washed in the RNAscope EZ-Batch wash tray. No modifications were made to the probe 

hybridization or amplification steps, however the fluorophore concentrations for Opal 520, 

Opal 570, and Opal 690 were increased from 1:1500 to 1:500. 

 Using the modifications described above, the final fluorescent RNAscope 

protocol is as follows:   

Tissue preparation - Tissue for the fluorescent assay was obtained from 5 intact male and 

5 ovariectomized female B6CBAF1/J ordered from Jackson Laboratories. Female mice 

were ovariectomized before delivery at 10 weeks of age and vehicle injections of sesame 

oil were administered every other day at a concentration of 10ml/kg for 4 days before 

undergoing endocochlear potential (EP) testing. Following EP tests, females were 

euthanized via CO2 asphyxiation and the inner ears were dissected out. Male mice did not 

undergo gonadectomy procedures, receive oil injections, nor did they receive EP testing. 

At 10 weeks of age, male mice were similarly euthanized via CO2 asphyxiation and the 

inner ears were dissected out. During dissection, the round window and apex were pierced 

to allow for increased penetration during fixation. Ears were fixed in freshly made RNase 
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free 4% PFA at 4oC O/N, not on a paddle rotator, before they were transferred to 150mM 

EDTA at 4oC for three days on a paddle rotator. Following decalcification, ears were placed 

in 30% sucrose until the tissue sank and remained in the sucrose for an additional hour after 

sinking. The sample was equilibrated in a 1:1 mix of 30% sucrose and SCEM for a 

minimum of 3 hours.  Finally, the tissue was transferred to 100% freezing medium and 

flash frozen in liquid nitrogen, then stored at -80oC until ready for sectioning. Sectioning 

was performed at 12 micron thickness on a Leica CM 1850 set to -21oC and stored in -

80oC until ready for use in the assay. Female samples were sectioned approximately six 

months before the experiment was performed, while males were sectioned one week before 

use. As a result, signal intensity is reduced in the female samples and expression cannot be 

compared between males and females. 

RNAscope assay- 10 male and 10 female sections were defrosted on a hot plate before 

undergoing pretreatment with RNAscope Hydrogen Peroxide solution. Following 

pretreatment, all slides were washed twice with MQ water then dried on a hot plate. Once 

dry, hydrophobic barriers were drawn around each section with an ImmEdge pen (Vector 

Labs). The tissue was incubated with RNAscope Protease Plus solution at 40oC, during 

which time two probe solutions were prepared. Probe solution 1 was made using a 1:1:50 

ratio of ESR1 probe, ESR2 probe, and Myo6 probe, while probe solution 2 contained a 

1:1:50 ratio of Esrrα probe, Esrrβ probe, and Esrrγ probe, respectively. 5 male and 5 female 

sections were incubated with 200µL of probe solution 1, while the remaining 10 sections 

received probe solution 2. Slides were incubated in the probe solutions for 2 hours at 40oC 

then stored O/N in 5X SSC at RT. The following day, all slides underwent three incubations 

with RNAscope Multiplex FL v2 Amp 1, Amp 2, and Amp 3 solutions in a humidifying 
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chamber at 40oC. The Myo6 and Esrrγ probes were developed by incubating with 

RNAscope Multiplex FL v2 HRP-C1, followed by an incubation with Opal 520 diluted at 

a concentration of 1:500 in TSA Buffer, then a blocking step with Multiplex FL v2 HRP 

Blocker. Signal development was repeated for ESR2 and Esrrα using RNAscope Multiplex 

FL v2 HRP-C2 and Opal 570, then again for ESR1 and Esrrβ with RNAscope Multiplex 

FL v2 HRP-C3 and Opal 690, with a blocking incubation between signals. Once all 

channels were labeled, RNAscope DAPI was added to each slide and incubated in the dark 

for 30 seconds. The DAPI was immediately removed and slides were mounted with 

ProLong Gold Antifade Mounting solution and a glass coverslip. All slides were dried in 

the dark O/N and sealed with clear nail polish the next day, then stored at 4oC until imaging. 

Imaging was performed on a Zeiss LSM 710 spinning disk confocal microscope at 40X 

magnification at the basal turns of the cochlea for all receptors. Image processing was done 

using Imaris to minimize background and enhance signal intensity for clarity. 

RESULTS 

 As previously stated, the five female cochleae were sectioned several months prior 

to the experiment, while the male samples were sectioned only days before use.  As a result, 

both the number and the intensity of fluorescence of the ER and ERR signals are reduced 

in the female samples compared to males. For this reason, relative expression cannot be 

compared.  

In order to evaluate the presence of the estrogen receptors within the organ of Corti, 

a Myo6 probe was used as both a positive control and a HC marker to ensure the specificity 

of the signal (Fig. 6). Both male and female samples showed the strongest Myo6 staining 
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in the inner and outer hair cells, though in the adult cochlea, Myo6 is less specific and has 

more widespread expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Expression of Myo6 in the organ of Corti. All images were taken at 40X magnification. 

Outlined regions highlight the inner hair cells (IHCs), outer hair cells (OHCs), and surrounding 

supporting cells (SCs).  Greatest expression of Myo6 in seen in the IHCs and OHCs. 
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Localization of ESR1 - ESR1 had little to no expression within the organ of Corti 

of males or females, both in the hair cells and the supporting cells. Furthermore, no 

differences in localization were observed between the sexes, however, previous studies 

have determined that ESR1 mRNA levels oscillate during the four phases of the estrous 

cycle in females and may be slightly but significantly higher than males in the estrus and 

metestrus phases (Motohashi et al., 2010; Charitidi et al., 2012). Vaginal swabs to 

determine the phase of the estrous cycle were not performed as part of this study. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Expression of ESR1 in the organ of Corti. Images were taken at 40X. Outlined regions 

highlight the inner hair cells (IHCs), outer hair cells (OHCs), and surrounding supporting cells (SCs). 

ESR1 expression in the organ of Corti, represented by the blue puncta, was faint with few dots. Blue 

arrows indicate a single mRNA transcript. 
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 ESR1 expression within the SGNs was observed to be more abundant in contrast to 

the organ of Corti. However, when examining the number of punctate dots per each 

individual neuron, no cell expressed more than three mRNA transcripts, with most only 

expressing a single transcript, indicating that overall expression within the SGNs was still 

relatively low. No sex differences in localization were noted.  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 8. Expression of ESR1 in the spiral ganglion neurons. Images were taken at 40X. The dotted 

ovals outline the SGNs. ESR1 expression can be seen as blue punctate dots scattered throughout the 

neurons. 
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 Similarly, ESR1 expression was seen in the stria vascularis of both males and 

females. While the stria is comprised of at least three distinct layers of marginal cells, 

intermediate cells, and basal cells, the punctate dots appeared dispersed at a low level 

throughout the structure, with no obvious localization to a particular layer or cell type. This 

expression pattern was consistent with results from prior IHC experiments, which saw 

immunoreactivity for ESR1 in the all three cell types (Motohashi et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Expression of ESR1 in the stria vascularis. Images were taken at 40X. The dotted crescent 

shape outlines the stria vascularis. ESR1 mRNA, represented as blue dots, is dispersed at a low level in 

both male and female mice, with no sex differences in localization. 
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 Localization of ESR2 – Within the organ of Corti, ESR2 expression was present at 

a low level in both the inner and outer hair cells of males and females. Consistently, the 

expression within the IHCs was slightly greater compared to the OHCs for both sexes, 

which matches the results of another study performed on whole mount tissue (Meltser et 

al., 2008). Additionally, a very low amount of expression was observed in the supporting 

cells. It is important to note that the large number of red punctate dots above the IHCs and 

OHCs in the female section is non-specific staining of the tectorial membrane, resulting 

from the use of older sections.  

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Expression of ESR2 in the organ of Corti. Images were taken at 40X. Outlined regions 

highlight the inner hair cells (IHCs), outer hair cells (OHCs), and surrounding supporting cells (SCs). 

ESR2 has more expression in the IHCs, with little to no expression in the OHCs and SCs. Red arrows 

indicate a single mRNA transcript. 
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Between the organ of Corti, SGNs, and stria vascularis, the most robust expression 

of ESR2 was observed in the SGNs of male and female mice. When the mRNA transcripts 

were overlaid with DAPI, it became apparent that ESR2 was not expressed in all cells 

within the SGNs, indicating that expression may be restricted to a particular neuronal 

subtype. However, this finding must be validated through double staining with SGN 

subtype markers in future experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Expression of ESR2 in the spiral ganglion neurons. Images were taken at 40X. The dotted 

ovals outline the SGNs. Expression of ESR2 is restricted to only a percentage of the cells, suggesting 

expression is limited to a particular subtype of SGNs. No sex differences in localization were observed. 
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 While previous attempts to localize ESR2 within the stria vascularis resulted in 

conflicting reports of its presence, our data revealed faint but real staining of the mRNA 

transcripts dispersed throughout the lateral wall. No sex differences in localization were 

observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Expression of ESR2 in the stria vascularis. Images were taken at 40X. The dotted arches 

outline the stria vascularis. ESR2 mRNA, seen in red, is dispersed at a low level throughout the stria. Red 

arrows indicate the presence of at least one mRNA transcript. 
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Localization of Esrrγ – Within the organ of Corti, Esrrγ had little to no expression. 

Of the four female samples imaged, two showed no expression in the IHCs and two showed 

a single transcript, while expression in the OHCs was completely absent in all four. Of the 

four male samples imaged, three had no expression in the IHCs nor in the OHCs, while 

one male had a single transcript in both the IHCs and OHCs. Low expression was seen in 

the supporting cells of both males and females. The low level of expression may be due to 

the predicted apical-to-basal tonotopic gradient, as all the images were captured at the base 

of the cochlea. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Expression of Esrrγ in the organ of Corti. Images were taken at 40X. Outlined regions 

highlight the inner hair cells (IHCs), outer hair cells (OHCs), and surrounding supporting cells (SCs). 

Esrrγ (green) has little to no expression within the IHCs and OHCs at the basal turn, with very low 

expression in the SCs. Green arrows indicate a single mRNA transcript. 
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 In stark contrast to the organ of Corti, the expression of Esrrγ within the SGNs was 

extremely robust, even at the base of the cochlea where it is predicted to be two-fold lower 

than the apex (Yoshimura et al., 2014). The expression pattern appeared widespread 

throughout the neurons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Expression of Esrrγ in the spiral ganglion neurons. Images were taken at 40X. The dotted 

ovals outline the SGNs. High levels of Esrrγ expression can be seen throughout the SGNs, with possible 

selectivity to certain neuronal subtypes. No sex differences in localization were observed. 
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 Although not nearly as intense as in the SGNs, expression of Esrrγ was still visible 

within the stria vascularis. In both sexes, expression appeared more concentrated in the 

marginal cell, though the signal of the females was significantly weaker due to the age of 

the sections.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Expression of Esrrγ in the stria vascularis. Images were taken at 40X. The dotted arches 

outline the stria vascularis, with the marginal cells outlined by a solid yellow line. Expression of Esrrγ is 

largely confined within the marginal cells in both males and females. Green arrows indicate a single 

mRNA transcript. 
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Localization of Esrrα – Within the male and female organ of Corti, the strongest 

expression of Esrrα was seen in the supporting cells, with low but consistent expression in 

the inner and outer hair cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Expression of Esrrα in the organ of Corti. Images were taken at 40X. Outlined regions 

highlight the inner hair cells (IHCs), outer hair cells (OHCs), and surrounding supporting cells (SCs). 

Esrrα (red) has the greatest expression in the SCs of males and females, with some expression in the 

IHCs and OHCs. Red arrows indicate at least one mRNA transcript.  
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 Much like Esrrγ, the expression of Esrrα within the SGNs was observed to be 

intense and widespread in both males and females. Almost all SGNs had five to ten mRNA 

transcripts per cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Expression of Esrrα in the spiral ganglion neurons. Images were taken at 40X. The dotted 

ovals outline the SGNs. High levels of Esrrα expression can be seen throughout the SGNs of both males 

and females. 
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 The expression of Esrrα within the stria vascularis of males appeared highest in the 

marginal cells, though there were still moderate levels of expression throughout the rest of 

the lateral wall. Esrrα levels were too faint to determine whether greater expression was 

present in the marginal cells of females, likely due to the use of old sections. In both males 

and females, Esrrα was present at low levels in the Reisner’s membrane.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Expression of Esrrα in the stria vascularis. Images were taken at 40X. The dotted white 

arches outline the stria vascularis, while the solid yellow line contains the marginal cells. Reisner’s 

membrane (RM) is highlighted by a thinner dotted arch. In males, Esrrα expression appears most 

concentrated at the marginal cells with moderate expression in the rest of the stria, while the females 

show expression throughout the lateral wall. Red arrows indicate a single mRNA transcript. 
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Localization of Esrrβ –Esrrβ was almost completely absent in the adult organ of 

Corti. A very low level of expression, approximately one or two mRNA transcripts, was 

consistently observed in the supporting cells of both sexes. The majority of mice had no 

observable expression in the IHCs or OHCs, with only one mouse from each sex containing 

a single mRNA transcript in the IHCs (not shown). In three female samples and one male 

sample, expression was seen on the border of the OHC region, suggesting expression may 

be present in the pillar cells rather than the OHCs themselves. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Expression of Esrrβ in the organ of Corti. Images were taken at 40X. Outlined regions 

highlight the inner hair cells (IHCs), outer hair cells (OHCs), and surrounding supporting cells (SCs). 

Esrrβ (blue) has low expression in the SCs, with little to no expression in the IHCs or OHCs. There is 

potential expression in the pillar cells of males and females. Blue arrows indicate a single mRNA 

transcript. 
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 Though lower than Esrrγ or Esrrα, the expression of Esrrβ was much greater in the 

SGNs compared to the organ of Corti. In both males and females, most neurons contained 

one to three mRNA transcripts per cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Expression of Esrrβ in the spiral ganglion neurons. Images were taken at 40X. The dotted 

ovals outline the SGNs. Low but consistent levels of Esrrβ can be seen throughout the SGNs of both 

males and females. 
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 Finally, consistent with the mRNA expression pattern reported in the developing 

and adult mouse cochlea, both male and female Esrrβ was strongly localized to the 

marginal cells in the stria vascularis (Chen and Nathans, 2007; Korrapati et al., 2019).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Expression of Esrrβ in the stria vascularis. Images were taken at 40X. The dotted arches 

outline the stria vascularis, while the marginal cells are outlined by solid yellow lines. In both males and 

females, Essrβ is strongly localized to the marginal cells.  
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DISCUSSION 

 Through the use of the optimized fluorescent RNAscope assay, we were able to 

successfully localize the estrogen and estrogen-related receptors in the adult cochlea. While 

additional replicates were performed on freshly sectioned male and female cochleae, the 

replicates were not imaged in time for inclusion in this thesis due to COVID-19, and as a 

result, potential sex differences in expression could not be evaluated. Based on our results, 

we report several significant findings: (a) ESR2 is present within the adult stria vascularis 

and appears localized in a specific subpopulation of neuronal cells within the SGNs; (b) 

Esrrγ is highly expressed in the SGNs and shows low but concentrated expression within 

the marginal cells of the stria vascularis; (c) Esrrα has widespread expression throughout 

the cochlea, particularly in the SGNs and the stria; and (d) Esrrβ, while primarily expressed 

in the marginal cells, is also found within SGNs. Taken together, these results offer critical 

insight into the roles of the ERs and ERRs in the auditory system. 

 Over the past decade, extensive research has been performed to elucidate the 

involvement of the classical estrogen receptors in audition, particularly in protecting 

Table 1. Summary of expression levels in the cochlea. The overall expression levels of the ERs and 

ERRs within the inner hair cells (IHCs), outer hair cells (OHCs), supporting cells (SCs), spiral ganglion 

neurons (SGNs), and stria vascularis (SV) in adult mice. 

 

 

 



67 

 

against NIHL. While several discoveries were made regarding the localization and function 

of ESR1, much remains unknown regarding the role of ESR2 within the cochlea, including 

the mechanisms by which it modulates protection from acoustic trauma. However, the 

localization of ESR2 we observed within both the organ of Corti and the SGNs provide 

compelling support for two possible protective mechanisms, one having been previously 

explored by Meltser et al. in their 2008 paper, and the other being a novel mechanism not 

yet proposed.  

Consistent with prior immunohistochemical results and RNA-sequencing data, 

both male and female sections demonstrated low overall expression of ESR2 within the 

organ of Corti, with the strongest expression being in the IHCs. As described earlier, 

Meltser et al. initially hypothesized that ESR2-mediated protection against acoustic trauma 

occurred through transcriptional regulation of Bdnf (Meltser et al., 2008). BDNF is known 

to have otoprotective properties that prevent hair cell death and SGN degeneration through 

its interactions with TrkB, and is believed to be transcriptionally regulated by ESR2 due to 

the presence of an ERE upstream of its transcriptional start site (Sohrabji et al., 1995; 

Ernfors et al., 1996; Duan et al., 2000). Our preliminary RNAscope experiments with a 

Bdnf probe indicate high levels of expression specifically within the IHCs, where we 

observed the greatest amount of ESR2 mRNA in the organ of Corti, further substantiating 

this theory. Together, the co-localization of ESR2 and Bdnf within IHCs, as well as prior 

research showing the impact of a selective ESR2 agonist on BDNF protein levels after 

trauma, make this an appealing possibility as a credible otoprotective mechanism (Meltser 

et al., 2008).  
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 While the RNAscope experiments must be repeated to determine whether there are 

sex differences in ESR2 expression, it is also possible that there is sexual dimorphism in 

the regulation of BDNF signaling which would account for the selective otoprotection seen 

only in female mice. Research done in the male and female hippocampus found that, while 

circulating estrogen regulates Bdnf mRNA and protein levels in females, the circulating 

testosterone present in males actually inhibits BDNF signaling independent of estrogen 

production, and by depleting testosterone in male rats, BDNF immunoreactivity increases 

(Skucas et al., 2013; Wei et al., 2017). Additionally, testosterone binding to the androgen 

receptor was found to induce the expression of a truncated TrkB isoform that is male-

specific within the developing mouse mammary glands (Liu et al., 2012). The truncated 

isoform of TrkB then sequesters BDNF, preventing it from interacting with sensory axons 

that express functional TrkB receptors (Fig. 22). It is unknown whether the sexual 

dimorphic regulation of BDNF seen in the hippocampus is also applicable to the cochlea, 

though if it is, it may explain why estrogen supplementation in gonadally intact males does 

not protect against acoustic trauma. Future experiments should be performed to see if 

noise-exposed male mice have reduced threshold shifts following testosterone depletion 

and estrogen supplementation compared to gonadally intact male mice. 
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 Although we report no novel findings from the observed ESR1 localization, our 

evaluations of ESR2 have definitively confirmed that ESR2 mRNA is present at a low level 

throughout the stria vascularis. Furthermore, evaluation of the SGNs revealed a unique 

expression pattern of ESR2, with localization appearing in select cells of the SGNs. The 

SGNs are comprised of two types of afferent neurons, called type I and type II SGNs. While 

the type II neurons, which are believed to participate in nociception, comprise a small 

minority of the overall SGN population, it is the type I SGNs that are responsible for 

transmitting auditory information from the IHCs to the brainstem. Type I SGNs can then 

be further divided into three functionally distinct subtypes- types Ia, Ib, and Ic. These three 

subtypes differ in their threshold and spontaneous firing rates (SR) and were originally 

differentiated based upon their physiological properties (Liberman, 1978). However, 

Figure 22. Summary of hypothesized protective mechanism in IHCs and SGNs. In females, ESR2 

may upregulate BDNF, which binds to TrkB receptors on the surface of SGNs to cause CREB 

phosphorylation. CREB phosphorylation is thought to transcribe anti-apoptotic factors Bcl-2 and Mcl-1 

and promote SGN survival. In males, testosterone may inhibit BDNF expression, preventing CREB 

phosphorylation and SGN survival. Furthermore, testosterone may bind to androgen receptors (ARs) to 

transcribe a truncated form of TrkB which sequesters BDNF from binding to full length TrkB receptors, 

further inhibiting CREB phosphorylation. 

 

 

 

Female Male 
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researchers recently used a single cell transcriptomics-based approach to examine the three 

neuronal subpopulations within the SGNs matching their spontaneous firing rates (type Ia 

is high-SR; type Ib is medium-SR; type Ic is low-SR), and found they were not only 

physiologically distinct, but also molecularly distinct (Shrestha et al., 2018). These three 

subtypes express unique ion channels, synaptic proteins, and receptors, allowing them to 

serve exclusive roles within the auditory system based upon their transcriptional profiles.  

 Importantly, in addition to possessing different spontaneous firing rates, they also 

have different sensitivities to sound. Type Ic are particularly vulnerable to degeneration 

from age or acoustic trauma, while type Ia are the most durable (Shrestha et al., 2018). 

Single cell RNA-sequencing of the sensory neurons indicate greater expression of ESR2 

within type Ic and Ib SGNs, and no expression within type Ia or type II SGNs (Fig. 23). 

We believe that, based upon the expression pattern showing localization to select SGNs as 

well as the scRNA-seq data, ESR2 may be present in type Ib and Ic neurons where it 

represses target genes, allowing it to redirect the neuron away from a type Ic identity and 

adopt a more type 1a-like identity, thus reducing susceptibility to neuronal degradation and 

damage (Fig. 24).  

 

 

 

 

 

Figure 23. scRNA-seq data of ESR2 in the SGNs. 

Violin plots from gEAR indicate the highest level 

of expression within type Ic SGNs (1_C), moderate 

expression in type Ib SGNs (1_B), and little to no 

expression in either type Ia (1_A) or type II (T2) 

SGNs. Single cell RNA-seq results for ESR2 were 

obtained as part of the neuronal sequencing data for 

Shrestha et al., 2018 and uploaded to umgear.org. 
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Recent research from the Goodrich lab, which was presented at The Association 

for Research in Otolaryngology 2020 Midwinter Meeting, showed that conditional deletion 

of Runx1, a gene that is selectively expressed in type Ib/Ic SGNs, postnatally redirects SGN 

fate away from a type Ib/Ic identity towards a Ia identity, which caused larger peak 1 

amplitudes associated with increased spontaneous firing of the neurons. Furthermore, there 

is almost a three-fold upregulation of Runx1 following PTS-inducing noise exposure, 

indicating involvement in processes associated with acoustic injury (Yang et al., 2016). In 

mice, Runx1 is known to directly bind to ESR1 and is involved in the transcriptional 

regulation of estrogen responsive genes such as GPAM, KCTD6, and AXIN1 (Stender et 

al., 2010).  However, more experiments are required to confirm that ESR2 is present within 

type Ic SGNs, and whether ESR2 has direct or indirect interactions with Runx1.  

 

 

 

 

 

 

 

 

 

Figure 24. Summary of alternative protective mechanism in the SGNs. ESR2 may cause 

transcriptional repression of Runx1, a gene selectively expressed in type Ib and type Ic SGNs. 

Downregulation of Runx1 causes a switch towards a type Ia-like SGN identity, ultimately enhancing 

resistance to acoustic trauma.  
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Our localization data also revealed new information on the roles of the estrogen-

related receptors in the maintenance of hearing, particularly ERRγ. Earlier studies on ERRγ 

in renal and cardiac potassium homeostasis show that KO of Esrrγ causes a significant 

downregulation of Kcne1, the gene encoding a regulatory subunit of a voltage-gated 

potassium channel (Alaynick et al., 2010). In the adult mouse, Kcne1 has been localized to 

the marginal cells of the stria vascularis, where it maintains the endolymphatic potential by 

secreting potassium (Knipper et al., 2006; Korrapati et al., 2019). Our RNAscope data from 

the males found specific localization corresponding to the marginal cells within the stria 

vascularis, where it likely regulates Kcne1 expression to modulate endolymphatic 

potential. These expression patterns substantiate an earlier claim made by Nolan et al., 

which postulated that ERRγ mutations caused hearing loss through a disruption in 

potassium ion homeostasis (Nolan et al., 2013). As we only examined expression at the 

base of the cochlea, replicate RNAscope experiments are required to determine whether 

there are sex differences in expression and if there is a tonotopic expression gradient, as 

was predicted by microarray analysis (Yoshimura et al., 2014).   

Interestingly, our reported localization of Esrrγ diverges significantly from 

published immunohistochemistry results in P36 mice, which found strong 

immunoreactivity in the Reisner’s membrane and Hensen’s cells, lower expression in the 

SGNs and supporting cells, and no expression within the stria vascularis (Nolan et al., 

2013). In contrast, we observed little to no expression present in the supporting cells and 

Reisner’s membrane, moderate expression in the stria vascularis, and extremely high 

expression in the SGNs. These differences in localization are likely due to differences in 

tissue preparation methods, or the antibody used for staining. Alternatively, it could stem 
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from differences in mRNA and protein levles, as the amount of mRNA is not always 

directly translatable to the amount of protein produced. Our expression data are supported 

by recent in situ hybridization experiments which also found highly specific and robust 

Esrrγ expression within the SGNs at P1 that was maintained through P30 (Li et al., 2020). 

Despite its intense expression, the role of ERRγ within the SGNs is completely unknown 

and requires further investigation.  

Our RNAscope results also show another estrogen-related receptor, Esrrα, with 

equally intense expression as Esrrγ within the SGNs. Esrrα had moderate expression in the 

supporting cells of the organ of Corti, as well as in the lateral wall, with greater levels of 

expression concentrated in the marginal cells of the stria vascularis. Lower expression was 

present in the sensory cells of the organ of Corti. To our knowledge, this is the first time 

Esrrα has been localized within the adult mouse inner ear, and despite its widespread 

expression pattern throughout the cochlea, it has never been explored for potential 

involvement in the peripheral auditory system. Much of the research on ERRα has been 

centered around cellular metabolism, as it is highly involved in glucose and lipid 

metabolism, energy homeostasis, and has been implicated in a number of metabolic 

disorders and cancers (Audet-Walsh and Giguere, 2015). To develop a comprehensive 

understanding of its potential involvement in the development and maintenance of the 

auditory system, future experiments must be performed at both prenatal and postnatal 

timepoints on mice with conditional deletion of Esrrα. 

Finally, while much of the research surrounding Esrrβ has been focused on 

embryonic and early postnatal timepoints to evaluate its role in development, we sought to 

determine whether the expression patterns seen in the developing cochlea were maintained 
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throughout adulthood. As expected, examination of Esrrβ in the stria vascularis revealed 

identical expression patterns to earlier fluorescent RNAscope experiments in adult mice, 

with intense staining that was highly specific to the marginal cells (Korrapati et al., 2019). 

However, to our knowledge, Esrrβ expression outside of the stria vascularis had not yet 

been examined in adult mice. While little to no expression was seen in the organ of Corti, 

we observed moderate but consistent expression of Esrrβ within the SGNs of both males 

and females. RNA-sequencing of mouse SGNs at E15.5 through P30 shows that Esrrβ is 

absent at E15.5, and has very little expression at P1, but its expression increases 

exponentially by P30 (Fig. 25).  

 

 

 

 

 

 

The juxtaposition of the expression levels at E15.5 and P30 within the SGNs 

suggests that, while it may not be involved in SGN development, it could play a role in 

maintenance, though the exact role is unknown. In order to differentiate its role in the SGNs 

from the stria vascularis, mutant mice can be generated by crossing Cre-inducible Esrrβ 

with mice that have SGN specific Cre (Bhlhb5-Cre) (Pan et al., 2017). These transgenic 

mice could then be used to evaluate the impact of conditional deletion of Esrrβ from the 

Figure 25. RNA-seq data of Esrrβ in the 

SGNs. Sequencing of cochlear SGNs was 

performed at ages E15.5, P1, P8. P14, and 

P30. Expression for Esrrβ is absent in the 

SGNs at developmental timepoints but 

increases into adulthood. RNA-seq results 

for Esrrβ were obtained as part of the 

neuronal sequencing data for Li et al., 2020 

and uploaded to umgear.org. 
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SGNs at embryonic/early postnatal and adult timepoints to elucidate its involvement in 

SGN development and maintenance, respectively.  

CONCLUSION 

 Through the extensive optimization of the fluorescent RNAscope protocol, our lab 

was able to successfully detect and localize the estrogen and estrogen-related receptors to 

specific cell types of the adult mouse cochlea. As a result, we have made several exciting 

discoveries that provide insight into the role of these receptors in audition, many of which 

are novel. These findings serve as a solid foundation for future experiments to elucidate 

the molecular mechanisms and signaling pathways that allow these receptors to maintain 

hearing, with the hope that they will aid in the development of therapeutics to prevent and 

treat hearing loss.  
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