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ABSTRACT 
 
Noise-induced Hearing Loss (NIHL) is a clinically significant phenomena that affects a 
variety of patient populations and negatively impacts quality of life. There is currently no 
drug approved by the Food and Drug Administration (FDA) for protection against NIHL. 
Repurposing an already approved FDA drug is the most cost effective and efficient. 
Using an in silico screen, we identified top drug hits for protective agents against NIHL. 
This was done via mouse model transcriptomes collected by Gratton et al., 2011, and 
available on the NCBI Gene Expression Omnibus (GEO) database. Afatinib was found to 
cover the most NIHL pathways through this method and was therefore chosen for our 
study. Afatinib is an FDA approved inhibitor of the epidermal growth factor receptor 
(EGFR) family for use against non-small cell lung carcinoma (NSCLC). A noise 
exposure paradigm of 100 dB for 2 hours (8-16kHz) was employed, followed by 
functional cochlear testing. Afatinib showed protection against hearing loss in both 
auditory brainstem response (ABR) and distortion product otoacoustic emissions 
(DPOAE) testing. Afatinib effects on ABR results showed sexual dimorphism with only 
significant results for females. DPOAE results showed significant results for both males 
and females combined. This suggests that our in silico screen was effective and afatinib is 
protective against noise-induced hearing loss. Future studies include exploring the 
mechanism of afatinib’s protective properties, exploration of the sexually dimorphic 
effects of afatinib, and translation to clinical studies. 
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Tables 

Table 4.1. Classification of hearing loss according to level of hearing loss. 

Type Hearing Loss (Range) 

Slight 16-25 dB 

Mild 26-40 dB 

Moderate 41-55 dB 

Moderately Severe 56-70 dB  

Severe 71-90 dB 

Profound >90 dB 

 

 
 
Table 5.1. (following page) Condensed drug list, illustrating the ShinyGo enrichment 
pathways covered by each drug. Afatinib is shown in the first column to cover the 
greatest number of pathways from the ShinyGo query using the GSE834243 dataset.  
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Table 6.1. ABR treatment groups. Number (n) of mice in each treatment group are 
separated according to sex. 
 

 

 

Table 6.2. DPOAE analysis. Number (n) of mice in each treatment group are separated 
according to sex. 
 

 

 

 

 

 

 

 

Males Females Males + Females
Afatinib + Noise 4 7 11
Saline + Noise 4 7 11
Afatinib only             
(no noise) 5 2 7

Age-matched Control 
(no noise) 4 3 7

Total 17 19 36

Males Females Males + Females
Afatinib + Noise 2 2 4
Saline + Noise 2 2 4
Afatinib only             
(no noise) 1 2 3

Total 5 6 11
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Figures 

Figure 4.1. Human audiogram. Sensitivity of human hearing is greatest around 1kHz, 
causing the audiogram to have a U-shape relationship between frequency and thresholds. 
Image from Heffner and Heffner 2007. Permission for use by the American Association 
for Laboratory Animal Science, April 2020. 
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Figure 4.2. SEM of normal cochlear hair cells immediately before and after noise 
trauma. The schematic on the lower left shows the linkages between the stereocilia that 
are damaged by noise exposure. Exposure to noise causes hair cell damage and 
destruction of stereocilia morphology. Harrison, 2008.9 Permission to use image from 
Oxford University Press, April 2020.  
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Figure 4.3. Pathophysiology of Noise-induced Hearing Loss. Image from Sakat et al., 
2016.52 Permission for use by Springer Nature. 
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Figure 5.1. Drug selection workflow.  

 

 
 
 
 
Figure 5.2. Schematic of Afatinib site of action. Epidermal Growth Factor Receptor (EGFR, orange) 
dimerizes upon ligand binding. Autophosphorylation (P = phosphate, red) occurs at the ATP-binding site 
(grey box with arrow). Afatinib acts at the ATP-binding site of the EGFR receptor, preventing 
phosphorylation of the dimer which would allow downstream signaling. Original Figure. 
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Figure 5.3. Schematic of EGFR recycling pathway and timescale. EGFR is endocytosed 
upon ligand binding for degradation of the ligand in lysosomes and EGFR recycling to 
the cell membrane surface, or degradation of both the receptor and ligand in endosomes. 
Permission to use images by Elsevier, 2020. Computational modeling of the EGF-
receptor system: a paradigm for systems biology.67 

 

 

Figure 5.4. Simplified map of the EGFR signal transduction pathway and its effectors. 
Downstream molecules of EGFR include BCL2, MEK, c-Jun, c-Myc, Caspase 9, 
MEK/ERK, PI3P2, Ras, and STAT. Permission to use image by John Wiley and Sons, 
May, 2020. Epidermal growth factor receptor-targeted treatment for advanced colorectal 
carcinoma, 2005.70 
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Figure 5.5. Immunolabeling of all four subtypes of EGFR-family receptors in the organ 
of Corti of adult mice. Apical turn showing some ErbB1 staining in the inner (IHC) and 
outer hair cells (OHC), Deiter’s cells (D), pillar cells (P), and Hensen’s cells. ErbB2 
strongly stains IHC’s in this cryosection of the basal turn. ErbB3 shows very slight 
staining throughout the apical turn. Arrows for ErbB4 show staining of the neural endings 
under the OHC and IHC areas of the apical turn. Permission to use images by Springer 
Nature, 2020. ErbB Expression: The Mouse Inner Ear and Maturation of the Mitogenic 
Response to Heregulin  2003.20 

 
 

 
Figure 6.1. Experimental schedule. Injections of saline or afatinib were given on days 0, 
1, 3, and 5. Afatinib only and age-matched control groups followed the same schedule 
without the noise exposure protocol on day 1. 
 

 

 

ErbB1 ErbB2

ErbB3 ErbB4

Day 0 Day 1

Baseline auditory function (ABR, DPOAE) 
then

Inject Drug or Vehicle

Noise Exposure (100dB SPL 8-16kHz 2hr)
then 

Inject Drug or Vehicle

Auditory function (ABR, DPOAE)

Day 2

Auditory function (ABR, DPOAE)

Day 3  Day 5

Inject Drug or Vehicle

Inject Drug or Vehicle

Day 14



 

 

xvi 
 

 

Figure 7.1. Confocal images of P3 cochlear explants. Sections were stained with 
phalloidin (red) and DAPI (blue). Explants received no afatinib (Matrigel media only), or 
afatinib at doses of .1mM, 1µM, and 1mM.  
 

 

 

Figure 7.2. Mouse body weight after administration of saline, 10 mg/kg afatinib, and 20 
mg/kg afatinib. Mouse weights remained stable overall. 
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Figure 7.3 Violin plot. (a) Comparison of ABR thresholds for all groups 14 days post-
noise exposure. (b) ABR thresholds separated according to sex 
 
a) 

 

b)  
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Figure 7.4. (a) ABR Threshold shifts 14 days post-noise exposure (n = 36). (b) ABR 
Threshold Shifts were separated into males (n = 17) and females (n = 19). Grey rectangle 
signifies the noise band from 8-16kHz. 
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Figure 7.5. Comparison between male (blue, n = 17) and female (red, n = 10) saline + 
noise group showed no statistically significant difference. Grey rectangle indicates noise 
band. 14 days post-noise exposure. 

 

Figure 7.6. Wave I amplitudes 14 days post-noise exposure (PNE14) for females at 
8kHz, 16kHz, and 32kHz. (k = kHz, A1 = Wave I Amplitude). 
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Figure 7.7. Wave I Latencies 14 days post-noise exposure. (k = kHz, L1 = Wave I 
Latency, PNE14 = 14 days post-noise exposure). 
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Figure 7.8. (a) DPOAE’s for drug + noise group (n = 4), saline + noise group (n = 4) and drug only group 
(n = 4). 14 days post-noise exposure. (b) DPOAE thresholds separated by sex (n = 4). 14 Days post-noise 
exposure. Grey bar indicates noise band from 8-16 kHz. 
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Supplemental Figure 1: 

 

Absence of EGF signaling results in HC protection against kainic acid (KA). Eggs were 
non-injected or injected with scrambled morpholino (4ng) or EGFL morpholino (2ng or 
4ng). At 3 days post-fertilization fish were incubated with KA 300µM for 1 hour and 
then transferred to fresh fish water for 2 hours. Animals were fixed and immunostained 
for GFP. HCs per neuromast were quantified in at least 3 fish per treatment and at least 2 
neuromast per animal. Results were expressed as mean +/- SEM. Statistical analysis: 
One-way ANOVA ****p<0.0001, ***p<0.001, *p<0.05. Black asterisks versus 
scrambled KA. Red asterisks versus scrambled. Image and legend provided by Marisa 
Zallocchi, PhD. 
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I Introduction 
 

Noise-induced Hearing Loss (NIHL) is a clinically significant phenomena that affects a 

variety of patient populations and negatively impacts quality of life. Noise exposure is the 

primary cause of preventable hearing loss and is associated with depression, balance 

issues, cardiovascular disease and lower income.1 2 It is one of the most common 

disabilities reported by veterans,3 4 5 6 prevalent in occupational and recreational 

exposures, and incurs expensive auditory rehabilitation costs. The World Health 

Organization (WHO) defines disabling hearing loss as ≤ 41 dB pure-tone average 

threshold at 1, 2, 3, and 4 kHz.4  

 

According to Hoffman et al. 2017,7 comparisons between the 1999-2004 and 2011-2012 

U.S. National Health and Nutrition Examination Survey (NHANES) – which performed 

audiometric exams of a nationally representative sample of surveyed adults ages 20-69 – 

showed a decreased prevalence of hearing loss in the latter group compared with the 

former. Male sex and increasing age were both significant predictive factors.  

The NHANES data was analyzed further for the incidence of NIHL in the adult 

population. Audiometric notches, or increased hearing thresholds, were used as a measure 

for NIHL (15 dB deficit at 3, 4, or 6kHz) and it was concluded that the estimate of the 

incidence of NIHL in the adult population is 24%. Limiting factors included the 

increasing size of the US population and change in age distribution due to the baby 

boomer period.8 
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A change in the age distribution of hearing loss has the potential to change with the 

advent of technology; younger people have increased recreational exposure to noise, 

including in-ear audio devices, 9 10 loud concerts, and bars has the potential to decrease 

the delay in hearing loss due to age. According to the World Health Organization 

(WHO), 1.1 billion people between ages 12-35 are at risk of hearing loss due to 

recreational noise exposure.11  

 

NIHL is one of the most common types of sensorineural hearing loss.2 9 It is 

“sensorineural” because it damages sensory hair cells of the inner ear and/or auditory 

neurons. Because the inner ear structures are so delicate, they require protection from 

prolonged or loud noise exposure significant enough to produce acoustic trauma. 

Intensity of the noise exposure, distance from the noise source, and duration of the noise 

stimulus together can increase the severity of the disease.2 Noise-exposure guidelines 

from Occupational Safety and Health Administration (OSHA) require that noise exposure 

in the work-place must be mitigated such that it is maintained below 85 dB for 8 hours or 

less.12 The highest risk groups in a sample of one million noise-exposed workers were 

mining, construction, wood manufacturing, real estate and rental leasing. Males were 

more affected than females due to a higher prevalence in these occupations, and 

increasing age was also a risk-adding factor.2 

 

Currently, the only therapies for NIHL are preventative therapies, such as over-ear 

protection and avoidance of loud noise-exposure. Treatments post noise-damage include 

treating the resulting hearing loss with hearing aid devices, surgical implants, speech 
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therapy, and audio-rehabilitation. The estimated global economic burden of healthcare 

related to hearing loss is 750 billion US dollars annually.11 These treatments salvage what 

structures are still functional in the ear as opposed to reversal of the pathology. Other 

commonly investigated forms of ototoxicity include those related to drug exposures such 

as cisplatin or aminoglycoside related ototoxicity. As drug discovery continues for these 

different forms of hearing loss, drug discovery for cisplatin ototoxicity has been the most 

promising . Fennec Pharmaceuticals efforts are currently in Phase 3 Clinical Trial with 

the drug Pedmark, a sodium thiosulfate drug which ameliorates cisplatin-mediated 

ototoxicity.13 Noise-induced hearing loss has yet to have a drug in human clinical trials, 

therefore, drug discovery in this field continues to be in its preliminary, but necessary 

stages.  

 

Many mechanistic pathways have been proposed to mediate the biological response to 

acoustic trauma. The inflammatory and programmed cell-death pathways are of great 

interest due to their destructive effects on cochlear hair cells, neurons and cells of the 

lateral wall. Therefore, anti-apoptotic and anti-inflammatory agents are major targets for 

drug development for the prevention of NIHL. Dexamethasone and other corticosteroids 

have been researched for their anti-inflammatory effects and potential for amelioration of 

NIHL symptoms.2 14 15 16 

 

NIHL is of clinical significance due to the worsened quality of life experienced by 

patients with the condition due to difficulty of hearing. Tinnitus, or an irritating ringing of 

the ears, is another syndrome associated with NIHL synaptopathy, however, the 
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underlying pathology has not been understood due to the subjective nature of this event. 

Of workers exposed to noise, 7% have hearing loss, 5% have tinnitus, and 2% have both.2 

In young children, NIHL can cause speech learning and developmental deficits and for 

adults, difficulty with communication and awareness of surroundings is prevalent as 

well.10 

 

Because there are no drugs approved by the Food and Drug Administration (FDA) for the 

treatment of NIHL, the quickest and most efficient way to bring an NIHL protective drug 

onto the market is to repurpose a drug that is already FDA approved. Therefore, we 

focused on searching for FDA approved drugs that had mechanisms targeted at the 

previously determined mediators of the NIHL pathway. 

 

For this study, Afatinib (Gilotrif 17), an irreversible Epidermal Growth Factor Receptor 

(EGFR) family inhibitor was the drug selected. It is an FDA approved drug used for non-

small cell lung carcinoma (NSCLC).18 Based on our in silico screen, we hypothesized 

that afatinib protects against noise-induced hearing loss. The drug’s ability to penetrate 

the blood-brain barrier 19 suggests that it can get into the ear which is important for 

efficacy of the drug as the inner ear is in the cranial vault. There is also confirmed 

expression of EGFR in the inner ear 20 which further supports the potential for afatinib to 

have an effect in the ear. The purpose of this study is to determine whether afatinib 

protects against noise-induced hearing loss via the EGFR inhibition pathway in the 

mouse model. This study has potential clinical and translational implications through 

further clinical trials and noise protection in humans. 
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Advances in technology have allowed for the ability to test hearing in both animal models 

and humans. In humans, in-clinic hearing tests include auditory brainstem response 

(ABR), otoacoustic emissions (OAEs), pure-tone testing, speech testing, and tests of the 

middle ear.21 The Weber and Rinne tests are tools that assess functionality of the middle 

ear to determine laterality of the hearing loss, and whether the hearing loss is conductive, 

sensorineural, or mixed. Because NIHL is a sensorineural hearing loss, these tests can be 

fundamental screening tests for further studies. 

 

Similarly, in the animal model, cochlear testing can be completed under anesthesia via 

ABR and distortion product otoacoustic emissions (DPOAE). Examples of animal 

models include mice, chinchillas and rats.22 Morphological tests via immunohistological 

assays and scanning electron micrographs (SEM) can show hair cell counts and 

morphological changes, further adding to the toolkit of the scientist. All of these 

aforementioned tests will be described further throughout this thesis. 

 

The primary focus of this project is the inner ear and its response to acoustic trauma in 

the form of a single, loud noise of a fixed duration. Therefore, this is a study on acute 

noise-trauma. The properties of sound, anatomy of the ear, as well as the pathophysiology 

of sound transduction will be covered in the following sections. After this foundation is 

set, noise-induced hearing loss (NIHL) will be described, including the suggested 

molecular mechanistic pathways highlighted in the literature and the animal models used. 

Then, the methodology involved in choosing our drug, as well as its FDA pharmacology 
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and characteristics will be explained. Cochlear testing approaches will follow. Finally, 

these fundamentals will culminate with the experimental paradigm employed to test 

efficacy of afatinib – our drug of choice – results of our study, discussion of our findings, 

and future directions. 
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II Properties of Sound 

Speech perception and hearing are subjective experiences that can be perceived 

differently from listener to listener. However, the production of sound itself is an 

objective process which can be explained by a variety of standard equations having to do 

with fluidity and vibrations through sound-transmitting materials, such as air or water. 

And this is exactly what sound is; the transmission of pressure variations, or vibrations, 

through such a medium from a source object.  

 

In order to produce a sound, there must be 1) a source of the sound, 2) a sound-

transmitting medium, and 3) a receiver, or something to hear the sound. However, there 

does not necessarily need to be a receiver for a sound to be present.23 24 A sound-

transmitting medium requires that the material exhibit elasticity – it must have both 1) a 

mass and 2) a density, both of which allow it to resist change.23 Depending on the 

medium, sound waves travel different paths because of differences between the particle 

velocity of the sound pressure versus the acoustic material. Objects in the path of the 

wave can obstruct waves. A region in space in which sound can travel without any 

obstructions is a free field whereas a direct field is only the particular region of a sound 

wave pathway that is free of obstruction. A near field is where the particle velocity of the 

sound-transmitting medium and sound wave velocity are not in phase. It is in a region 

close to the source, either within one wavelength of the sound wave or three times the 

largest dimension of the sound source depending on which is larger. A far field on the 

other hand is from the start of the near field to infinity, and each time the distance from 

the source is doubled, the sound level decays at a rate of 6 dB.12 This does not occur in a 
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near field. Sound travel from a less dense medium to a more dense one causes 

impedance, or the reflection of most of the sound wave pressure.25  

 

Sound waves are longitudinal, oscillatory waves and follow a sinusoidal function. When 

a sound wave is produced in a sinusoidal function with a single peak amplitude, it is 

called a pure tone.12 25 Incidentally, our environment is full of noise which is a complex 

sound, or a compilation of multiple frequencies. The human auditory system hears 

frequencies in the range of 20 Hertz (Hz) to 20,000 Hz.25 This section will briefly 

highlight important aspects of sound as they apply to our experimental paradigm and 

sound conduction through the ear. 

 

Primary characteristics of a sound wave include the amplitude and frequency.  

 

Amplitude – Sound Level or Loudness: 

 

The amplitude, or the sound pressure, is the subjective loudness of a sound wave.24 It is 

represented by the force (F) produced by the object over the area (A): 

 

p = F/A 

 

Where pressure is measured in DekaPascals (daPa). Sound pressure is proportional to 

sound intensity (I), which equals the sound pressure squared divided by the sound 

conducting material’s density (p0) times the speed of sound: 
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I = p2/p0c 

 

Because sound intensity is a measure of power, the energy of the sound is the power 

times the duration of the sound, which is also another means of measuring work (E = 

PT).12 This energy equation is especially important when it comes to the equal energy 

principle of inner ear damage: a louder sound produced over a shorter time interval will 

produce the same degree of damage as a softer sound over a greater time interval as long 

as both combinations of power and time are equal.26 

 

Sound level is normally expressed in decibels (dB), which is the logarithm to the base 10 

of the intensity over the referent intensity or the sound pressure over the referent 

pressure. Because intensity is proportional to the pressure,2 the decibel scale is 20 times 

the log of the pressure ratio.24 These two equations can be expressed by: 

 

10 x log10(p/pref)   or   20 x log10(I/Iref) 

 

When pref = 20 micropascals, instead of simply expressing its units in decibels, it is 

referred to as decibel sound pressure level (dB SPL).25 Because sound levels are 

logarithmic, every 20 dB increase results in a 10-fold increase in the peak amplitude.27  
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Frequency – Pitch: 

 

As previously explained, one frequency component, or one sinusoidal wave is a simple 

sound – a pure tone. The amplitude is on the y-axis and changes with the sinusoidal 

function. 

 

Frequency is the subjective quality of pitch. Higher frequencies are heard as higher 

pitches. Frequency is measured in hertz (Hz) and is the number of cycles the wave has 

oscillated in one second.24  

 

The period (T) is a measure of the phase, or the amount of time it takes the wave to 

complete one 360 degree cycle and is inversely proportional to the frequency25: 

 

T = 1/f 

 

Therefore, the period decreases as the frequency increases, i.e. higher pitches take a 

shorter time to complete a revolution, which is rather intuitive. The sequence of pure 

tones as heard in music is called a harmonic series; a series of sinusoidal waves, where 

each sound wave is a multiple of the lowest fundamental frequency. Noise is a complex 

sound that contains all different frequency components with continuously varying 

amplitudes. The range of amplitudes and phases (angular degree) within a frequency 

component can be described as a spectrum. White noise is a compilation of frequency 

components with the same average level.12 25 
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A Fourier analysis can separate out the individual sine waves of noise to determine their 

individual frequencies and amplitudes. Conversely, a Fourier synthesis is a compilation 

of all the different sound waves which add up to quite near a square wave.24 The octave 

band – a band of frequencies with a central mean frequency – is a tool used for frequency 

analysis. It is an interval between frequencies where the highest frequency is double the 

lowest frequency in the interval. The human range of hearing (20 to 20,000 Hz) is 

comprised of 10 octave bands.12 In order to fine-tune the band analysis to a narrower 

interval, smaller frequency bands can be used, via half-octave (highest frequency is 21/2 

times the frequency of the lowest frequency) or one-third octave bands (highest 

frequency is 21/3 times the frequency of the lowest frequency). In our noise-exposure 

experiment using the mouse model, a one-octave band noise stimulus was used. Cochlear 

function tests were completed via half-octave band intervals to measure the auditory 

response. This will be explained further in the following sections. 

 

 

 

 

 

 

 



 

 

12 

 

III Anatomy  

The human ear is divided into three segments: the outer ear, the middle ear, and the inner 

ear. Sound enters the ear canal (also known as the external auditory meatus) through the 

outer ear, is transduced from air into mechanical vibrations through the middle ear, and 

these vibrations are then converted into an electrical potential in the inner ear via hair 

cells to the spiral ganglion neurons. The spiral ganglion neurons then send this electrical 

signal through the vestibulocochlear nerve as information about hearing to the brain. The 

brain is the final step in this process, which transforms the physical properties of sound 

into the sensorium of sound. This section will briefly describe an overview of the ear 

anatomy as well as sound conduction through the ear.  

 

Outer Ear 

The outer ear is composed of the pinna and the external auditory ear canal, terminating at 

the externally facing side of the tympanic membrane (otherwise known as the eardrum). 

The outer ear is primarily made up of cartilage and bone. The crescent shaped, 

cartilaginous and immobile structure that sits laterally outside the head on either side is 

called the auricle. Each auricle has a series of ridges and depressions.28 The pinna is the 

outermost ridge, acting as a funnel to direct sound from the outer world through the 

acoustic meatus (otherwise known as the auditory canal). The concha is the largest 

depression of the outer ear, and directly leads to the auditory canal which ends at the 

tympanic membrane. The outer one-third of the ear canal is supported by cartilage, while 

the inner two-thirds is supported by the temporal bone of the cranium. The tympanic 

membrane is the division between the outer ear anatomical segment and the inner ear. It 
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is a transparent tissue that is attached to the malleus, a bone of the middle ear allowing 

sound transduction from the outer to the inner ear.28  

 

The outer ear is embryologically derived from surface ectoderm between the first and 

second branchial arches. The auditory canal is formed by an invagination of the first 

branchial cleft during the sixth week of embryogenesis. The deep cells of this 

invagination are epithelial and “plug” the canal by week 26 and recanalize via apoptosis 

during the seventh month, medially to laterally, leaving the remnant of the epithelial 

“plug” to form the tympanic membrane. The external auditory canal continues to grow 

until the ninth year of age.29  

 

Middle Ear 

The Middle ear is composed of three ossicles, or bones: the malleus, incus, and the 

stapes. It is also called the tympanic cavity. These bones amplify the sound pressure from 

the outer ear into sound pressure in the inner ear.24 The middle ear is also connected 

through the mucosa-lined pharyngotympanic tube – otherwise known as the eustachian 

tube – to the nose which allows the equalization of pressure in the middle ear. The 

beginning of the tube is bony as it leaves the ear, and it becomes cartilaginous and 

muscular as it approaches the nose. Contraction of the muscle allows for the pressure 

equalization that is necessary for efficient sound wave transfer.12 28 The tympanic cavity 

expands into the mastoid portion of the temporal bone, forming the mastoid antrum – air 

cells located in the petrous part of the temporal bone. This happens during the ninth 

month of development.29  



 

 

14 

 

 

The middle ear also contains two striated muscles: the tensor tympani – connected to the 

malleus – and the stapedius muscle, attached to the stapes. Each muscle is innervated by 

a different cranial nerve. The malleus – a club shaped bone – runs up the tympanic 

membrane and attaches to a ligament from the bony cranium. The malleus articulates 

with the cone-shaped incus, which is attached to the stapes.24 The stapes has an arch and 

a footplate, similar to the shape of the handle of a shovel. The footplate comes into 

contact with the inner ear at the oval window, allowing the transfer of sound energy to 

the cochlea. The mechanics of these three bones upon receipt of a sound stimulus from 

the external side of the tympanic membrane allows amplification the sound through their 

vibrations due to the magnitude of surface area change between the tympanic membrane 

to the much smaller oval window.24   

 

The external face of the tympanic membrane is embryologically derived from surface 

ectoderm, while the middle ear portion is formed from endoderm. Sandwiched between 

these two membranes are fibrocytes of mesenchymal origin. The tympanic membrane is 

derived from the distal elongation of the first pharyngeal pouch (endodermal) and the 

eustachian tube is derived from the proximal, narrower portion of the pouch, maintaining 

contact with the nasopharynx.29  

 

The ossicles begin to form during the seventh week of development from the cartilage of 

the first and second brachial arches. During the eighth month, the endodermal lining of 
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the tympanic cavity surrounds the ossicles and which then descend into their final 

location.29 

 

Inner Ear 

The inner ear is connected to the stapes of the middle ear through the oval window. 

Located in the temporal bone of the skull, it is composed of the vestibule, cochlea and 

semicircular canals.25 The semicircular canals and vestibule (utricle and saccule) are 

responsible for vestibular, or balance equilibrium mechanics. Fluid in the canals 

counteracts forward/backward acceleration, and other positional changes in order to 

maintain full balance. Because the inner ear is dense, it reflects sound pressure, or 

provides acoustic immittance (impedance + admittance).25 

 

In between the scala vestibule and the scala tympani sits the scala media. It is separated 

from the scala vestibule on its ventrally by a fibrous, flexible membrane called the 

Reissner’s membrane, and from the scala tympani, dorsally, via the basilar membrane. 

The scala media contains endolymph and the organ of Corti. Displacement of fluid in the 

scala vestibule and scala tympani cause movement of the scala media and therefore the 

cochlea within.12 30 To withstand fluid force changes as a result of sound transfer, the 

cells of the organ of Corti have tight junctions and adherens junctions at the apical 

surfaces of cells and desmosomes and gap junctions along the basolateral surface.31 

These junctions promote integrity of the organ of Corti and its contents.  
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The organ of Corti is a spiral organ that rests on the basilar membrane. It has a wide basal 

turn that narrows as it extends from the basilar membrane to the apex. It is surrounded by 

the bony labyrinth which also decreases in diameter from base to apex. The organ of 

Corti contains both sensory hair cells and supporting cells which increase in size from 

basilar to apical direction. It contains three rows of outer hair cells which have basal 

connections with Deiter’s supporting cells, and one row of inner hair cells contacting 

inner phalangeal supporting cells. There are other supporting cells within the cochlea as 

well. These supporting cells are responsible for producing and recycling metabolites 

which may be needed by the hair cells.32 

 

Both sets of hair cells are connected via synapses to spiral ganglion neurons, however, 

the inner hair cells are the main sensory cells of hearing.30 32 Inner hair cells make 

connections with 10-20 Type I auditory nerve fibers.33 The Type I fibers have a 

peripheral axon which is myelinated up until its terminal, which is unmyelinated and 

contacts the sensory hair cells. The central axon of the type I nerve fibers is also 

myelinated to its synapse with the cochlear nucleus in the brainstem. As mentioned 

previously, these are recognized as the main transmitters of sensory information from 

hearing. Each Type I auditory nerve contains about 40,000 myelinated sensory fibers.27 

The auditory nerve is the 8th cranial nerve (vestibulocochlear nerve).12 

 

On the other hand, outer hair cells are contacted by a smaller population of unmyelinated 

Type II auditory nerve fibers. These also project to the cochlear nucleus but their function 

has still yet to be determined.27 There are projections of microvilli at the apical end of 
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both hair cell types, called stereocilia. They are arranged in a V-shape and are present on 

the endolymphatic side of the membrane. Mechanotransduction channels at the tip of the 

stereocilia open upon mechanical stimulation from the vibrations of the inner ear.32 The 

inner and outer hair cells differ in structure. While both hair cell types have stereocilia, 

only the tallest stereocilia of the outer hair cells are connected to the tectorial membrane. 

The stereocilia of the inner hair cells are free in the endolymph. The outer hair cells are 

also known as the cochlear amplifier and amplify the sound to the inner hair cells, 

allowing mammals to have greater sensitivity to noise. This function of the outer hair 

cells is due to conformational changes of the cells due to voltage-changes and the help of 

a motor protein called prestin as well as efferent input from the medial olivocochlear 

neurons which alters the rigidity of the cochlea.30 34 The stria vascularis in the lateral wall 

of the cochlea houses the capillaries to the inner ear. It is the source of ions and other 

metabolites to the inner ear.32 Blood supply to the inner ear mainly comes from the 

labyrinthine artery which originates most often from the anterior inferior cerebellar artery 

(AICA), is a branch off of the basilar artery.30  

 

The inner ear is the embryological derivative of the otic placode, a thickening of the 

surface ectoderm which appears on each side of the rhombencephalon around embryonic 

day 22.29,30 Elongation of the head causes translocation of the otic placode caudally to the 

level of the second branchial arch. It invaginates during the fourth week of embryonic 

development to form the otic pit, and then fuses at its margins to become the otic vesicle. 

The ventral portion of the otic vesicle forms the saccule and the cochlear duct, and the 

dorsal portion, the semicircular canals, utricle, and endolymphatic duct. By the 26th week 
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of development, the cochlea has fully developed; the organ of Corti forms from the 

differentiation of the cochlear duct as well as the spiral ganglion cells which migrate 

along the cochlear membrane. The scala vestibuli, scala media, and scala tympani form 

from vacuolization of the mesenchyme into cartilaginous structures which surrounds the 

cochlear duct, as well as the Reissner’s and basilar membranes. The spiral ligament is the 

remaining cartilaginous attachment to the lateral cochlear wall, giving it support. The 

medial portion of the cochlea is supported by the modiolus which is cartilaginous as well 

and is the axis of the bony cochlea.29 

 

Sound is transmitted from the middle ear via the oval window. The vibration of the three 

ossicles is transmitted through the oval window to the perilymph of the scala vestibuli. 

The impulse then moves the perilymph which travels around the scala media in a loop 

fashion to the scala tympani. The round window, a fibrous membrane at the end of the 

scala tympani, moves outward in response to the pressure changes in the perilymph as it 

is an incompressible fluid. Shearing of the tectorial membrane against the outer hair cell 

stereocilia and endolymph movement resulting from fluid pressure changes causes 

opening of the potassium channels at the tips of the stereocilia of the hair cells, allowing 

passive potassium influx from the endolymph along the ions’ gradient. Depolarization 

along the length of the hair cell arrives at the membrane of the hair cell synapses causes 

activation of glutamatergic synapse transmission to the spiral ganglion neurons.  

 

The stria vascularis provides the ions and the positive potential for the ion gradient, 

making it an energy-free process. Receptors on the auditory nerve include the ionotropic 
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N-methyl-D-aspartic acid (NMDA) receptors and the a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) and group I/II metabotropic glutamate receptors.32 35 

The impulse from the auditory neurons gets transmitted to the cochlear nucleus in the 

brainstem for central processing. Similar to the tonotopicity of the organ of Corti, the 

central processing of sound is also tonotopic. The electrical impulse from the cochlear 

nucleus fibers ascend either unilaterally or translaterally up the brainstem to the medial 

thalamic nucleus of the midbrain (thalamus) and then to the auditory region of the 

cerebral cortex (temporal lobe).36 

 

Types of Hearing Loss are Stratified to Anatomic Segment 

Depending on which anatomical segment of the ear is damaged, hearing loss can be 

separated into three types: conductive, sensorineural, and mixed (a combination of 

conductive and sensorineural).  

 

Conductive Hearing Loss 

The conductive system of the ear includes the ear canal (external ear), tympanic 

membrane, and the middle ear ossicles. Therefore, inability to transmit sound from the 

outer to inner ear via the outer and middle ear segments is defined as conductive hearing 

loss. Common causes of conductive hearing loss include perforation of the tympanic 

membrane, increased stiffness or discontinuity of the middle ear ossicles, otosclerosis 

(bony growth around middle ear bones), and infections (otitis media or external otitis).37 

38 Acute ear infections can result in temporary conductive hearing loss due to fluid 

accumulation in the middle ear as well as chronic drainage of purulent fluid (chronic 
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otorrhea). Recurrent ear infections can cause tympanic scarring, and an infected skin cyst 

(cholesteatoma) can also be the cause. Other causes include poor eustachian tube function 

resulting in fluid accumulation in the middle ear, benign tumors, earwax, congenital 

abnormalities, and a foreign object stuck in the outer ear.38 

 

Conductive hearing loss is painless for the most part, however, it can result in up to a 60 

dB hearing loss.25 Therefore, it is important for patients to seek medical advice. 

 

Depending on the cause of hearing loss, there are a variety of treatment options: 

 

Conservative modes of treatment are first-line, unless escalated treatment measures are 

indicated. Bone-conduction hearing aids or conventional hearing aids may be used. A 

surgically implanted “osseointegrated device” may also be an option for treatment. 

 

Infectious causes can be treated with antibiotic or antifungal medications. For tumor-

related causes, surgical resection is indicated. Surgery is also indicated in the case of 

congenital absence of a normal, patent auditory ear canal, and for other anomalous 

middle ear structures such as otosclerosis.37 

 

Sensorineural Hearing Loss  

Contrary to conductive hearing loss, sensorineural hearing loss is localized to the inner 

ear structures; there is damage to the hair cells and SGNs of the cochlea. The connections 

between hair cells and spiral ganglion nerve fibers degenerate and nerve conduction is 
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disrupted. It once was thought that inner ear hair cells are the primary target of loud noise 

exposure, and that auditory nerve degeneration is secondary to hair cell damage. 

However, primary neurodegeneration has now been shown to occur which is also known 

as cochlear synaptopathy.39 40 Because of the tonotopicity of the hair cells along the 

cochlea, hair cell damage/loss causes a frequency-specific hearing loss in that region of 

the cochlea; loss of hair cells at the base of the cochlea (nearest to the oval window) will 

cause a high-frequency deafness whereas hearing loss nearing the apical portion results in 

a lower-frequency deafness in a sequential pattern.25 

 

Causes of Sensorineural hearing loss include infections, aging (presbycusis), loud noise-

exposure, head trauma, genetic, Meniere’s disease, tumors, congenital malformation of 

the inner ear, certain antibiotics and chemotherapeutics, and autoimmune diseases of the 

inner ear. Different causes of sensorineural hearing loss manifest differently in time, but 

the treatments are fairly limited. Corticosteroids can be used as treatment for hearing loss 

from inflammatory causes such as infection, autoimmune disease, and loud noise-

exposure to decrease hair cell swelling and inflammation.14 15 16 41  
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IV Noise Induced Hearing Loss (NIHL) 

There are a multitude of causes of hearing loss. These include: genetic causes, drug-

related ototoxicity, trauma, infectious causes, aging (presbycusis), and loud noise-

exposure as explored in this thesis.41 Acoustic trauma by these mechanisms can affect 

any anatomical segment of the ear as described previously and be divided into 

conductive, sensorineural, and mixed-type hearing loss.  

 

Based on pure-tone averages (PTA), hearing loss can be categorized into slight, mild, 

moderate, moderately severe, severe and profound (see Table 4.1).25  

 

Measurement of hearing loss in humans is completed via a threshold audiogram, where 

the human test subject is exposed to pure-tone frequencies at octave-intervals within the 

human thresholds of hearing (0.25kHz – 8kHz). Each frequency is given as a stimulus of 

differing stimulus levels (dB SPL). The lowest audible sound is the threshold of hearing 

for that individual.21 27 The audiogram results are then graphed with frequency on the x-

axis and stimulus level on the y-axis. Both human models and the mouse model show a 

U-shaped audiogram. Mice hear at higher frequencies than humans (greatest sensitivity is 

around 16kHz versus around 1kHz for human hearing),42 but the audiogram for both 

species maintain a similar shape (see Figure 4.1).  

 
 
“Audiometric notches” on an audiogram are indicators of hearing loss. An audiometric 

notch is seen on an audiogram as an upward spike relative to the traditional U-shape for 

any specific frequency.21 27 Threshold shift changes – as seen by the audiometric notch – 
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can be temporary or permanent. A temporary threshold shift (TTS) is transient hearing 

loss following acoustic trauma and generally returns to the original audiometric threshold 

within 24 – 48 hours. A permanent threshold shift (PTS) on the other hand does not 

return to the original audiometric threshold at any time period in the future, resulting in a 

permanent increase in the threshold of hearing.43 44 45 Recovery of TTS is most likely due 

to recoupling of the outer hair cell stereocilia with the tectorial membrane.2 Immediately 

after noise exposure, however, a compound threshold shift (CTS) can be seen which is a 

combination of temporary and permanent threshold shifts.46 The PTS can only be 

determined once the TTS has completely recovered. 

 

The degree of damage incurred to the cochlea upon acoustic trauma is reliant upon the 

intensity of the noise. Noise from an explosive blast (greater than 180 dB SPL) can cause 

rupture of the tympanic membrane, the middle ear ossicles and the basilar membrane of 

the cochlea.27 44 Hearing loss from this type of insult causes permanent hearing loss. 

Lower levels of noise as experienced in factories and by other occupational means 

primarily cause damage to the inner ear, especially the outer hair cells.27 47 Higher 

frequency regions of the cochlea are most susceptible to damage, and trauma can result in 

loss of both inner and outer hair cells within minutes to hours. The cells that remain may 

have stereocilia damage that prohibits sound mechanotransduction through the potassium 

channels (see Figure 4.2). 

 

While hair cell swelling and loss occurs within minutes to hours, auditory nerve cell 

death and consequential degeneration can be delayed months to years after noise 
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exposure. Glutamate excitotoxicity from hair cell overstimulation can result in auditory 

nerve cell swelling and rupture, but this swelling can reverse upon the recovery of the 

TTS. Inner hair cell synapse connections to auditory nerve cells, however, can remain 

lost, causing a synaptopathy. This synaptopathy can be seen even without hair cell loss in 

response to noise exposure, and has been seen in mice to worsen over time.27 48 49 

 
The deleterious effects of acoustic trauma come from not only the glutamate 

excitotoxicity and the mechanical damage from the sound stimulus, but inflammation and 

apoptosis are also involved in the inner ear response to noise damage. Inflammation 

reduces blood flow to the inner ear and causes production of oxidative species, 

preventing the removal of oxidative species and other dangerous metabolites.  Chronic 

increase in calcium and oxidative species in the endolymph and hair cells causes further 

inflammation and apoptosis.2 50 51 52 A schematic of the metabolites involved in the 

pathophysiology of noise-induced hearing loss, as well as the drugs currently targeting 

these various metabolites are included (see Figure 4.3). 

 

Functional hearing tests in the mouse model can be conducted under anesthesia via 

Auditory Brainstem Response testing (ABR) and Distortion Product Otoacoustic 

Emission (DPOAE) testing. ABR tests the response of the auditory nerve and further 

central processing of sound via measurement of the electrical potentials at different 

stimulus levels. A speaker is placed lateral to the ear of the mouse, and clicks or tone 

bursts are applied. Subdermal placement of three electrodes records the neural response 

of the mouse to the noise: one placed close to the tail of the mouse (ground electrode), 

one on the scalp to measure intrinsic brain activity (active electrode) and one inferior to 
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the pinna of the ear (reference electrode).53 ABR tests average the electrical signals and 

indicate the threshold stimulus level as a function of stimulus frequency. 

 

A mouse ABR measurement has 5 waveforms. The first wave (wave I) is the summation 

of the electrical potential in the spiral ganglion neurons and the auditory nerve. Waves II-

V represent the continuation of the ascending auditory pathway.53 The threshold at which 

the normal waveform patterns occur, the amplitude, and the latency of the waveforms can 

tell a great deal about the degree of hearing loss in a mouse. Higher thresholds, increased 

latency of waveforms, and decreased amplitudes are all signs of hearing loss.54 

 

While ABR measures sound transduction from the inner hair cells to the auditory, 

DPOAE tests the activity of the outer hair cells, or the cochlear amplifier. Two tones are 

presented to the ear, causing the production of emissions by the outer hair cells which 

return to the external auditory meatus as vibrations. These are recorded with a probe in 

the ear canal. DPOAE assesses how robust the outer hair cell function is, and hearing loss 

causes increased stimulus level thresholds for each frequency stimulus.55 56 
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V Drug Selection and Mechanism of Action 

In an attempt to combat noise-induced hearing loss, we hypothesized that a drug can be 

used to reverse the detrimental biologic effects resulting from acoustic trauma. As 

previously described, there are many pathways involved in the protection and 

deterioration of noise-induced hearing loss. Loud noise exposure causes changes in gene 

expression; we chose to use an in silico screen as our method of choice for drug 

discovery. Therefore, we searched the Genome Expression Omnibus (GEO)57 tool on the 

National Center for Biotechnology Information (NCBI) website. GEO is a large 

repository of array- and sequence-based data that is sourced by submissions from 

different groups.58 The library is functional and therefore can be queried and/or 

downloaded for experimental inquiry.  

 

The search term used in the GEO database was “Noise induced hearing loss,” and only 

yielded three results. GEO2R refers to the actual datasets within the database. One of the 

results was a zebrafish study and the other was analysis of the mouse-model after 

administration of dexamethasone to ameliorate noise exposure and therefore was not very 

useful for our study. The third result was a paper by Gratton et al., 2011,43 which 

compared mice before and after noise exposure and created a DNA microarray to acquire 

transcriptomic data. This dataset is GSE8342.43  

 

Gratton et al,43 compared transcriptomic data between noise-sensitive B6.CAST mice and 

noise-resistant 129X1/SvJ and 129S1/SvImJ mice. Using the GEO2R function of the 

Gene Expression Omnibus (GEO) database, we compared the noise-sensitive versus 
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noise-resistant transcriptomes for differentially expressed genes resulting from the 

experimental groups. There were four groups entered into the GEO2R, with the two 

noise-resistant mouse strain data merged: 1) Noise-resistant control (129X1/SvJ and 

129S1/SVlmJ combined) (N-), 2) noise-resistant post-noise exposure (N+), 3) noise-

sensitive control (N-), and 4) noise-sensitive post-noise exposure (N+).  

 

From these four groups entered into the GEO2R, three comparisons were made for the 

identification of differentially expressed genes: 1) Noise-resistant control versus noise-

resistant post-noise exposure (N+/-), 2) noise-sensitive control versus noise-sensitive 

post-noise exposure (N+/-), and 3) noise-sensitive control versus noise-resistant control 

(N-/-). The resultant differentially expressed genes were expressed as a p-value and a 

logFC. The logFC, (positive or negative) represented the direction of the differential gene 

expression (up or downregulated), and the p-value represented the magnitude of the 

differential expression – the lower the p-value, the greater the magnitude. 

 

Through the GEO2R query, we then chose the first set of genes with the lowest p-value. 

All of our genes had the same p-value and included both positive and negative logFC’s. 

That data was then entered into ShinyGo.59 ShinyGo is a program where genes of interest 

are inputted into categories of up or downregulation. The user then chooses whether they 

would like to mimic or reverse the effects of the genes listed. The output is a list of the 

genes and the pathways that they are involved in with a reported “Enrichment False 

discovery Rate (FDR)” score. We used FDR < .05 as the threshold value and looked at 

genes/pathways below that value. 
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We entered the GEO2R result gene data (p < .05), three separate times based on the three 

comparison groups described earlier. We chose to “mimic” the pathways for comparison 

groups one and three: 1) Noise-resistant control versus post-noise exposure groups and 3) 

noise-sensitive control versus noise-resistant control. The rationale being that it would be 

ideal if our chosen drug could emulate the transcriptome of the noise-resistant mice as 

that would presumably provide protective effects against noise trauma. We chose to 

“reverse” the effects of the genes in the second comparison: 2) noise-sensitive control 

versus noise-sensitive post-noise exposure. In this way, our drug will hopefully reverse 

the unfavorable molecular response that the noise-sensitive mice undergo which results in 

hearing loss. 

 

Each of these inputs resulted in about 30 pathways with Enrichment FDR < 5.0. Because 

the program orders the results by FDR and not by gene, we manually went through each 

of the “significant” pathways listed and created a list of genes that were involved in those 

pathways. These GO pathways included: epithelium development, tissue morphogenesis, 

negative regulation of cell death, embryo development, and tissue development. It also 

included positive regulation of: biosynthetic process, macromolecule biosynthetic 

process, nucleo-base containing compound metabolic process, nitrogen compound 

metabolic process, RNA metabolic process, transcription DNA-template, nucleic acid 

templated transcription, RNA biosynthetic process, gene expression, cellular biosynthetic 

process. 
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After gathering the manually generated list of salient molecular pathways based on 

ShinyGo FDR enrichment value and the GEO genes found earlier, we used the Library of 

integrated network-based cellular signatures (LINCS)60 L1000 CDS2 program as 

described by Duan et al., 2015.61 The LINCS database has over 1 million gene expression 

profiles for small molecules. CD2 stands for characteristic direction profile and is a 

software add-on for the L1000 database. Duan et al., 2015 61 compared it to other L1000 

software analyses and found it to be the most significant for small molecule profile 

reporting.  

 

The computation provided by the LINCS CD2 program is a list of “perturbations.” A 

perturbation is a drug, concentration and length of administration (time). The 

perturbations listed are the drug, needed concentration, and the time of administration 

needed to ignite the same pathway response as that initially entered into the program. 

After entering all the different pathways and sifting through the resultant perturbations, 

we identified a list of small molecule drugs that overlapped multiple pathways. 65 CD2 

pathways were entered, and it was found that 70 drugs were needed to affect all of the 

pathways. Drug selection was completed manually.  

 

These 70 drugs were then winnowed down to a much smaller number of drugs. We 

looked for drugs that were involved in the greatest number of pathways and came up with 

a much smaller list. The drug of choice, afatinib, was involved in the greatest number of 

pathways inputted into the CD2 through our manual selection (see Table 5.1).   
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Afatinib Pharmacology 

For this study, Afatinib, an ATP-competitive EGFR receptor inhibitor was chosen 

through the described Gene Ontology – LINCS analysis. Previously, Afatinib has been 

FDA approved for cancer treatment, specifically with use in EGFR overactive non-small 

cell lung cancer (NSCLC).62 19 63 The highest effective reported mode of administration 

in mice is oral, 30 mg/kg/d single dose in mice.19 In humans this translates to 40mg daily. 

Due to first pass metabolism via the GI track, we elected to use parenteral administration 

(intraperitoneal) to give increased and faster access of our drug into circulation. Afatinib 

is known to cross the blood-brain barrier as its treatment for the use of intracerebral 

metastases is well-reported.19 63 64 65  

 

Clinical Pharmacological studies for afatinib were conducted on nude mice, rats, 

minipigs and rabbits as reported in the FDA afatinib profile data.66 Acute schedules of 

administration were used to test all animal models, but only rats received additional 

chronic dosing as well. In the nude mouse acute protocol (single-dose study), oral 

(gavage) administration was used and dosed at 1) 300 mg/kg (female n=3, male n=3), 2) 

600 mg/kg (male n=3), and 3) 1200 mg/kg (female n=3). 

________________________________________________________________________ 
 
 
Test subjects were then observed for 14 days post-treatment. Not surprisingly, given the 

oral route of administration, toxicity was seen primarily in the gastrointestinal tract. 

There were no food consumption or weight changes for any of the dose schedules. 
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The maximum tolerated dose (MTD) without gross or clinical pathological changes was 

300 mg/kg via oral (gavage) administration. No adverse clinical signs were present in the 

600 mg/kg group, but gross pathological findings in one animal including ulceration and 

reddening of the stomach mucosal epithelium, reddening of the distal duodenum and 

discoloration spots on the liver.  

 

1200 mg/kg dosing exhibited adverse clinical and lethal effects. Macroscopic toxicity 

included: discoloration of and erosion of the gastric mucosa, thinning and hardening of 

the cecum wall, and distention of the entire gastrointestinal tract with gas and/or yellow-

brown fluid. 1 out of 3 of the tested animals – female mice only – was killed in moribund 

state with the following signs: increased abdominal girth, reddish-yellow crust around 

oronasal region, closed eyes, cold to touch, respiratory depression and reduced activity.   

 

Afatinib is a second-generation EGFR-inhibitor. Second generation EGFR-inhibitors can 

be distinguished from first generation by their ability to cross the blood-brain barrier.19 

Afatinib is soluble as a dimaleate salt at a pH range from 1-7.5.63 Afatinib’s oral 

bioavailability in the FDA study was found to be low compared to intravenous (IV) 

administration in tests with minipigs and rabbits, ranging from 11 to 45%.63 66 Oral 

bioavailability tests were not performed in the mouse species. The vehicle used was 

demineralized water. [14C]-radiolabelling of afatinib administered to minipigs and rats 

showed a wide body of distribution with residual afatinib levels still measurable in the 

tissues at 312 hours. The blood to plasma ratio – greater than 3 – showed that afatinib 

primarily distributes to blood cells.63  
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Afatinib has a high plasma protein binding affinity. It was greater than 92% in all tested 

animal species including mice. However, in vitro afatinib assays with human serum 

albumin showed only 79.6% binding.63 66 Analysis of metabolites showed very little 

metabolism of Afatinib. Unchanged afatinib was the main component seen in the plasma 

and via excretion, with greater than 60% of the unchanged parent compound excreted in 

the feces of mice. A very small number of metabolites were present at an amount greater 

than 1% of the administered dose of afatinib. Genotoxicity due to the drug was not 

present.63 66  

 

EGFR and mechanism of action of Afatinib 

As described previously, afatinib is a pan-EGFR receptor ligand. Epidermal Growth 

Factor Receptor (EGFR) is a family of Tyrosine Kinase transmembrane receptors which 

can form homodimers or heterodimers with one another upon ligand-binding 

(transactivation). Afatinib’s mechanism of action is the covalent binding to the ATP-

binding sites in the tyrosine kinase domains. It is a tyrosine kinase inhibitor (TKI). This 

prevents the autophosphorylation or transphosphorylation of the dimerized receptors and 

downregulation of the EGFR transduction pathway 65 (see Figure 5.2). 

 
 
Members of the EGF-receptor group include: erbB1 (EGFR, HER), erbB2 (HER2, neu), 

erbB3 (HER3), erbB4 (HER4).20 Autocrine signaling is responsible for the reactivation of 

the receptor. There are three main groups of ligands for EGFR-family receptors. The 

erbB2 group of receptors does not have a ligand and is activated by homodimerization 
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with other erbB2 receptors. The first group of ligands bind erbB1. These include: 

epidermal growth factor (EGF), transforming growth factor alpha (TGF-alpha), and 

amphiregulin (AR). The second group bind both erbB1 and erbB4; heparin-binding EGF-

like growth factor (HB-EGF), betacellulin (BC) and epiregulin (EPR) are included in this 

group. The final group of ligands are the neuregulins (NRGS) which bind erbB3 and 

ErbB4. Overproduction of the EGFR receptor can result in downregulation of the 

receptor via endocytosis and degradation 67 68 (see Figure 5.3). Afatinib has affinity for 

three of the EGFR family subtypes: erbB1, erbB2, and erbB4. ErbB3 does not have 

intrinsic phosphorylation activity, as its activation only occurs via dimerization with other 

EGF-receptor subtypes.69  

 

Signal transduction through the EGFR pathway includes an enormous number of 

signaling cascades with a variety of mechanisms of action (see Figure 5.4). Examples of 

downstream molecules in the EGFR signaling cascade which portray its broad 

mechanism of action include mitogen-activated protein kinase (MAPK) and 

phosphatidylinositol signaling. EGFR has many different subtypes with the primary 

functions of cell proliferation, differentiation, growth, and survival in mammals. 

 

A subtype that is well-known is that which is seen in HER2/neu positive breast cancer. 

This cancer’s etiology is underlined by overactive EGFR signaling, specifically of the 

erbB2 subtype. Similarly, NSCLC as previously described, is treated by afatinib due to 

the prevalence of the EGFR receptor in disease.19 Treatment of neuroblastoma with 

afatinib has also been suggested.64  
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EGFR has been shown to be differentially expressed in various organs of the body as 

well as differentially expressed with regard to sex.71 72 Vermeer et al., 2003,73 showed 

that tissue stretch damage can result in activation of the EGFR family and result in the 

induction of cell proliferation. 

 

EGFR in the Inner Ear  

EGFR is expressed throughout the inner ear in both the vestibular organs and the organ of 

Corti.20 ErbB2, a member of the EGFR family has been shown to be present in the 

supporting cells of the cochlea and utricle. Early studies suggested the involvement of 

EGFR-family receptors in cell proliferation of mouse utricular supporting cells.20 74 In 

two in vitro mouse studies, Doetzlhofer er al., 2004,75 found that EGF-ligand, causes 

differentiation of dissociated embryonic cochlear precursors into hair cells and White et 

al., 2012 76 found that EGF-ligand causes proliferation of mouse cochlear supporting 

cells. It was also found that avian cochlear supporting cells require EGFR signaling for 

regeneration of supporting cells.76 Using these previous studies as the groundwork, and 

the presence of erbB2 in mouse inner ear cochlear supporting cells,20 77 78 investigated the 

effects of EGFR activation as a potential ameliorant for hearing loss. They found in an in 

vivo mouse model study, overactivation of erbB2 caused supernumerary hair cell 

proliferation in neonatal mouse cochlea.77  

 

Hume et al., 2003,20 used antibodies against each subtype of the EGFR-family receptors 

in the inner ear of adult mice (see Figure 5.5). All four EGFR subtypes had variable 

expression in the vestibular organs of the inner ear. Within the organ of Corti, ErbB1 and 
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ErbB2 were most similar, and were present in both hair cells and supporting cells. They 

were both absent from the stereocilia bundles. Expression did not change significantly 

between the basal, middle and apical turns of the cochlea. ErbB1 expression was most 

prominent and uniform in the inner hair cells (IHCs) and Deiter cells, and not as intense 

or uniform in the outer hair cells (OHCs), pillar cells, and Hensen’s cells. The majority of 

neural sensory cells in the spiral ganglion showed ErbB1 expression. The spiral ligament 

and Reissner’s membrane had slight ErbB1 expression, but the stria vascularis and basilar 

membrane were lacking. ErbB2 staining was very similar to ErbB1 expression in the 

inner ear.20 ErbB4 was the only EGFR family receptor seen in the stria vascularis in this 

study. ErbB3 had the least expression in the organ of Corti, with slight presence in the 

hair cells and supporting cells. ErbB4 had the most irregular staining of the group of 

tested EGFRs with staining mainly in the pillar cells and some neural endings of the 

OHCs and IHCs. 
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VI Experimental Methods 

Animal Model 

The animal models used for this study were the murine, FVB strain. FVB stands for 

“Friend leukemia virus B” as these mice are susceptible to the disease. FVB mice are 

inbred, albino mice which are homozygous for a mutation in the beta subunit in the 

protein expressed by the PDE6B gene. PDE6B stands for cGMP-specific 3’,5’-cyclic 

phosphodiesterase subunit beta. FVB mice have been shown to be a good model for 

mammalian noise-induced hearing loss in the literature.79 80 81 54  

 

40 mice were tested (males n = 19, females n = 21). Out of these, only 36 (males n = 17, 

females n = 19) mice were included in the data analysis; 4 mice (males n = 2, females n = 

2) were excluded due to non-drug related complications. Mice were housed in the 

Creighton University Animal Research Facility (Omaha, NE) and maintained by 

Creighton University animal research personnel. Mice were housed in same sex, 

ventilated cages, with four or less mice per cage. Soft bedding was provided in each 

cages and mice had unrestricted access to food and water. Standard rodent chow provided 

by the Creighton Animal Facility was given. Room temperature was maintained at 70 

degrees Fahrenheit and light dark cycles every 12 hours (7am – 7pm light, 7pm – 7am 

dark). All procedures were approved by the institutional IACUC. 

 

Explant Ototoxicity Testing 

Post-partum day 3 (P3) FVB mouse cochlea were dissected and maintained in culture 

with the aid of Matrigel. After culturing for one day, the candidate drug was added to the 
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culture medium and incubated for 24 hours at 37˚C. Cochlea were them fixed with 4% 

PFA (16% paraformaldehyde, Thermo-Scientific, dissolved in PBS, Fisher Bioreagents) 

and stained for actin with Alexaflour 568 phalloidin (Invitrogen) for assessing hair cell 

viability. 

 

Toxicity Testing 

In order to determine the highest non-lethal dose, intraperitoneal (IP) injections of 

varying doses of afatinib (Gilotrif),18 20 mg/kg and 10 mg/kg were used. Drug was 

dissolved in vehicle (normal saline, 0.9%). Doses were given on p28, p29, p31, and p34. 

Weights for all mice were recorded. Using this data, 20 mg/kg was the determined to be 

the appropriate dose for our study. The weights of all the mice stayed relatively stable 

regardless of saline or drug administration and dosage. The main fluctuation in the 

weights on the graph are day 5 weights, in which the three mice receiving the lower dose 

of afatinib (10 mg/kg) had a weight change (two had an increased weight, one decreased), 

and one saline administered mouse had an increase in body weight. All weight 

fluctuations returned to their relative baselines by the following day (day 6). 

 

Drug Administration + Noise Exposure Paradigm 

There were four groups of mice in the experimental paradigm: (1) afatinib + noise 

exposure (n = 11), (2) saline + noise exposure (n = 11), (3) afatinib only + no noise (n = 

7), (4) age-matched control + no noise (n = 7). All animals underwent baseline Auditory 

Brainstem Response (ABR) (see Table 6.1). All animals underwent Distortion Product 

Otoacoustic Emissions (DPOAE) testing, but technical difficulties with the TdT software 
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resulted in data analysis of only 11 animals (see Table 6.2). ABR’s and DPOAE’s were 

performed prior to Noise exposure (pre-NE, baseline), 24 hours after noise exposure 

(post-NE), and 14 days post-noise exposure (PNE14). Based on toxicity studies, 20 

mg/kg was determined to be the highest, safe dose tested 

 

Group 1 – Afatinib + Noise Exposure:  

 

After Baseline ABR and DPOAE’s, group 1 mice received a single injection of afatinib 

intraperitoneally (ip) at a dose of 20 mg/kg, .01 ml/g. The following day, mice were then 

subjected to the noise exposure protocol explained further in the following Noise 

Exposure section. Mice then received a second injection of afatinib (dose 20 mg/kg, .01 

ml/g, ip) immediately after noise exposure. ABR’s and DPOAE’s were conducted one 

day post-noise exposure (PNE1). Drug was administered one day after PNE1 (500 mg/kg, 

.01ml/g, ip) and three days after PNE1 (500 mg/kg ip). Therefore, mice received four 

injections of drug: day before noise exposure, immediately after noise exposure, two days 

after noise exposure, and four days after noise exposure. ABR and DPOAE testing was 

then conducted 14 days post-noise exposure (PNE14) (see Figure 6.1). Two weeks was 

determined to be the length of time for determination of PTS as previously substantiated 

by Jensen et al., 2015.82  

 

Group 2 – Saline + Noise Exposure: 
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After Baseline ABR and DPOAE’s, group 2 mice received one injection of .9% normal 

saline intraperitoneally (ip) at a dose of .01 ml/g to prevent volume overload. Mice were 

then subjected to the noise exposure protocol the next day. Post-noise exposure, mice 

received one injection of saline (dose .01 ml/g, ip) immediately after noise exposure. 

ABR’s and DPOAE’s were conducted one day post-noise exposure (PNE1). Drug was 

administered one day after PNE1 (500 mg/kg, .01ml/g, ip) and three days after PNE1 (.01 

ml/g, ip). Therefore, mice received injections of saline on the same schedule as the drug 

treated mice – days 0,1, 2, and 4. ABR and DPOAE testing was then conducted 14 days 

post-noise exposure (PNE14) (see Figure 6.3).  

 

Group 3 – Afatinib only (No Noise Exposure): 

 

Mice in the afatinib only (drug only) group received one injection of afatinib ip at the 

same dose as mice in group 1. The purpose of this group is to prove that the drug alone is 

not toxic to the cochlea. Mice in group 3 did not undergo noise exposure, however, they 

did undergo ABR and DPOAE testing two days after injection (PD1). Mice received drug 

on the same schedule as groups 1 and 2 (days 0, 1, 2, and 4). ABR DPOAE testing was 

once again conducted on day 14 (PD14). 

 

Group 4 – Age-Matched Control: 

 

Mice in this group only underwent baseline ABR and DPOAE testing and then a second 

set of testing at the same time as Groups 1 and 2 PNE14 ABR/DPOAE testing. 
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Cochlear Testing 

Mice were anesthetized with Avertin 500 mg/kg ip. Tribromoethanol (avertin) was used 

as an anesthetic because it is a short-acting anesthetic that has been shown to be effective 

for ABR/DPOAE testing in the literature.54 83 84 The left ear was tested for all mice. 

Baseline ABR’s were conducted at half-octave band frequencies per Hashimoto et al. 

2019 85 (5.656 kHz, 8 kHz, 11.313 kHz, 16 kHz, 22.647 kHz, 32 kHz, and 45.2 kHz). 

Different frequencies were presented in a random order to prevent adaptation.86 The 

acoustic stimuli and physiological response were digitized by a TDT system 87 while 

running BiosigRz software. ABR’s were recorded via three electrodes placed 

subdermally immediately inferolateral to the left pinna (inverted electrode), at the vertex 

of the skull (noninverted electrode), and a ground electrode placed close to the tail. A 

heating pad and rectal probe were utilized to keep the mouse body temperature at 37oC as 

a decrease in body temperature due to anesthesia can negatively affect the ABR wave 

amplitudes.88 Both the rectal probe and electrodes were sterilized in between animals via 

alcohol wipes. Artificial tears were also applied upon anesthesia to prevent corneal 

abrasions from drying.  

 

A stimulus in level series was presented beginning at 90 dB SPL, decreasing by 5 dB 

SPL until a minimum of two steps below threshold was reached.53 512 stimuli responses 

were averaged during each step. Stimuli were administered at 21/s in 5-ms tone pips (.5 

ms rise-fall). ABR threshold was defined as the lowest stimulus level for a given 

frequency which produced a reproducible waveform. Waveforms at levels higher than 

threshold were expected to have increasing amplitude and decreasing latency. 
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Distortion Product Otoacoustic Emissions (DPOAE) 

As previously described, mice were anesthetized with Avertin 500 mg/kg ip. The left ear 

was tested for all mice Stimuli were presented at 5.656-45.2 kHz to the left ear and 

otoacoustic emissions were recorded using TdT software. For DPOAE measurement, two 

primary tones were presented at F1 and F2 (F2/F1=1.2) at steps of L1-L2 = 10 dB 

beginning at 80 dB down to 20 dB. DPOAE thresholds were recorded. An otoacoustic 

emission was present if it was 6 dB above the noise floor. 

 

Noise Exposure 

Using a previously validated protocol by Kujawa and Liberman, 2009,89 mice underwent 

a 100 dB noise exposure for 2 hours to ensure the presence of a permanent threshold shift 

(PTS). PTS has been seen with this protocol in other studies as well.82 In FVB, 105 dB 

for 60 minutes, which is the equivalent of 100 dB for 120 minutes due to the equal energy 

principal, causes a PTS.80 Mice were put in separate perforated containers on a rotating 

table in the noise chamber to control for changes in sound properties throughout the 

chamber. Immediately after noise exposure, 20 mg/kg Afatinib was administered to each 

mouse. Outer hair cell loss does not occur with this paradigm, however synaptopathy is 

apparent.89 

 

Statistical Methods 

ABR’s and DPOAE’s were plotted and analyzed using Graphpad Software.90 Two-way 

ANOVA was used followed by the Holm-Sidak test for multiple comparison.   
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VII Results 

Explant Ototoxicity Testing 

Post-partum day 3 (P3) mice cochlea were cultured in Matrigel media with or without 

afatinib. Afatinib was administered at .1mM, 1µM, and 1mM. Phalloidin staining of hair 

cells showed hair cell loss (lack of red staining) at 1mM afatinib (see Figure 7.1). 

 

Toxicity Testing  

Toxicity studies were conducted with saline (n = 3), afatinib 10mg/kg (n =3), and afatinib 

20 mg/kg (n = 3). Four doses were given and weights were recorded every day for 10 

days and on day 30 (see Figure 7.2). No morbidity or mortality was seen for either dose 

of afatinib. Weights stayed constant overall, with only a slight fluctuation on day 6 for 

one mouse in the saline group, and two mice in the afatinib 10 mg/kg group. Weights 

returned back to normal on day 7 and remained constant. Therefore, no toxicity was seen 

at either dose of afatinib. 

 

Auditory Brainstem Response (ABR) Testing  

Data for 36 mice was analyzed. 4 mice were excluded prior to data analysis due to 

complications unrelated to afatinib.  

 

11 mice were included in the afatinib + noise group, 11 mice the saline + noise group, 7 

mice in the drug only group, and 7 mice in the age-matched control group. When all mice 

were combined, comparison between the ABR thresholds showed no significance 
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between any of the groups (see Figure 7.3). Though there is no significant difference, the 

mean for the drug only group shows a trend towards a lower threshold value than the 

mean threshold shift for the age-matched control across all frequencies. Thresholds were 

also separated out for males and females, with the females again showing a trend of a 

lower mean threshold values in the afatinib + noise group when compared to the saline + 

noise group (see Figure 7.3).  

 
Threshold shifts of the saline + noise group and the afatinib + noise group did not show 

a significant difference 14 days post-noise exposure (see Figure 7.4). The drug only and 

age-matched control groups showed no significant difference at 14 days, showing that 

afatinib at the administered dose was not toxic to the cochlea. 

 

Further analysis of the threshold shift data prompted us to separate out the ABR data 

between males and females. Males (n = 17) showed no significance between the drug + 

noise treated group (n = 4) and the saline + noise group (n = 4). However, in the female 

group (n = 19), the afatinib + noise group (n = 7) showed significantly lower threshold 

shifts when compared to the saline + noise group (n = 7) at 16kHz (p = .0004) and 

22.627kHz (p = .003) (see Figure 7.4).  

 
Comparison of male and female threshold shifts for the saline + noise groups showed no 

significant difference between the two groups. This showed that both groups of animals 

had the same sensitivity to the noise exposure protocol (see Figure 7.5). 

 

ABR amplitudes and latencies were also recorded. There was no statistical significance 

seen between the afatinib + noise group and saline + noise group (see figure 7.6). Wave I 
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latencies were also recorded. No significant difference was seen between afatinib + noise 

and saline + noise groups 14 days post-noise exposure (see Figure 7.7). 

 

Distortion Product Otoacoustic Emissions (DPOAE) Testing  

DPOAE data was only available for 11 mice due to difficulties with the TdT program. 

Otoacoustic emissions were present if a DPOAE’s for the afatinib + noise group (n = 4) 

showed lower thresholds than the saline + noise group (n=4). Two-way ANOVA with 

multiple comparisons showed lower thresholds for the afatinib + noise group when 

compared to the saline + noise group on PNE14 (11.3kHz, p < .0001) and 16kHz, 

p<.0001) (see Figure 7.8). Otoacoustic emissions were determined to be present at any 

DPOAE amplitude 6dB greater than the noise floor. 

 

DPOAE data was also separated out based on sex. Both male (n = 2) and female (n = 2) 

afatinib + noise groups showed statistically DPOAE thresholds than the saline + noise 

groups, but statistical significance is not noted due to the small sample size (see figure 

7.8). 
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VIII Discussion 

Our hypothesis that using a transcriptomic analysis of noise-induced hearing loss for 

selection of an FDA approved drug to protect against hearing loss was correct. The 

Gratton et al., 201143  showed that growth arrest and DNA damage inducible ß 

(Gadd45ß) activity was upregulated as a survival response for noise induced hearing loss. 

This protein is tumor suppressor involved in growth inhibitory and apoptotic pathways.91 

Gadd45ß activity has been shown to counteract EGFR activity,92 therefore supporting our 

use of afatinib.  

 

ABR is a measure of inner hair cell sound transduction to the auditory nerve. Afatinib 

showed protection against hearing loss in the female group at 16 kHz (p = .0004) and 

22.627 kHz (p = .003) using ABR (see Figure 7.7). In the male group, afatinib did not 

show any protection.  

 

Significant protection was not seen at 5.656 kHz or 8kHz. This follows what is well-

known about the effects of noise exposure in mice; the maximum threshold shift occurs 

one-half to two octave-frequencies above the frequency range of noise exposure.45 93 94 95 

In the case of our noise exposure protocol, the noise band was in the range of 8-16kHz. 

There was no significant difference between afatinib only treated mice and age-matched 

controls for any group, showing that the dose of afatinib administered was not toxic to the 

inner ear.  
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What is the possible explanation that the same results weren’t seen in the male 

population? A possible answer to this question could be that males and females have a 

difference in sensitivity to noise. This phenomena has previously been described by 

Milon et al., 2018.96  

 

In order to confirm whether or not this was the cause for the sex difference we found, we 

separated the saline + noise groups into males (n = 17) and females (n = 10) (see Figure 

7.5) as they were both exposed to noise, but not administered the drug, afatinib. No 

significant difference was seen between the males and female groups, therefore 

invalidating the argument that that sex-dependent susceptibility to noise is responsible for 

the different responses to afatinib treatment.  

 

What, then, is the best explanation for our findings? If noise sensitivity is not responsible, 

then it must be the action of afatinib of itself. It has been found in both the kidney and the 

liver, there is differential expression of EGFR genes. 71 72 97 Regulatory elements for 

EGFR expression levels also differ between sexes,71 suggesting a difference in the 

downstream EGFR signaling pathways between males and females. This data provides an 

excellent explanation for our results and a very important finding from this study. Our 

findings suggest that EGFR has sex-dependent, differential expression in the cochlea. 

This differential expression led to only protective effects in females using afatinib.  

 

The level of hearing loss produced by our noise exposure protocol was “mild” for saline 

treated mice and “slight” for afatinib treated mice. As described by Kujawa and 
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Liberman,89 the noise exposure protocol used is sufficient to produce synaptopathy, but 

not outer hair cell loss. This makes our DPOAE findings very interesting. We saw 

significantly lower thresholds in the afatinib + noise group (n = 4) when compared to the 

saline + noise group (n = 4) 14 days post-noise exposure (11.3 kHz, 16kHz, p < .0001) 

with both males and females combined for DPOAE’s. This suggests that inhibition of 

EGFR in the outer hair cells and supporting cells of the cochlea strengthened the 

electromotility function of the outer hair cells. Therefore, outer hair cells following 

afatinib provided greater noise amplification as seen by improved otoacoustic emission in 

the afatinib + noise treated group versus the saline + noise treated group. 

 

Given that DPOAE’s were consistent among males and females, but ABR findings were 

not, our data suggests that the effect of afatinib is different between outer and inner hair 

cells. Immunolabeling studies of EGFR expression in male and female mice will be 

important in definitively proving this hypothesis that afatinib sexual dimorphism in the 

inner ear is due to differential EGFR expression based on sex. In addition, counting of 

intact synapses using morphological staining will be extremely important in confirming 

afatinib’s protective properties at the level of the inner hair cell and auditory nerve 

synapse. Wave I amplitudes and latencies did not show significant protection with 

afatinib use, so synapse staining may not show any positive findings. 

 

Future directions also include confirmation of afatinib’s mechanism of action. 

Morpholino EGFR knockdown studies were the first step in this direction. Zebrafish 

develop very rapidly, are genetically traceable, and have easily accessible hair cells along 
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their lateral line. In collaboration with Marisa Zallocchi from the Zuo Lab, EGFL 

morpholino zebrafish were exposed to kainic acid, a modulator of glutamate 

excitotoxicity. Protection against this “acoustic trauma,” as determined by the number of 

hair cells in the neuromasts, helps support that afatinib inhibition of EGFR is responsible 

for the hearing protection seen with ABR and DPOAE in mice (see Supplemental Figure 

1). Kainic acid, is not the best model for acoustic trauma as glutamate excitotoxicity is 

not the only cause of inner ear damage due to noise-induced hearing loss. Therefore, 

conducting our noise exposure protocol on EGFR knockout mice will be helpful in 

adding evidence to our argument. Because EGFR knockout of mice causes 

developmental defects, a Cre-Lox model which selectively deletes the EGFR gene in 

cells of the inner ear is the best option. In addition, western blots of downstream 

phosphorylation of EGFR effector proteins will also help identify whether the afatinib 

mechanism of hearing protection is actually working through inhibition of the EGFR 

receptor and not by potential interactions with other proteins. A potential problem with 

this approach is that EGFR downstream effectors overlap with many other biological 

pathways, so teasing out the pathways downstream of EGFR will be difficult. Protein 

tyrosine kinase assays looking at the phosphorylation activity of EGFR-family receptors 

would be helpful with this. 

 

Limitations of this study include that our noise exposure protocol is acute as opposed to a 

chronic, sustained noise. It also does not produce loss of outer hair cells. Afatinib was 

previously tested in our lab in mice with a higher noise stimulus and did not show 

protection. In addition, we chose an ip route of drug administration which would not be 
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appropriate in humans. Our rationale for ip administration was that it would allow higher 

bioavailability of the drug and faster entry into the circulation. In order to improve this 

study – now that we have shown protection with afatinib use – our experiments should be 

reproduced with oral gavage dosing of afatinib. The FDA pharmacological studies for 

mice were completely via oral administration. The maximum tolerated dose (MTD) was 

300 mg/kg. Using the MTD, these studies will help understand protective effects of 

afatinib through the GI route, given that mouse to human dosing ratios have already been 

established. This would allow for the potential to translate this data to phase 1 clinical 

studies. Another limitation of this, however, is that the FDA studies in mice were single 

dose studies, and our dosing schedule requires administration of afatinib at four different 

times. Therefore, the cumulative dose of our drug will need to be determined to prevent 

toxicity. 

 

Other limitations of this study include species differences between mice and humans. 

Mice have a higher frequency sensitivity of hearing compared to humans. In addition, the 

side effects of afatinib in humans are not favorable, which makes sense as afatinib is an 

anti-cancer drug. These side effects include dermatitis, dry skin, pruritis, paronychia, 

conjunctivitis, rhinorrhea, epistaxis, cystitis, stomatitis, cheilitis, decreased weight and 

pyrexia.17  
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IX Conclusions 

Our in silico screen using transcriptomic data from the Gene Expression Omnibus (GEO) 

was successful in finding a drug (afatinib) that was protective for noise-induced hearing 

loss. ABR and DPOAE functional hearing studies showed that afatinib is protective for 

noise-induced hearing loss. DPOAE responses were consistent among males and females, 

but ABR noise-protection response to afatinib was sexually dimorphic. Our data suggests 

that the afatinib has a sexually dimorphic effect on the inner ear in the murine model and 

is protective against noise-induced hearing loss. 
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